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Word count: 9756 20 

Abstract  21 

Policy-makers face the challenge of assessing and implementing sustainability measures, while 22 

also dealing with parallel and sometimes conflicting policy agendas, long-term policy impacts, 23 

and contested interpretations of sustainability. To support evidence-based decision-making in 24 

this context, this paper presents the results from an integrated assessment of sustainability goal 25 

interactions. Links between the bio-based economy, the 2030 Agenda, and the so-called strong 26 

sustainability paradigm were explored in a regional-scale case. The analysis focused primarily on 27 

developments in the forestry and energy sectors. Direct trade-offs and synergies as well as 28 

broader systemic impacts were identified. The results show how goals from the bio-based 29 

economy, 2030 Agenda and strong sustainability paradigm are mutually interacting. Positive 30 

interactions were found within two clusters of goals, offering coherent and synergetic transition 31 

pathways within these. The first cluster encompasses developments toward intensified forestry, 32 

renewable energy, and closed-loop production systems. The second pathway supports diversified 33 

forestry and protection of critical natural capital. However, while internally coherent, trade-offs 34 

were identified between these goal clusters, demonstrating the difficulty in simultaneously 35 

making progress on goals belonging to different sustainability agendas. The results also stress the 36 

need for disaggregation and long-term assessments to identify trade-offs and synergies. Finally, 37 

the analysis highlights the theoretical potential but practical challenges of implementing the bio-38 

based economy and 2030 Agenda in a way that adheres to strong sustainability. The analytical 39 

framework used in the present study may be adapted and applied to other decision-making 40 

contexts. It is particularly useful in settings characterized by uncertainty and unstructured 41 

problem spaces.  42 

 43 

Keywords: bio-based economy, industrial symbiosis, integrated sustainability assessment, 2030 44 

Agenda, Sustainable Development Goals, strong sustainability.  45 

46 
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1. Introduction  47 

Multiple sustainability agendas and initiatives are emerging in response to environmental and 48 

social challenges such as climate change, biodiversity loss, resource depletion, pollution, rising 49 

inequality and geopolitical instability. These agendas suggest new ways of structuring societies 50 

and economies to facilitate transitions to more sustainable ways of living within geophysical and 51 

social boundaries. Yet, despite progress in certain areas, humanity is still largely on an 52 

unsustainable trajectory (Fischer et al., 2007). Several critical planetary boundaries are 53 

trespassed (Rockström et al., 2009; Steffen et al., 2015) while at the same time basic socio-54 

economic living standards for millions of people are not yet ensured (Raworth, 2012). There is 55 

thus a significant need to increase the leverage of sustainability efforts globally (Abson et al., 56 

2017; Dorninger et al., 2020; Fischer and Riechers, 2019; Kallis and March, 2015). One 57 

challenge in this respect is that sustainability is a contested term, for which there is no generally 58 

agreed on definition or consensus on how it should be turned into practice (Beckerman, 1994; 59 

Leach et al., 2010; Norgaard, 1994). A second challenge is that transitions toward sustainability 60 

emerge from changes in highly interconnected systems, where the systemic and long-term 61 

implications of actions and interventions may be difficult to comprehend (Liu et al., 2015; 62 

Sterman, 2009). Consequently, sustainability initiatives and agendas are not always coherent, 63 

meaning that they promote changes that inhibit or nullify respective visions and goals. Coherent 64 

strategies that recognize and mitigate negative interactions (trade-offs) and maximize positive 65 

interactions (synergies) are key to more efficiently addressing contemporary sustainability issues 66 

(Bowen et al., 2017; ICSU, 2017; Nilsson et al., 2018).  67 

In this paper, we focus specifically on three initiatives and agendas that play central roles in 68 

current debates on how to advance sustainability: The bio-based economy, the 2030 Agenda, and 69 

the strong sustainability paradigm. Particularly, we aim to assess whether these agendas and 70 

initiatives set out a coherent direction for sustainability. The assessment is based on an analysis 71 

of how their respective goals interact in terms of synergies and trade-offs. Thereby, the present 72 

paper aims to inform priority setting and the development of integrated and efficient 73 

implementation strategies.  74 

The bio-based economy is an emerging concept that promotes new uses of biological resources. 75 

The idea is that an increasing use of biological resources in society will generate a broad range of 76 

sustainability outcomes. For example, the bio-based economy is seen as a central part of the 77 

transition to a fossil-free society (Formas, 2012; McCormick and Kautto, 2013). It is also 78 

expected to bring regional growth, new business and employment opportunities, health benefits, 79 

and cleaner production processes (European Commission, 2018; OECD, 2009). In parallel, the 80 

2030 Agenda and Sustainable Development Goals (SDGs), launched by the United Nations (UN) 81 

in 2015, provide a roadmap for realizing transformational change toward sustainability globally. 82 

The SDGs set targets for progress in a broad range of areas, including poverty eradication, 83 

sustainable cities, renewable energy provision, protection of marine and terrestrial ecosystems, 84 
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and gender equality (UN General Assembly, 2015). Finally, the strong sustainability paradigm is 85 

included in the analysis to capture the contested nature of the term sustainability. From the 86 

perspective of the strong sustainability paradigm, a central aim of sustainability is to protect and 87 

maintain so-called critical natural capital. Natural capital is “a set of complex systems, consisting 88 

of evolving biotic and abiotic elements, that interact to determine the capacity of an ecosystem to 89 

directly and/or indirectly provide human society with a wide array of functions and services” 90 

(Pelenc and Ballet, 2015, p. 37). Some of this natural capital is considered “critical” as it 91 

performs functions that are essential for human survival and wellbeing, and as losses of such 92 

natural capital are potentially irreversible (Dedeurwaerdere, 2014; Ekins et al., 2003). The strong 93 

sustainability paradigm challenges dominant narratives around technological change as able and 94 

appropriate to address sustainability issues (Parker, 2014). It also questions the role of economic 95 

growth as a mean to facilitate change toward sustainability. Instead, the strong sustainability 96 

frame brings to the forefront the limits and adverse impacts of accelerating growth in material 97 

and energy use (Neumayer, 2003).  98 

There is previous research that assesses interactions across the agendas and initiatives included 99 

in the present study. Specifically, the impact of the bio-based economy on the SDGs has been 100 

explored (El-Chichakli et al., 2016; Heimann, 2018; Issa et al., 2019), as well as the relationship 101 

between the bio-based economy and strong sustainability (Loiseau et al., 2016; Ramcilovic-102 

Suominen and Pülzl, 2018; Vivien et al., 2019). However, to the best of our knowledge, 103 

interactions across these three initiatives and agendas have not previously been explored in a 104 

systemic manner. In order to meet this gap, we develop an analytical framework, drawing on 105 

methods from complexity science and systems thinking. We apply it to a regional-scale case, to 106 

provide an empirical setting and decision-making context for the study of goal interactions. The 107 

remainder of the paper is structured as follows: First, we introduce the case study area and 108 

outline the different steps of the analytical framework. Second, we present the results, followed 109 

by a discussion of what they imply for decision-making. Third, we discuss the strengths and 110 

limitations of the analytical approach. The final section concludes and suggests avenues for 111 

future research.  112 

  113 
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 114 

2. Methods  115 

2.1 Case study area and research boundaries  116 

The empirical setting for the study of goal interactions was Norrköping municipality, Sweden. It 117 

covers an area of 1495 km2 and has a population of 141 676 people (Norrköping Municipality, 118 

2020). It is located in the Östergötland county, in a landscape dominated by forests (60% of the 119 

area), agriculture (25%), and small lakes (County Administrative Board Östergötland, 2014) . 120 

Norrköping was once a center for the textile industry. Today, its trade and industrial activities are 121 

based on manufacturing, as well as technology, food processing, and paper and pulp production 122 

(Berlina et al., 2015).  123 

 124 

Norrköping constitutes an interesting case due to (i) its ambitious sustainability agenda 125 

(Norrköping Municipality, 2017; Norrköping Rådhus AB, 2019); (ii) the varied landscape and 126 

industrial sectors that cover multiple domains relevant to the bio-based economy (Region of 127 

Östergötland, 2017); and (iii) ongoing efforts to implement the SDGs (Norrköping Municipality, 128 

2017). While some of these efforts are in early stages of implementation, there is already 129 

evidence of change toward sustainability. Examples include new public-private partnerships and 130 

novel ways of collaborating around the use of natural resources and production side-streams 131 

(Berlina et al., 2015). These developments have created an “industrial symbiosis” network in the 132 

region, centered around environmental technologies, by-product re-use, renewable energy, and 133 

new logistical solutions. The industrial symbiosis involves actors from forestry, agriculture, the 134 

energy sector, the chemical industry, waste processing, and the municipality (LiU, 2020a). The 135 

present study analyzes goal interactions in a sub-set of the overall industrial symbiosis network, 136 

focusing specifically on combined heat and power (CHP) generation, waste management, forest 137 

biomass production, and energy demand-side dynamics.  138 

 139 

2.2 Framework for analyzing sustainability goal interactions  140 

The analysis was carried out using a five-step analytical framework, combining cross-impact 141 

analysis, network diagramming, identification of key variables (including both drivers and 142 

indicators of change), conceptual modeling, and simulation-based analysis (Figure 1). The 143 

framework was developed to translate global sustainability initiatives to national, regional or 144 

local contexts, to identify goal interactions and underlying assumptions, and to explore plausible 145 

future developments given different goal interactions.  146 

 147 
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 148 

 149 

Figure 1. The five steps of the analytical framework.  150 

 151 

2.2.1 Goal screening  152 

Goal screening was carried out to identify goals of specific relevance to the Norrköping context, 153 

linked to each overarching global policy strategy, agenda, or paradigm. The screening was 154 

supported by an understanding of the regional context provided by the scientific and gray 155 

literature, including regional plans and strategic documents. In addition, four semi-structured 156 

interviews were held with stakeholders with expertise linked to the case study area (representing 157 

the municipality, researchers, and energy experts). The aim of the interviews was to learn more 158 

about regional sustainability challenges, and to ensure the relevance of the final set of goals 159 

included in the analysis.  160 

 161 

2.2.2 Cross-impact analysis  162 

Cross-impact scoring and analysis offer a way to understand how sustainability goals interact in 163 

a pairwise manner. Cross-impact analysis has frequently been employed to support integrated 164 

analyses of the SDGs (Fader et al., 2018; Nilsson et al., 2016; Weitz et al., 2017), but has to a 165 

lesser extent been applied in the context of the bio-based economy or strong sustainability. At the 166 

core is an integral scale and typology of goal interactions, indicating whether progress on one 167 

goal promotes or hinders progress on other goals. In the present paper, interactions between 168 

sustainability goals in terms of competition for resource inputs (e.g., financial resources and 169 

means of production such as land and raw materials), shared preconditions for goal attainment 170 

(e.g., political support and infrastructure), and the impacts of goal progress were accounted for 171 
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(Figure 2). Further, recognizing that sustainability is a contested concept, we assessed whether 172 

pairs of goals are aligned (yielding synergies) or promote conflicting understandings of 173 

sustainability (entailing trade-offs). The basis for the interaction scoring was expert knowledge 174 

and the scientific literature. Our research team carried out the cross-impact scoring, first 175 

individually and then together in workshops held in Stockholm or digitally. Each score and 176 

supporting literature were presented, and reasons for potential disagreements identified and 177 

discussed. For further information on the scoring process, see Appendix A.  178 

 179 

 180 

 181 

Figure 2. Goal interaction scoring system, adapted from Fader et al. (2018) and Nilsson et al. 182 

(2016).  183 

 184 

2.2.3 Network diagramming  185 

Network diagramming was used to provide a visual representation of the pairwise interactions 186 

identified in cross-impact analysis described in Section 2.2.2. Drawing on graph and network 187 

theory (Newman et al., 2006), the network diagrams comprise nodes (the goals) connected by 188 

arrows. The node size indicates how connected a specific goal is, and the arrow size and color 189 

denote the strength of an interaction. Trade-offs and synergies are indicated by the arrow color, 190 

as well as if it the nodes are connected by dashed or full arrow lines.  191 

 192 

2.2.4 Identification of key variables and conceptual modeling  193 

The next step consisted of identifying key variables for each goal, representing both drivers and 194 

indicators of change. The selection of key variables was based on their ability to measure 195 

A: Resource 
inputs

0-1

B: Preconditions

+10

C: 
Sustainability 

definition

+1-1

+3

+2

+1
0-1

-2

-3
D: Goal/Target/ 

Indicator

Scoring system for D: Goal/Target/Indicator:
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 couldaid 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.
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progress on their associated goal, as well as on their ability to account for dynamic complexity 196 

(Kopainsky et al., 2018). An initial systemic mapping of the interactions between the key 197 

variables was carried out using Causal Loop Diagrams (CLDs) (Sterman, 2009). CLDs are 198 

system maps where variables are connected by arrows. The arrows represent causal relationships, 199 

and a +/- sign on the arrow head indicates whether the independent and dependent variables 200 

move in the same or opposite direction. A central aim of the CLD mapping process is to identify 201 

and visualize feedback processes, where reinforcing feedback loops are indicated by an R and 202 

balancing feedback loops denoted by a B (Lane, 2008).  203 

 204 

2.2.5 Simulation-based analysis  205 

The final step involved simulation-based analysis using a system dynamics modeling approach. 206 

Broader systemic impacts of goal interactions were analyzed in an integrated manner and 207 

potential future trajectories explored. System dynamics models replicate and analyze how 208 

systems behave by specifying and simulating interactions between system components. Key 209 

analytical dimensions in system dynamics modeling include feedback processes, delays, and 210 

non-linearities (Forrester, 2009; Sterman, 2009). The ability to analyze these dimensions of 211 

complex systems makes system dynamics models particularly useful in the study of 212 

sustainability transitions (Allen et al., 2016; Köhler et al., 2019). A central aim of system 213 

dynamics modeling is to ensure that all variables relevant to explaining an issue of interest are 214 

endogenous to the model. Endogenous variables in system dynamics models are variables that 215 

are influenced by other variables within the model boundary. In contrast, exogenous variables are 216 

influenced by dynamics outside the model boundary. Once there is sufficient confidence in the 217 

model’s ability to endogenously generate historical behavior patterns for the variables included 218 

in the analysis, the model may be used for policy analysis and prioritization (Richardson, 2011; 219 

Wheat, 2010). The model presented in the present paper was tested and validated using the 220 

procedures outlined by Barlas, (1996). The validation process included both structural and 221 

behavioral tests to assess the model’s ability to replicate historical data, unit consistency tests, 222 

and simulation to explore the model behavior under extreme conditions and its sensitivity to 223 

parameter changes. Data for parameterization and behavior validation were obtained from the 224 

operator of the CHP plant (Johansson, 2014; Skog, 2011), energy expert agencies and interest 225 

organizations (IEA, 2010; Swedenergy, 2020), and previous research on the district heating 226 

market in the region (LiU, 2020b). Model integration and parameterization were also based on 227 

work by Ljungberg, (2018) and Wallman et al., (2005).  228 

3. Results  229 

3.1 Goal screening  230 

Seven overarching sustainability goals were identified and included in the analysis (Table 1), 231 

reflecting current sustainability challenges and ambitions in the case study area. Two goals are 232 

linked to the bio-based economy: to achieve structural change in the currently dominant 233 

industrial mode of forestry to allow for greater diversity (e.g., in terms of management practices, 234 
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productive species, and markets) (BBE1) and to make existing industrial structures in the 235 

forestry sector more advanced, innovative and resource-use efficient (BBE2). The choice of 236 

these goals was motivated by previous research on the goals of the Swedish bio-based economy 237 

(Bennich et al., 2018), the dominance of forestry in the Swedish bio-based economy (Antikainen 238 

et al., 2017; Reime et al., 2016), and the central role forestry plays in the industrial symbiosis 239 

network in the case study area (Berlina et al., 2015).  240 

 241 

Three goals were singled out from the 2030 Agenda. Two of them are linked to energy, 242 

reflecting ambitions to increase the share of renewables in the energy mix (SDG target 7.2) and 243 

to increase the rate of energy efficiency improvements (SDG target 7.3) (UN, 2020a). Realizing 244 

these goals constitute challenges both at a national scale in Sweden (SOU, 2017) and in the case 245 

study area (Norrköping Municipality, 2009). Moreover, the goal to reduce the waste generation 246 

rate was included was included in the analysis (SDG target 12.5) (UN, 2020b). This target was 247 

chosen on the basis that material re-use and views of waste as a resource are central to the notion 248 

of industrial symbiosis and a key part of the municipality’s work on sustainability (Norrköping 249 

Municipality, 2019).  250 

 251 

Lastly, two goals representing the principles and ideas promoted by the strong sustainability 252 

paradigm were included. There is no consensus on what strong sustainability entails in practice. 253 

Yet, a number of key principles can be derived from the literature (Baumgärtner and Quaas, 254 

2009; Dietz and Neumayer, 2007; Ekins et al., 2003). First, we decided to include the 255 

overarching goal of maintaining critical natural capital. Specifically, we focused on the forests in 256 

the region and the need to maintain the functioning of the forest ecosystem (SS1). The forest 257 

ecosystem functioning may be defined as the effects of all processes (i.e., energy and material 258 

flows) that jointly sustain an ecosystem (Truchy et al., 2015). Second, the goal to achieve closed-259 

loop production systems was chosen (SS2). A distinguishing feature of such systems is that they 260 

are not based on linear flows of extraction and waste, but instead seek to recover and recycle the 261 

elements involved in the production of services and goods (Winkler, 2011). 262 

  263 
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 264 

 265 

Table 1. Output from goal screening 266 

Goal Description/Aim 

Bio-based 
economy 
(BBE) 
 

BBE1 Diversified forestry 

Enable greater diversity in productive species, 
practices, and uses of forest biomass, based a 
fundamental reconfiguration of the current industrial 
forestry structure.  

BBE2 
Advancing current 
forestry industry 
structure 

Introduce new practices and modes of production in the 
currently dominant forestry industry structure to make 
it more advanced, innovative, and resource-use 
efficient.  

Sustainable 
development 
goal (SDG) 

SDG 7.2 Renewable energy 
By 2030, increase substantially the share of renewable 
energy in the global energy mix.  

SDG 7.3 Energy efficiency 
By 2030, double the rate of global improvement in 
energy efficiency.  

SDG 12.5 Waste 
By 2030, substantially reduce waste generation through 
prevention, reduction, recycling, and reuse.  

Strong 
sustainability 
(SS) 

SS1 
Ecosystem 
functioning 

Maintain the forest ecosystem functioning, representing 
the aim of the strong sustainability paradigm to prevent 
degradation of critical natural capital.  

SS2 
Closed-loop 
production systems 

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.  

 267 

3.2 Cross-impact analysis  268 

The results of the cross-impact analysis are presented in Table 2, showing the sum of the 269 

different pairwise interaction scores, as well as the overall sum for each goal (the row sum). A 270 

high row sum indicates a large presence of synergies and a row sum below zero a larger share of 271 

trade-offs. For an overview of the individual scores and uncertainty measures, see Appendix A.  272 

 273 

Table 2. Cross-impact matrix for the goals identified in the goal screening step. Synergies and 274 

trade-offs between two goals are represented by a positive or negative score, respectively. The 275 

darker the green (red) color, the stronger the synergy (trade-off) between the goals.  276 

 277 

 

Goals BBE1 BBE2 SDG 7.2 SDG 7.3 SDG 12.5 SS1 SS2 Row sum 
BBE1 - -1 2 1 1 5 1 9 
BBE2 0 - 1 2 1 2 2 8 
SDG 7.2 1 1 - 1 2 1 5 11 
SDG 7.3 1 1 2 - 3 2 2 11 
SDG 12.5 1 1 1 3 - 3 5 14 
SS1 5 4 4 1 1 - 4 19 
SS2 1 1 4 1 4 3 - 14 
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The goal to maintain the forest ecosystem functioning (SS1) stands out as having large 278 

synergetic potential. Hence, making progress on this goal may aid progress on several other 279 

goals included in the analysis. Also, the goals to build closed-loop production systems (SS2) and 280 

to reduce waste generation (SDG 12.5) have high row sums, indicating that they hold relatively 281 

large synergetic potential. In contrast, the goals related to the bio-based economy have the lowest 282 

row sums, suggesting that they bring with them a low degree of synergies. What is also evident 283 

from Table 2 is that a majority of the scores are positive, indicating that synergetic interactions 284 

are predominant in this particular network of goals.  285 

 286 

3.3 Network diagramming  287 

The four network diagrams in Figure 3 visualize the presence of trade-offs and synergies in the 288 

goal implementation stage, in terms of alignment with the sustainability definition employed, and 289 

in relation to trade-offs and synergies that arise as a result of making progress in different goal 290 

areas. The input to the diagrams was derived from the cross-impact scoring performed in the 291 

previous analytical step, as presented in full in Appendix A.  292 

 293 
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 294 

Figure 3a-d. Network diagrams showing a) trade-offs in resource inputs, b) synergies steaming 295 

from shared preconditions, c) consistency in underlying understanding of sustainability, and d) 296 

goal progress interactions. The diagrams indicate trade-offs (orange dashed lines), synergies (full 297 

green lines), strength of the interactions (line thickness and color), and goal interconnectedness 298 

(node size). 299 

 300 

The visualization of the different types of interactions highlights that there are relatively few 301 

resource input trade-offs (Figure 3a). Those identified were between the goals of the bio-based 302 

economy and the goal to increase the share of renewables in the energy mix (SDG 7.2). 303 

Synergies in preconditions were more common, indicating that there are many interventions in 304 

the implementation stage that could support the attainment of multiple goals. The goal to achieve 305 
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a greater diversity in the forestry sector (BB1) was the goal that had most synergies in terms of 306 

shared preconditions (Figure 3b). Further, all goals adhere to the understanding of sustainability 307 

provided by the strong sustainability paradigm (Figure 3c). In terms of goal progress 308 

interactions, synergies again dominate (Figure 3d). The most interconnected goal is to maintain 309 

ecosystem functioning (SS1), followed by the goal to attain closed-loop production systems 310 

(SS2) and to increase the share of renewables in the energy-mix (SDG 7.2). The goal to make the 311 

current industrial mode of forestry more advanced, innovative and resource-use efficient (BBE2) 312 

does also stand out as relatively highly interconnected. Finally, the network diagramming 313 

highlights how the goals belonging to the bio-based economy may be internally conflicting.  314 

 315 

While the goal network predominantly contains synergetic interactions, the synergy scores are 316 

relatively low (most +1, some +2, seven +3). According to the typology of interactions (Figure 317 

2) this means that goal progress in most areas may create beneficial conditions for making 318 

progress on other goals, but that few goals are indivisibly linked.  319 

 320 

3.4 Key variables and causal loop diagram  321 

Twelve variables were identified as key to the attainment of the respective goals. In the context 322 

of the bio-based economy (BBE1 and BBE2), a central variable is the land for productive use. It 323 

traces to what extent the forest resource is used for productive purposes or set aside for other 324 

uses. Another key variable is the harvest residue outtake. It indicates if the forestry industry is 325 

entering new markets, making more use of existing forest resources by allocating production side 326 

streams to energy production. Forest management choices in terms of land allocation and the 327 

harvest residue outtake affect the total biomass supply from forestry (BBE2). In terms of energy 328 

provision, heat and electricity production can be based on fossil or renewable sources. The 329 

variable fossil-based fuel input traces the energy supply that still needs to be substituted with 330 

renewables (SDG 7.2). The heat demand supply gap tracks whether the fuel input and production 331 

capacity are able to meet the local energy demand (SS2). The energy demand is determined by 332 

the total heat demand from the building stock connected to the district heating system, and may 333 

be affected by energy efficiency gains (SDG 7.3). The waste generation rate is the waste 334 

originating from the region (SDG 12.5). The waste may be used as a fuel input to the CHP plant. 335 

Also waste imports are used for energy provision if local waste generation is not sufficient or if 336 

imports are more financially viable (SS2). While part of the waste is fossil-based and part of it is 337 

organic, it is assumed that reducing the waste fuel input contributes to the goal to increase the 338 

share of renewables in the energy mix (SDG 7.2). The soil C/N ratio indicates nitrogen 339 

availability in forest soils, and serves as a key variable for ecosystem functioning (SS1). The soil 340 

organic carbon (SOC) serves as an indicator of the forest ecosystem functioning as a carbon sink 341 

(SS1). The net CO2-emissions are the difference between CO2 emitted (through burning fuel for 342 

energy) and sequestered (through photosynthesis), providing a measure of the closed-loop 343 

production system aspiration. The carbon balance is defined as the difference in CO2-equivalents 344 

emitted in different energy and forest management scenarios (SS2).  345 
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  346 

Figure 4. Causal loop diagram capturing interactions between key variables linked to energy 347 

supply (upper left), energy demand (upper right), and forestry (bottom).  348 
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The CLD in Figure 4 visualizes how the key variables interact, highlighting feedback loops and 350 

intersectoral connections. Variables linked to the heat demand and waste generation are found in 351 

the upper right of the CLD. The customer base determines the total heat demand. New customers 352 

become connected to the district heating system until the maximum number of customers is met 353 

(balancing feedbacks B1 and B2). New customers drive the CHP plant expansion.  354 

 355 

The upper left part of the CLD depicts variables linked to the energy supply, representing the 356 

internal functioning of the CHP plant. CHP capacity is built up over time until it reaches the 357 

desired level (balancing feedbacks B3 and B4). The energy supplied is determined by the heat 358 

demand, the installed CHP capacity, and the total fuel input to the CHP plant. The plant co-359 

produces heat, electricity, and steam, but the demand for district heating is the main determinant 360 

of the capacity utilization. The plant has different boilers, using fuel inputs from household and 361 

industrial waste, fossil-based resources (coal/oil), and biomass. The boilers utilizing waste are 362 

used first, as there is a financial compensation for waste handling. The boilers running on 363 

biomass are next in line, while fossil-based boilers are least financially and environmentally 364 

viable and therefore used last.  365 

 366 

The bottom part of the CLD captures the variables linked to the biophysical basis of the forestry 367 

sector, such as the C/N ratio and soil organic carbon. Forest biomass growth and regeneration is 368 

governed by multiple feedbacks, e.g., the reinforcing feedback of nutrient cycling (R1). There 369 

are also balancing feedbacks, such as those linked to decomposition of soil organic carbon (B5) 370 

and the harvest residue outtake (B8-9). In combination, these dynamics govern how much locally 371 

sourced biomass is available as fuel input to the CHP plant. 372 

 373 

3.5 Simulation-based analysis  374 

3.5.1 Scenario specification  375 

Three scenarios (Sc1-Sc3) were developed to analyze how the key variables change over time, as 376 

governed by the feedback loops presented in the CLD in Figure 4. The first scenario (Sc1) 377 

explores what happens with the remaining goals if progress is made on the goal of making the 378 

existing forestry industry more advanced and resource-use efficient (BBE2). The forest 379 

management model employed to reach BBE2 entails maximizing productive forest land and 380 

biomass volumes. Harvest residues are collected both at final felling and thinning and sent to the 381 

CHP plant. Thereby, the forestry industry utilizes the forest resource to a relatively large extent, 382 

turning production side-streams into an energy resource.  383 

The second scenario (Sc2) explores what happens to the other goals if progress is made on the 384 

goal of making the forestry sector more diverse (BBE1). Sc2 assumes that no forest land is in 385 

productive use, which then implies that no harvest residue is available for energy production. 386 

While a development where all productive forest land would be turned into, for example, 387 
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conservation or recreational areas is not realistic, Sc2 offers a base-line and way to contrast goal 388 

progress as taken to its extreme.  389 

The third scenario (Sc3) explores simultaneous progress on multiple goals. Forest management is 390 

the same as in Sc2, meaning that no forest is in productive use. Further, progress on SDG 7.2 391 

restricts the use of fossil fuels in the CHP plant, energy efficiency gains are realized in line with 392 

progress on SDG 7.3, and progress on SDG 12.5 reduces the waste generation rate. At the same 393 

time, an ambition to make progress on the closed-loop production system goal restricts waste 394 

imports.  395 

Table 3 specifies assumptions and parameter values for each scenario. In general, the time 396 

horizon for the analysis spans from year 2010 to 2050. The exception is for the forestry sector 397 

variables where the time horizon is extended to year 2300, as the impacts of forest management 398 

decisions become visible only over several rotation periods. The full model documentation is 399 

provided in Appendix B.  400 

Table 3. Scenario specification 401 

Sustainability 
goal Variable 

Scenario 
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 
(percentage)  

20% at both 
thinning and final 

felling  
0  0  

BBE2 
Biomass supply 
from forestry 
(tonnes/year)  

Endogenous  Endogenous  Endogenous  

SDG 7.2 
Fossil-based fuel 
input (GWh/year)  

Endogenous  Endogenous  0 from 2018  

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 to 

2035, 26% by 2050  

16% reduction from 
ref. year 2020 to 

2035, 26% by 2050  

34% reduction from 
ref. year 2020 to 2035, 

44% by 2050  

SDG 12.5 
Waste generation 
rate (tonnes/year)  

27,000  27,000  
40% reduction by 

2050  

SS1 
Soil organic carbon 
(SOC)  

Endogenous  Endogenous  Endogenous  

SS1 Soil C/N ratio  Endogenous  Endogenous  Endogenous  

SS2 
Waste imports 
(tonnes/year)  

Endogenous  Endogenous  0 from year 2018  

SS2 
Heat demand 
supply gap  

Endogenous  Endogenous  Endogenous  

SS2 
Difference in CO2-
equivalents  

Endogenous  Endogenous  Endogenous  

 402 
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3.5.2 Simulation results  403 

The simulations show the behavior of the key variables in the period 2010-2050 (for forestry-404 

related variables 2010-2300).  405 

 406 

 407 

Figure 5 a-f. Simulated results for the three scenarios described in 3.5.1. The graphs show how 408 

the biomass supply from forestry, fossil-based fuel input, heat demand supply gap, waste fuel 409 

input, soil C/N ratio, and soil organic carbon develop over time in the different scenarios.  410 

 411 

Figure 5a shows the biomass supply from forestry. In Sc1, harvest residues from local sources 412 

are available as fuel for the CHP plant, starting from 2018. Harvest residues are extracted at 413 

thinning and final felling, with biomass supplies ranging from approximately 41,000 to 77,000 414 
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tonnes/year over the simulation period. The biomass supply peaks between 2057-2065, then 415 

declines over time. The decline is partly a result of exogenous factors that limit forest biomass 416 

growth, i.e., higher mean temperatures in combination with constant precipitation. With lower 417 

biomass growth, and thus less litter and harvest residues, endogenous feedback loops linked to 418 

nutrient availability further restrict biomass growth. The harvest residue outtake also reduces the 419 

nutrient availability over the simulated period, thereby contributing to the declining biomass 420 

growth rate. In Sc2 and Sc3, no forest is in productive use and the harvest residue outtake is zero, 421 

which implies that biomass from local forest resources is not available for energy production.  422 

  423 

There is a choice between using fuel inputs from waste, biomass, and fossil-based resources in 424 

the CHP plant. Figure 5b shows the use of fossil-based fuel input for the different scenarios, 425 

where a reduction in use of fossil-based fuel input indicates progress on SDG 7.2. In Sc1, the 426 

fuel inputs to the CHP plant are primarily biomass and waste. The fossil-based fuel input starts at 427 

353 GWh in 2010. It then stabilizes at around 300 GWh between 2018 and 2021, and thereafter 428 

steadily declines to reach zero at 2045. In Sc2 the use of fossil-based fuel input is higher as 429 

biomass from local sources is not available. The use of fossil-based fuel input shows a similar 430 

pattern to Sc1, with an initial peak and subsequent decline over time, to 211 GWh in 2050. Sc3 431 

prohibits the use of fossil fuels from 2018.  432 

 433 

Figure 5c presents the development of the heat demand supply gap. The heat demand supply gap 434 

is zero in both Sc1 and Sc2, which implies that energy provision is secured. In contrast, with 435 

strict limits to local biomass supplies and restrictions to the use of fossil-based resources, Sc3 436 

results in a positive heat demand supply gap. The maximum deficit is 990 GWh/year early in the 437 

simulated period, but then declines over time due to energy efficiency gains. The deficit in 2050 438 

is 555 GWh, demonstrating how energy efficiency measures may substantially reduce heat 439 

demand.  440 

 441 

Figure 5d depicts the waste fuel input used in the CHP plant, indicating a continuous dependency 442 

on waste as a fuel input in both Sc1 and Sc2. The maximum waste fuel input in both scenarios 443 

occurs in year 2014, providing approximately 682 GWh. From 2018 and onwards the use of 444 

waste is restricted to the value of that year (max. 668 GWh/year), but this still permits relatively 445 

extensive use of waste in the CHP plant. In Sc3, no waste imports are allowed and efforts are 446 

made to reduce the local waste generation rate, which consequently limit the use of waste as a 447 

fuel input and thereby aid progress on SDG 7.2. The energy provision from waste in Sc3 ranges 448 

from 682 GWh in 2014 to 49 GWh in 2050.  449 

 450 

Figure 5e shows the soil C/N ratio. The soil C/N ratio starts from relatively high levels, but 451 

declines for all scenarios over the simulated period. The reference C/N ratio is 37.4 (year 2010), 452 

then declining to 30.3 in Sc1 and 27.3 in Sc2 and Sc3 (year 2300). The higher soil C/N ratio in 453 

Sc1 is explained by the removal of nutrients following the harvest residue outtake.  454 
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 455 

Figure 5f displays changes to soil organic carbon. Forest management affects the SOC level. In 456 

Sc2 and Sc3, SOC levels increase until 2160, and decrease thereafter. Natural recycling of 457 

nutrients through tree death and litterfall contributes to the build-up of SOC. The decline in SOC 458 

after 2160 is explained by the combination of higher annual mean temperatures and steady 459 

precipitation rates that restricts biomass growth. In Sc1 the levels of SOC are lower and show a 460 

steeper decline. The final difference in SOC between Sc1 and Sc2/Sc3 is -10.4 tonnes/hectare 461 

(representing an annual loss 0.037 tonnes/hectare). The final difference in terms of CO2-462 

equivalents is -2,700,976 tonnes (an annual loss of 9,578 tonnes CO2-equivalents). The 463 

difference is explained by the removal of substrate in the form of forest residue following the 464 

harvest residue outtake in Sc1.  465 

 466 

 467 

 468 

Figure 6. Potential CO2-emission reduction (in CO2-equivialents) for the intensive forest 469 

management scenario (Sc1) as compared to the diversification (Sc2)/strict sustainability (Sc3) 470 

scenarios. The calculation accounts for changes in soil organic carbon and emissions from the 471 

fuel used in the CHP plant.  472 

 473 

The CO2-emissions in the different scenarios vary depending on the fuel input used in the CHP 474 

plant and the forest management model employed. Figure 6 shows the difference in CO2-475 

equivalents emitted in the simulated scenarios, calculated as the CO2-equivalents emitted in the 476 

low intensive forest management scenario (Sc2/Sc3) minus the net emissions in the high 477 

intensive forest management scenario (Sc1). The results show that in Sc1, as compared to Sc2/3, 478 

there is a reduction in CO2-equivalents emitted, ranging from 56,000 to 73,000 tonnes/year. 479 

Thus, the loss of SOC in Sc1 (resulting from the intensive forest management model) is 480 

compensated for as the use of forest biomass in the CHP plant supports the phasing out of fossil 481 

fuels. Moreover, not all forest biomass available in SC1 is needed as a fuel input, due to the 482 

boiler capacity and priority order. Thus, biomass is available to replace additional fossil-based 483 

energy resources in the municipality, holding the potential to generate further climate benefits.  484 
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4. Discussion 485 

4.1 Policy implications  486 

The case of Norrköping captures how global and national policy agendas play out at the regional 487 

scale. A number of implications for priority setting and the development of coherent 488 

implementation strategies follow from the results. The outputs from the cross-impact analysis 489 

indicate that the goals related to maintaining critical natural capital (SS1), achieving closed-loop 490 

production systems (SS2), and waste management (SDG 12.5) should get priority. Pursuing 491 

strategies linked to these goals holds the potential to positively influence the attainment of 492 

several other goals. Less resources should be allocated to the goals of the bio-based economy, as 493 

the cross-impact analysis suggests that they are relatively less synergetic.  494 

 495 

The network diagramming provided more detailed information on the nature of the goal 496 

interactions. Trade-offs in terms of competition for resource inputs between the goals of the bio-497 

based economy and increasing the share of renewables in the energy mix (SDG 7.2) were 498 

highlighted. These trade-offs imply that critical choices on resource allocation have to be made. 499 

In contrast, the results suggest that the remaining goals do not compete for resource inputs, 500 

which makes their implementation relatively easier. The network diagrams also provide more 501 

detailed information on the presence of shared preconditions, where the goal to facilitate a shift 502 

to diversified forestry (BBE1) stands out as specifically synergetic. This nuances the picture of 503 

BBE1 as a goal with few synergies. In terms of goal progress interactions, the two goals related 504 

to the bio-based economy are internally conflicting, which again strengthens the argument for 505 

giving them low priority. In contrast, SS1, SS2 and SDG 7.2 stand out as highly interconnected 506 

and synergetic. This ranking is similar to the output from the cross-impact matrix, with the 507 

difference that SDG 7.2 and not SDG 12.5 appears to be relatively more synergetic. Overall, the 508 

many positive interactions but generally low synergy scores seen in the network diagrams imply 509 

that goal progress in parts of the network of goals aids overall progress, but that the effects may 510 

be small.  511 

 512 

The conceptual modeling and simulation-based analysis added to the output from previous steps 513 

by identifying dynamic and systemic interactions over time. The results show that, despite the 514 

large number of synergies found in previous steps, it is seemingly difficult to realize coherent 515 

implementation strategies across all goals. Instead, two bundles of internally coherent goals 516 

emerged. Additionally, the two goals of the bio-based economy came forward as central in a 517 

transition process. This as they serve as the foundation for making progress on many other goals.  518 

 519 

A first cluster of coherent goals emerged in Sc1, demonstrating the potential to leverage 520 

synergies between making the existing industrial forestry structure more advanced (BBE2), SDG 521 

7.2 and SS2. This as progress on BBE2 brings relatively large biomass quantities for energy 522 

production, which increases the share of renewables in the energy mix while the local demand 523 

for heat is met. However, trade-offs that were largely silent in the previous analytical steps also 524 
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become apparent. The optimum range for the C/N ratio is 25-30 (Gundersen et al., 2006). Sc1 525 

exceeds the optimum range at the end of the simulated period, which is not the case in Sc2/Sc3, 526 

indicating an increased risk of nutrient imbalance or limitation. Thus, relative to the less 527 

intensive forest management perused in Sc2/Sc3, Sc1 does not contribute to SS1 to the same 528 

extent. Additionally, progress on BBE2 results in a loss of SOC, further compromising progress 529 

on SS1. However, if forest harvest residues are used to replace fossil-based resources for energy 530 

production, the results indicate that there is still a climate benefit in terms of reducing CO2-531 

emissions. Hence, climate change mitigation could motivate intensive forest management in this 532 

case, despite SOC losses.  533 

 534 

The second cluster of coherent goals was found in Sc2. In this scenario, progress is made on 535 

BBE1, providing an opportunity to compare impacts of different forest management practices. 536 

The loss of SOC is lower than under the intensive forest management scenario and the final C/N 537 

ratio is within the optimal range, stressing that progress on BBE1 may be beneficial to the 538 

attainment of SS1. However, while the local energy demand is still met in this scenario, it is to a 539 

larger extent based on the use of fossil fuels. Thus, a goal conflict is created between BBE1 and 540 

SDG 7.2, as well as between BBE1 and SS2.  541 

 542 

Sc3 entails maximizes progress on BBE1 in a similar manner as in Sc2, but also entails 543 

advancing progress in other areas. The results show that limited availability of local biomass 544 

(through progress on BBE1), waste (through progress on SDG 12.5 and SS2), and a reduction in 545 

the use of fossil-based resources (progress on SDG 7.2) make it difficult to meet local heat 546 

demand (compromising the attainment of closed-loop production systems in accordance with 547 

SS2). Another finding is that energy efficiency (SDG 7.3) plays a more important role than was 548 

indicated by the previous analytical steps, as it helps mitigate trade-offs. However, despite 549 

substantial energy efficiency gains, it was still not possible meet local heat demand in Sc3. 550 

Hence, Sc3 demonstrates the difficulty in finding broad reaching and coherent strategies that 551 

generate simultaneous progress on all goals. 552 

 553 

Finally, the results emphasize that facilitating progress that adheres to the principles of strong 554 

sustainability might be challenging. While theoretically possible, it may be practically difficult to 555 

simultaneously fulfill its requirements, as demonstrated by the lack of scenarios where both 556 

closed-loop production systems and protection of critical natural capital were achieved. These 557 

findings are in line with previous studies on the relationship between the bio-based economy and 558 

sustainability (D’Amato et al., 2017; Ramcilovic-Suominen and Pülzl, 2018; Vivien et al., 2019). 559 

A critical next step in the implementation of the bio-based economy and the 2030 Agenda is thus 560 

to find conditions where their respective goals can contribute to strong sustainability.  561 

 562 
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4.2 Strengths and limitations of the analytical approach 563 

The analytical framework applied in the present paper aims to provide an integrated basis for 564 

prioritizing among sustainability goals and for developing coherent strategies for goal 565 

attainment. One strength of the approach is that the steps of the analysis help create an 566 

understanding of what global agendas and initiatives mean in context. For the bio-based 567 

economy, one challenge in this respect is its broad reach, and the need to derive specific goals 568 

from the many possible focus areas linked to the use of biological resources. For the 2030 569 

Agenda, the challenge lies in translating global goals to national, regional, and local contexts. 570 

For the strong sustainability paradigm, a challenge lies in using the concepts it provides (e.g., 571 

critical natural capital) to guide practical action. The analytical framework allows for critical 572 

discussion on what constitutes a goal, definitions, and on the meanings of the terms used.  573 

 574 

Another strength of the approach is its ability to account for and contrast multiple understandings 575 

of goal interactions through methodological triangulation. The methods included in the 576 

framework emphasize different features of goal interactions, thereby bringing complementary 577 

perspectives. The cross-impact analysis and network diagramming focus specifically on direct 578 

and pairwise interactions. Conceptual modeling and simulation-based analysis instead take a 579 

feedback perspective, highlighting that key variables are often both drivers and indicators of 580 

change embedded in larger systems structures. Simulation-based analysis also provides 581 

quantitative measures of interactions over time, accounting for delays and potential non-linear 582 

effects. Additionally, the methods included in the framework have in common that they are 583 

transparent, providing a visual account of how the goals interact, which could enable critical 584 

discussion and learning among stakeholders. The ability to elicit and integrate different 585 

perspectives on goal interactions is specifically important in sustainability transitions, as they are 586 

characterized by large uncertainty, unstructured problem spaces, and contested issues.  587 

 588 

A potential weakness of the approach is that the assessment is sensitive to the input data, whether 589 

provided by stakeholders, experts, or the scientific literature. Despite the objective to contrast 590 

and find reasons for contradictory results, errors may be transmitted through the different 591 

analytical steps. Further, sustainability transitions entail changes to causal structures, i.e., 592 

changes to the way sustainability goals interact. Such changes are not well captured by the 593 

methods included in the analytical framework. A way to address this could be to add emphasis to 594 

the scenario analysis, to build more elaborate narratives, and to develop alternative storylines 595 

linked to potential future goal interactions and their implications. Finally, some limitations of our 596 

study may be derived from the way the framework was applied. For example, given the 597 

relatively low number of goal interactions assessed, the network analysis in the present 598 

application was limited to network diagramming. However, we strongly believe that quantitative 599 

network analysis would be a useful tool in a context where a larger set of goals is analyzed, as it 600 

allows for calculations of network density, centrality, or the distance between two interconnected 601 

goals. These additional metrics could support policy prioritization, for example by singling out 602 
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highly connected goals with large systemic impact, or by identifying goals that need special 603 

attention as their fulfillment is not aided by progress on other goals. These metrics could also 604 

help establish collaborations across traditional departments and stakeholder groups. Finally, a 605 

higher degree of stakeholder engagement should be supported in future applications of the 606 

framework, if seeking to strengthen the ability to integrate different perspectives, enable critical 607 

discussion, and inform decision-making.  608 

5. Conclusions  609 

Global sustainability agendas have ramifications in national, regional and local contexts. This 610 

study demonstrated how goals linked to the bio-based economy, the 2030 Agenda and SDGs, 611 

and the strong sustainability paradigm interact in a regional setting. A large number of synergies 612 

were found across the network of goals included in the analysis. Specifically, two bundles of 613 

coherent and mutually supporting goals were identified. The first cluster includes a development 614 

toward making the existing structure of the forestry industry more advanced and resource-use 615 

efficient, increasing the share of renewables in the energy mix, and building closed-loop 616 

production systems. The second cluster encompasses the goal to support a structural shift in the 617 

forestry industry (to realize greater diversity in practices, species, and forest values), and the goal 618 

to maintain and protect critical natural capital. However, multiple trade-offs exist between these 619 

two clusters, implying that simultaneous progress on all goals might be difficult to realize.  620 

 621 

Another finding is that the goal priority order (based on the ambition to maximize synergies and 622 

mitigate trade-offs) changed with the method employed, stressing the need for methodological 623 

triangulation, and that disaggregation and extended time horizons are crucial for detecting trade-624 

offs and synergies. Finally, the results show how all goals hold theoretical potential to contribute 625 

to sustainability in accordance with the notion of strong sustainability, as suggested by the cross-626 

impact analysis. However, this theoretical potential may be difficult to realize in practice, given 627 

that the quantitative simulation-based analysis did not find any scenarios that resulted in 628 

simultaneously fulfilling the goals of strong sustainability (i.e., maintaining critical natural 629 

capital and achieving closed-loop production systems).  630 

 631 

There are several opportunities for future research in the context of the Norrköping case. A larger 632 

number of the sustainability challenges facing the region in the coming years could be reflected 633 

in the analysis, for example by expanding the boundaries to include the agricultural sector and 634 

additional energy supply-demand dynamics. Also, research exploring how to develop coherent 635 

strategies in support of strong sustainability is critical. Finally, applying the analytical framework 636 

in a way that supports a higher degree of stakeholder participation could be a way to enable 637 

learning, critical discussion, and ownership of the results. Thereby, the ability of the 638 

sustainability roadmaps included in the analysis to effectively meet cross-cutting challenges on 639 

the regional scale could be enhanced.  640 
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In conclusion, agendas and initiatives for sustainability are currently developing in parallel, but 641 

may still be overlapping and mutually interacting. Our study presents a case where there is 642 

significant potential to utilize synergetic effects in the implementation of different sustainability 643 

initiatives. At the same time there are no all-encompassing win-win scenarios. Critical choices 644 

have to be made, and integrated analysis of goal interactions may be one way to support priority 645 

setting and strategy development in such contexts.  646 
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Appendix A. Overview of interaction scores  844 

 845 

Four experts participated in the process of assigning cross-impact scores, following the instructions and guiding 846 

questions below. A full overview of the cross-impact scores is provided in Table A1.   847 

 848 

Scoring instructions/guiding questions 849 

 850 

Score A – competition for resource inputs: Do the goals compete for the same (limited) resources when it comes 851 

to implementation? In other words, if resources are allocated to the attainment of one of the goals, will the 852 

implementation of the other goal in the pairwise comparison be negatively affected?  853 

If so, assign: -1  854 

Else: 0  855 

 856 

Score B – shared preconditions: Do the goals share preconditions or resource inputs for implementation in a way 857 

that is beneficial? For example, are there physical infrastructure needs that are shared and need to be fulfilled for 858 

both goals? Are there social changes that need to happen for these goals to be implemented? Do the goals in the 859 

pairwise comparison share innovation environments?  860 

If so, assign: 1  861 

Else: 0  862 

 863 

Score C – sustainability definition: Do the goals, independently, adhere to the principles of the strong 864 

sustainability paradigm?  865 

If yes on both goals, assign: 1  866 

If no on one or both goals, assign: -1  867 

 868 

Score D – goal progress interactions: If progress is made on the independent goal, how will this affect the 869 

possibility to progress on the dependent goal? For example, if progress is made on the goal of achieving more 870 

diversified forestry, how will this affect the possibility to make progress on the goal of making the current industrial 871 

forestry structure more efficient and advanced? The scores range from -3 (canceling) to 3 (indivisible).  872 

 873 

Table A1. Overview of cross-impact scores.  874 

 875 

GOAL INTERACTION  INTERACTION SCORE (level of agreement among 
the four participating experts)  

1. Diversified 
→  
2. Advancement 

A -1 (4/4)  
B 1 (3/4)  
C 1 (3/4)  
D -2 (3/4)  

1. Diversified forestry 
→  
3. SDG waste 

A 0 (4/4)  
B 0 (3/4)  
C 1 (4/4)  
D 0 (4/4) 

1. Diversified forestry 
→  
4. SDG Energy efficiency 

A 0 (4/4)  
B 0 (4/4)  
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 
→  
6. Ecosystem functioning 

A 0 (4/4)  
B 1 (4/4)  
C 1 (4/4)  
D 3 (4/4)  

1. Diversified 
→  
7. Closed-loop production systems 

A 0 (4/4)  
B 0 (3/4)  
C 1 (4/4)  
D 0 (2/4)* 

2. Advancement 
→  
1. Diversified 

A -1 (4/4)  
B 1 (3/4)  
C 1 (4/4)  
D -1 (3/4)  

2. Advancement 
→  
3. SDG Waste  
  

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 0 (4/4) 

2. Advancement 
 →  
4. SDG Energy Efficiency 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 1 (3/4)  

2. Advancement 
→  
5. SDG renewable energy  

A -1 (4/4)  
B 0 (4/4)  
C 1 (3/4)  
D 1 (3/4)  

2. Advancement 
→  
6. Ecosystem functioning 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 1 (3/4)  

2. Advancement 
→  
7. Closed-loop production systems 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 1 (4/4) 

3. SDG Waste management 
→  
1. Diversified 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 0 (4/4) 

3. SDG Waste management 
→  
2. Advanced 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 0 (4/4) 

3. SDG Waste management 
→  
4. SDG Energy efficiency 

A 0 (4/4)  
B 1 (4/4)  
C 1 (4/4)  
D 1 (4/4)  

3. SDG Waste management 
→  

A 0 (4/4)  
B 0 (4/4)  
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5. SDG renewable energy C 1 (4/4)  
D 0 (3/4)  

3. SDG Waste management 
→  
6. Ecosystem functioning 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 2 (4/4)  

3. SDG Waste management 
→  
7. Closed-loop production systems 

A 0 (4/4)  
B 1 (4/4)  
C 1 (4/4)  
D 3 (4/4) 

4. SDG Energy Efficiency 
→  
1. Diversified 

A 0 (4/4) 
B 0 (4/4)  
C 1 (4/4)  
D 0 (4/4) 

4. SDG Energy Efficiency 
→  
2. Advancement 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 0 (1/4)** 

4. SDG Energy Efficiency 
→  
3. SDG Waste 

A 0 (4/4)  
B 1 (4/4)  
C 1 (4/4)  
D 1 (4/4)  

4. SDG Energy Efficiency 
→  
5. SDG renewable energy 

A 0 (4/4  
B 0 (4/4)  
C 1 (4/4)  
D 1 (3/4)  

4. SDG Energy Efficiency 
→  
6. Ecosystem functioning 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 1 (3/4)  

4. SDG Energy Efficiency 
→  
7. Closed-loop production systems 

A 0 (4/4)  
B 0 (4/4)  
C 1 (4/4)  
D 1 (3/4) 

5. SDG renewable energy 
→  
1. Diversified 

A -1 (3/4)  
B 1 (3/4)  
C 1 (4/4)  
D 0 (0/4)*** 

5. SDG renewable energy 
→  
2. Advancement 

A -1 (4/4)  
B 0 (4/4) 
C 1 (4/4) 
D 1 (4/4) 

5. SDG renewable energy 
→  
3. SDG Waste 

A 0 (4/4)  
B 0 (4/4)  
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 
→  
6. Ecosystem functioning 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 0 (4/4) 

5. SDG renewable energy 
→  
7. Closed-loop production systems 

A 0 (4/4)  
B 1 (4/4)  
C 1 (4/4)  
D 3 (3/4)  

6. Ecosystem functioning 
→  
1. Diversified 

A 0 (4/4)  
B 1 (4/4)  
C 1 (4/4)  
D 3 (4/4)  

6. Ecosystem functioning 
→  
2. Advancement 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 3 (4/4) 

6. Ecosystem functioning 
→  
3. SDG Waste 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 0 (4/4) 

6. Ecosystem functioning 
→  
4. SDG energy efficiency 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 0 (4/4) 

6. Ecosystem functioning 
→  
5. SDG renewable energy 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 3 (4/4) 

6. Ecosystem functioning 
→  
7. Closed-loop production systems 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 3 (4/4) 

7. Closed-loop production systems 
→  
1. Diversified 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 0 (3/4) 

7. Closed-loop production systems 
→  
2. Advancement 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 0 (4/4) 

7. Closed-loop production systems 
→  
3. SDG Waste 

A 0 (4/4) 
B 1 (4/4)  
C 1 (4/4) 
D 2 (4/4) 

7. Closed-loop production systems 
→  

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 systems 
→  
5. SDG renewable energy 

A 0 (4/4) 
B 1 (4/4) 
C 1 (4/4) 
D 2 (4/4) 

7. Closed-loop production systems 
→  
6. Ecosystem functioning 

A 0 (4/4) 
B 0 (4/4) 
C 1 (4/4) 
D 2 (4/4) 

 876 

* Final score linked to uncertainty. Two experts assigned a score of 2, while the other two assigned 0. The 877 

arguments for assigning a 2 include that diversified forestry can close nutrient loops, and that a diversified 878 

production makes it possible to meet demand for different forest values locally instead of relying on imports. On the 879 

other hand, diversification or less intensive forest management may result in an outsourcing of production, meaning 880 

that biomass demand has to be met by production elsewhere.  881 

** Not clear what the net effect is. Different change processes are occurring at the same time. Sources of uncertainty 882 

include how efforts to increase energy efficiency affect innovation, as well as the impacts of energy efficiency gains 883 

on energy markets.  884 

*** No consensus, could be both -1 or 1, long-term outcomes are associated with uncertainty.  885 

  886 
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Appendix B. Model documentation  887 

 888 

{The model has 151 (151) variables (array expansion in parenthesis). 889 

 In root model and 0 additional modules with 8 sectors. 890 

 Stocks: 16 (16) Flows: 29 (29) Converters: 106 (106) 891 

 Constants: 34 (34) Equations: 101 (101) Graphicals: 24 (24)} 892 

Top-Level Model: 893 

B11_capacity_in_construction(t) = B11_capacity_in_construction(t - dt) + (Construction_start_rate_B11 - 894 

Construction_rate_B11) * dt 895 

  INIT B11_capacity_in_construction = 0 896 

  INFLOWS: 897 

    Construction_start_rate_B11 = (Desired_capacity_B11-(B11_capacity_in_construction+"B11_installed_capacity-898 

_1982_(oil)"))/Construction_start_time 899 

  OUTFLOWS: 900 

    Construction_rate_B11 = B11_capacity_in_construction/Construction_time 901 

"B11_installed_capacity_-_1996_(biomass)"(t) = "B11_installed_capacity_-_1996_(biomass)"(t - dt) + 902 

(Upgrade_rate_B11 - "P11_-_Demolition_rate") * dt 903 

  INIT "B11_installed_capacity_-_1996_(biomass)" = 0 904 

  INFLOWS: 905 

    Upgrade_rate_B11 = "B11_installed_capacity-_1982_(oil)"*Upgrade_fraction_B11 906 

  OUTFLOWS: 907 

    "P11_-_Demolition_rate" = IF TIME = "P11_-_Useful_life" THEN "B11_installed_capacity_-908 

_1996_(biomass)"/DT ELSE 0 909 

"B11_installed_capacity-_1982_(oil)"(t) = "B11_installed_capacity-_1982_(oil)"(t - dt) + (Construction_rate_B11 - 910 

Upgrade_rate_B11) * dt 911 

  INIT "B11_installed_capacity-_1982_(oil)" = 0 912 

  DOCUMENT: Boiler 11, built in 1982, has a capacity of 85 MW. It was first running on coal, but was upgraded to 913 

use recycled waste wood, forest harvest residues, and rubber in 1996. Source: Johansson, L.C., 2014. E.ON Värme 914 

Sverige AB Panna 11, Händelöverket – Eldning av returträ Temadag Skadegruppen 13 November 2014 Linda C 915 

Johansson Anläggningsansvarig [WWW Document]. URL https://www.vok.nu/wp-916 

content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 6.6.20).  917 

  INFLOWS: 918 

    Construction_rate_B11 = B11_capacity_in_construction/Construction_time 919 
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  OUTFLOWS: 920 

    Upgrade_rate_B11 = "B11_installed_capacity-_1982_(oil)"*Upgrade_fraction_B11 921 

"B12_-_Capacity_converted"(t) = "B12_-_Capacity_converted"(t - dt) + (Upgrade_rate_B12 - "B12_-922 

_Demolition_rate_(b)") * dt 923 

  INIT "B12_-_Capacity_converted" = 0 924 

  DOCUMENT: Assumption: Boiler 12 could, in the future, be converted to other fuel inputs (similar to boiler 11).  925 

  INFLOWS: 926 

    Upgrade_rate_B12 = "B12_installed_capacity-_1982_(coal)"*Upgrade_fraction_B12 927 

  OUTFLOWS: 928 

    "B12_-_Demolition_rate_(b)" = IF TIME = "B12_useful_life_(b)" THEN "B12_-_Capacity_converted"/DT 929 

ELSE 0 930 

B12_capacity_in_construction(t) = B12_capacity_in_construction(t - dt) + (Construction_start_rate_B12 - 931 

Construction_rate_B12) * dt 932 

  INIT B12_capacity_in_construction = 0 933 

  INFLOWS: 934 

    Construction_start_rate_B12 = ((Desired_capacity_B12-935 

(B12_capacity_in_construction+"B12_installed_capacity-_1982_(coal)"))/Construction_start_time) 936 

  OUTFLOWS: 937 

    Construction_rate_B12 = B12_capacity_in_construction/Construction_time 938 

"B12_installed_capacity-_1982_(coal)"(t) = "B12_installed_capacity-_1982_(coal)"(t - dt) + 939 

(Construction_rate_B12 - Upgrade_rate_B12 - "B12_-_Demolition_rate_(a)") * dt 940 

  INIT "B12_installed_capacity-_1982_(coal)" = 0 941 

  DOCUMENT: Boiler 12, built in 1982, has a capacity of 125 MW. Source: Johansson, L.C., 2014. E.ON Värme 942 

Sverige AB Panna 11, Händelöverket – Eldning av returträ Temadag Skadegruppen 13 November 2014 Linda C 943 

Johansson Anläggningsansvarig [WWW Document]. URL: https://www.vok.nu/wp-944 

content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 6.6.20).  945 

  INFLOWS: 946 

    Construction_rate_B12 = B12_capacity_in_construction/Construction_time 947 

  OUTFLOWS: 948 

    Upgrade_rate_B12 = "B12_installed_capacity-_1982_(coal)"*Upgrade_fraction_B12 949 

    "B12_-_Demolition_rate_(a)" = IF TIME = "B12_useful_life_(a)" THEN "B12_installed_capacity-950 

_1982_(coal)"/DT ELSE 0 951 
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B13_in_construction(t) = B13_in_construction(t - dt) + (Construction_start_rate_B13 - Construction_rate_B13) * dt 952 

  INIT B13_in_construction = 0 953 

  INFLOWS: 954 

    Construction_start_rate_B13 = (Desired_capacity_B13-(B13_in_construction+"B13_installed_capacity_-955 

_1993_(biomass)"))/Construction_start_time 956 

  OUTFLOWS: 957 

    Construction_rate_B13 = B13_in_construction/Construction_time 958 

"B13_installed_capacity_-_1993_(biomass)"(t) = "B13_installed_capacity_-_1993_(biomass)"(t - dt) + 959 

(Construction_rate_B13 - Upgrade_B13 - "B13_-_Demolition_rate") * dt 960 

  INIT "B13_installed_capacity_-_1993_(biomass)" = 0 961 

  DOCUMENT: Boiler 13, built in 1993, has a capacity of 130 MW. Source: Johansson, L.C., 2014. E.ON Värme 962 

Sverige AB Panna 11, Händelöverket – Eldning av returträ Temadag Skadegruppen 13 November 2014 Linda C 963 

Johansson Anläggningsansvarig [WWW Document]. URL https://www.vok.nu/wp-964 

content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 6.6.20).  965 

  INFLOWS: 966 

    Construction_rate_B13 = B13_in_construction/Construction_time 967 

  OUTFLOWS: 968 

    Upgrade_B13 = "B13_installed_capacity_-_1993_(biomass)"*Upgrade_fraction_B13 969 

    "B13_-_Demolition_rate" = IF TIME =Usueful_life_B13 THEN "B13_installed_capacity_-_1993_(biomass)"/DT 970 

ELSE 0 971 

B14_in_construction(t) = B14_in_construction(t - dt) + (Construction_start_rate_B14 - Construction_rate_B14) * dt 972 

  INIT B14_in_construction = 0 973 

  INFLOWS: 974 

    Construction_start_rate_B14 = (Desired_capacity_B14-(B14_in_construction+"B14_installed_capacity_-975 

_2002_(waste)"))/Construction_start_time 976 

  OUTFLOWS: 977 

    Construction_rate_B14 = B14_in_construction/Construction_time 978 

"B14_installed_capacity_-_2002_(waste)"(t) = "B14_installed_capacity_-_2002_(waste)"(t - dt) + 979 

(Construction_rate_B14 - Upgrade_B14 - "B14_-_Demolition_rate") * dt 980 

  INIT "B14_installed_capacity_-_2002_(waste)" = 0 981 

  DOCUMENT: Boiler 14, built in 2002, has a capacity of 75 MW. Source: Johansson, L.C., 2014. E.ON Värme 982 

Sverige AB Panna 11, Händelöverket – Eldning av returträ Temadag Skadegruppen 13 November 2014 Linda C 983 
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Johansson Anläggningsansvarig [WWW Document]. URL https://www.vok.nu/wp-984 

content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 6.6.20). 985 

  INFLOWS: 986 

    Construction_rate_B14 = B14_in_construction/Construction_time 987 

  OUTFLOWS: 988 

    Upgrade_B14 = "B14_installed_capacity_-_2002_(waste)"*"B14_-_Upgrade_fraction" 989 

    "B14_-_Demolition_rate" = IF TIME =Usueful_life_B14 THEN "B14_installed_capacity_-_2002_(waste)"/DT 990 

ELSE 0 991 

B15_in_construction(t) = B15_in_construction(t - dt) + (Construction_start_rate_B15 - Construction_rate_B15) * dt 992 

  INIT B15_in_construction = 0 993 

  INFLOWS: 994 

    Construction_start_rate_B15 = (Desired_capacity_B15-(B15_in_construction+"B15_installed_capacity_-995 

_2010_(waste)"))/Construction_start_time 996 

  OUTFLOWS: 997 

    Construction_rate_B15 = B15_in_construction/Construction_time 998 

"B15_installed_capacity_-_2010_(waste)"(t) = "B15_installed_capacity_-_2010_(waste)"(t - dt) + 999 

(Construction_rate_B15 - Upgrade_B15 - "B15_-_Demolition_rate") * dt 1000 

  INIT "B15_installed_capacity_-_2010_(waste)" = 0 1001 

  DOCUMENT: Boiler 15, built in 2010, has a capacity of 75 MW. Source: Johansson, L.C., 2014. E.ON Värme 1002 

Sverige AB Panna 11, Händelöverket – Eldning av returträ Temadag Skadegruppen 13 November 2014 Linda C 1003 

Johansson Anläggningsansvarig [WWW Document]. URL https://www.vok.nu/wp-1004 

content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 6.6.20). 1005 

  INFLOWS: 1006 

    Construction_rate_B15 = B15_in_construction/Construction_time 1007 

  OUTFLOWS: 1008 

    Upgrade_B15 = "B15_installed_capacity_-_2010_(waste)"*"B15_-_Upgrade_fraction" 1009 

    "B15_-_Demolition_rate" = IF TIME =Usueful_life_B15 THEN "B15_installed_capacity_-_2010_(waste)"/DT 1010 

ELSE 0 1011 

"B16_-_future"(t) = "B16_-_future"(t - dt) + (Construction_rate_B16 - Upgrade_B16 - "B16_-_Demolition_rate") * 1012 

dt 1013 

  INIT "B16_-_future" = 0 1014 
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  DOCUMENT: Note: B16 is hypothetical future capacity that could be installed and taken into use if a decision is 1015 

made to expand the CHP plant.  1016 

  INFLOWS: 1017 

    Construction_rate_B16 = B16_in_construction/Construction_time 1018 

  OUTFLOWS: 1019 

    Upgrade_B16 = "B16_-_future"*"B16_-_Upgrade_fraction" 1020 

    "B16_-_Demolition_rate" = IF TIME =Usueful_life_B16 THEN "B16_-_future"/DT ELSE 0 1021 

B16_in_construction(t) = B16_in_construction(t - dt) + (Construction_start_rate_P16 - Construction_rate_B16) * dt 1022 

  INIT B16_in_construction = 0 1023 

  DOCUMENT: Note: B16 is hypothetical future capacity that could be installed and taken into use if a decision is 1024 

made to expand the CHP plant.  1025 

  INFLOWS: 1026 

    Construction_start_rate_P16 = (Desired_capacity_B16-(B16_in_construction+"B16_-1027 

_future"))/Construction_start_time 1028 

  OUTFLOWS: 1029 

    Construction_rate_B16 = B16_in_construction/Construction_time 1030 

Local_waste(t) = Local_waste(t - dt) + (Local_waste_generation - Local_waste_supply - "Waste_-_other_uses") * dt 1031 

  INIT Local_waste = 0 1032 

  INFLOWS: 1033 

    Local_waste_generation = "Average_waste_generation/year" 1034 

  OUTFLOWS: 1035 

    Local_waste_supply = Desired_waste_outtake 1036 

    "Waste_-_other_uses" = Local_waste_generation-Local_waste_supply 1037 

Number_of_customers(t) = Number_of_customers(t - dt) + (Net_connection_rate) * dt 1038 

  INIT Number_of_customers = 4412,8 1039 

  DOCUMENT: The number of customers at the time the CHP plant was taken into use was assumed to be 4 413.  1040 

  INFLOWS: 1041 

    Net_connection_rate = (Max_number_of_customers-Number_of_customers)/(Connection_time) 1042 

"Av._heat_demand_per_costumer" = 0,1465 1043 
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  DOCUMENT: This is an estimate based on reference data from year 2013. In that year, E.ON Norrköping had 6 1044 

550 customers and sold 960 GWh heat. Thus, the average heat consumption per customer was 960/6550=0.1465. 1045 

This number is used as a proxy. Source: Johansson, L.C., 2014. E.ON Värme Sverige AB Panna 11, Händelöverket 1046 

– Eldning av returträ Temadag Skadegruppen 13 November 2014 Linda C Johansson Anläggningsansvarig [WWW 1047 

Document]. URL: https://www.vok.nu/wp-content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf 1048 

(accessed 6.6.20).  1049 

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

  DOCUMENT: The difference between a high-intensive and low-intensive forest management gave a resulting loss 1051 

of -2 700 976 ton CO2 equivalents, meaning that the average loss per year between 2017 and 2300 is 9 578 ton CO2 1052 

equivalents.  1053 

"Rödgas_kond." = GRAPH(TIME) 1054 

(2009,000, 0,0), (2010,125, 0,0), (2011,250, 122,0), (2012,375, 0,0), (2013,500, 55,0), (2014,625, 48,0), (2015,750, 1055 

65,4), (2016,875, 66,0), (2018,000, 71,2) 1056 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1057 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1058 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1059 

Actual_biomass_fuel = IF 1060 

(Desired_biomass_outtake*Energy_potential_forest_biomass)<=(Biomass_supply_from_forestry*Energy_potential1061 

_forest_biomass) THEN Desired_biomass_outtake*Energy_potential_forest_biomass ELSE 1062 

Biomass_supply_from_forestry*Energy_potential_forest_biomass 1063 

Actual_operating_hours = 0,8781 1064 

Actual_operating_hours_1 = 0,8781 1065 

Actual_operating_hours_2 = 0,8781 1066 

Annual_operating_hours = 8760 1067 

"Average_waste_generation/year" = 27000 1068 

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

tonnes/year). Source: Johansson, L.C., 2014. E.ON Värme Sverige AB Panna 11, Händelöverket – Eldning av 1070 

returträ Temadag Skadegruppen 13 November 2014 Linda C Johansson Anläggningsansvarig [WWW Document]. 1071 

URL https://www.vok.nu/wp-content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 1072 

6.6.20) 1073 

"B11_+_13_Heat_produced" = Actual_biomass_fuel*"Efficiency_loss_factor_(update)" 1074 

"B11_+_B13_-_Maximum_boiler_capacity_(MWh)" = ("B11_installed_capacity_-1075 

_1996_(biomass)"+"B13_installed_capacity_-1076 

_1993_(biomass)")*(Annual_operating_hours*Actual_operating_hours_1) 1077 

"B11_+_B13_-_Maximum_boiler_capacity_(waste)_GWh" = "B11_+_B13_-1078 

_Maximum_boiler_capacity_(MWh)"/1000 1079 
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"B11_+_B13_capacity_utalisation" = IF "Desired_capacity_utalisation_B11_-_B13" <= "B11_+_B13_-1080 

_Maximum_boiler_capacity_(waste)_GWh" THEN "Desired_capacity_utalisation_B11_-_B13" ELSE 1081 

"B11_+_B13_-_Maximum_boiler_capacity_(waste)_GWh" 1082 

"B11_-_B13_Energy_gap" = "B14_-_B15_Heat_supply_demand_gap"-1083 

("B11_+_13_Heat_produced"*Heat_fraction_1) 1084 

"B12_+_B11_capacity_utalisation" = IF "Desired_capacity_utalisation_B11_-_B14" <= 1085 

"B12_+_B11_maximum_capacity_(fossil-based)_GWh" THEN "Desired_capacity_utalisation_B11_-_B14" ELSE 1086 

"B12_+_B11_maximum_capacity_(fossil-based)_GWh" 1087 

"B12_+_B11_Heat_produced" = "Fossil-fuel_use"*"Efficiency_loss_factor_(update)" 1088 

"B12_+_B11_maximum_capacity_(fossil-based)_GWh" = "B12_+_B11_maximum_capacity_(fossil-1089 

based)_MWh"/1000 1090 

"B12_+_B11_maximum_capacity_(fossil-based)_MWh" = ("B12_installed_capacity-1091 

_1982_(coal)"+"B11_installed_capacity-_1982_(oil)")*(Annual_operating_hours*Actual_operating_hours_2) 1092 

"B12_useful_life_(a)" = 100 1093 

  DOCUMENT: The useful boiler life time is around 40 years. This number of based on the technical lifetime. The 1094 

economic lifetime could be around 25 years. In the current parametrization the useful boiler life is, however, set to 1095 

100 years – this based on the assumption that boiler capacity is replaced when needed. This parametrization applies 1096 

to all "useful life" variables in the model. Source: IEA, 2010. Combined Heat and Power [WWW Document]. URL 1097 

https://iea-etsap.org/E-TechDS/PDF/E04-CHP-GS-gct_ADfinal.pdf (accessed 6.20.25)  1098 

"B12_useful_life_(b)" = 100 1099 

"B14_+_B15_(waste)_-_Maximum_boiler_capacity_GWh" = "P14_+_P15_-1100 

_Maximum_boiler_capacity_(waste)_MWh"/"MWh/GWh_unit_converter" 1101 

"B14_+_B15_Heat_produced" = Waste_fuel_input*"Efficiency_loss_factor_(update)" 1102 

"B14_-_B15_Heat_supply_demand_gap" = Total_heat_demand-("B14_+_B15_Heat_produced") 1103 

"B14_-_Upgrade_fraction" = 0/DT 1104 

"B15_-_Upgrade_fraction" = 0/DT 1105 

"B16_-_Upgrade_fraction" = 0/DT 1106 

Biomass_from_ForSAFE = GRAPH(TIME) 1107 

  DOCUMENT: Data input source: ForSAFE.  1108 

Biomass_supply_from_forestry = ("GROT_2009_-1109 

_2017"/Energy_potential_forest_biomass)+Biomass_from_ForSAFE*Land_use_switch 1110 

"CO2_per_GWh_fossil_(liquid)" = 274 1111 
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  DOCUMENT: 0,274 tonnes CO2/MWh = 274 tonnes/GWh Source: Ljungberg, S., 2018. Will substituting fossil 1112 

fuels with biofuels lead to a net reduction in CO2 emissions? – The case of district heating in Norrköping 1113 

municipality. Stockholm University, Department of Physical Geography, Stockholm, Sweden. 1114 

"CO2_per_GWh_fossil_(solid)" = 335 1115 

  DOCUMENT: Source: Ljungberg, S., 2018. Will substituting fossil fuels with biofuels lead to a net reduction in 1116 

CO2 emissions? – The case of district heating in Norrköping municipality. Stockholm University, Department of 1117 

Physical Geography, Stockholm, Sweden.  1118 

CO2_per_GWh_waste = 90 1119 

  DOCUMENT: Source: Ljungberg, S., 2018. Will substituting fossil fuels with biofuels lead to a net reduction in 1120 

CO2 emissions? – The case of district heating in Norrköping municipality. Stockholm University, Department of 1121 

Physical Geography, Stockholm, Sweden. Old: 0,090 tonnes/GWh New: 90 tonnes/GWh  1122 

"CO2-emissions_fossil" = (("Fossil-fuel_use"*Fraction_liquid)*"CO2_per_GWh_fossil_(liquid)")+(("Fossil-1123 

fuel_use"*(1-Fraction_liquid)*"CO2_per_GWh_fossil_(solid)")) 1124 

"CO2-emissions_waste" = CO2_per_GWh_waste*Waste_fuel_input 1125 

Connection_time = 12 1126 

  DOCUMENT: Variable determining how long it will take before all potential customers in the region are 1127 

connected to the district heating system served by the CHP plant. (the system adjustment time/settling time) 1128 

Construction_start_time = 1 1129 

  DOCUMENT: The delay from decision to construction start. Based on source: Skog, E., 2011. P15-projektet, 1130 

Händelö [WWW Document]. URL https://www.vok.nu/wp-1131 

content/uploads/2013/11/Panndagarna2011_Erik_Skog.pdf (accessed 6.20.25). 1132 

Construction_time = 0,5 1133 

  DOCUMENT: The time it takes to install the capacity. Based on source: Skog, E., 2011. P15-projektet, Händelö 1134 

[WWW Document]. URL https://www.vok.nu/wp-content/uploads/2013/11/Panndagarna2011_Erik_Skog.pdf 1135 

(accessed 6.20.25). 1136 

"Delivered_district_heating_2009_-_2018" = GRAPH(TIME) 1137 

(1996,00, 1033,0), (1997,00, 979,0), (1998,00, 1027,0), (1999,00, 1018,0), (2000,00, 890,0), (2001,00, 952,0), 1138 

(2002,00, 931,0), (2003,00, 948,0), (2004,00, 990,0), (2005,00, 898,0), (2006,00, 878,0), (2007,00, 900,0), 1139 

(2008,00, 1005,0), (2009,00, 961,0), (2010,00, 1098,0), (2011,00, 920,0), (2012,00, 980,0), (2013,00, 961,0), 1140 

(2014,00, 870,0), (2015,00, 867,0), (2016,00, 916,0), (2017,00, 896,0), (2018,00, 901,0) 1141 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1142 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1143 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1144 

Desired_biomass_outtake = "B11_+_B13_capacity_utalisation"/Energy_potential_forest_biomass 1145 

Desired_capacity_B11 = IF TIME =1979 THEN 85/DT ELSE 0 1146 
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Desired_capacity_B12 = IF TIME =1979 THEN 125/DT ELSE 0 1147 

Desired_capacity_B13 = IF TIME =1990 THEN 130/DT ELSE 0 1148 

Desired_capacity_B14 = IF TIME =2000 THEN 75/DT ELSE 0 1149 

Desired_capacity_B15 = IF TIME =2008 THEN 85/DT ELSE 0 1150 

Desired_capacity_B16 = 0 1151 

Desired_capacity_utalisation = Total_heat_demand/"Efficiency_loss_factor_(update)" 1152 

"Desired_capacity_utalisation_B11_-_B13" = "B14_-1153 

_B15_Heat_supply_demand_gap"/"Efficiency_loss_factor_(update)" 1154 

"Desired_capacity_utalisation_B11_-_B14" = "B11_-_B13_Energy_gap"/"Efficiency_loss_factor_(update)" 1155 

"Desired_fossil-use" = "B12_+_B11_capacity_utalisation" 1156 

Desired_waste_outtake = "P14_+_P15_capacity_utalisation"/Energy_potential_waste 1157 

"Difference_in_CO2-equivalents" = Final_reference_with_no_biomass-1158 

(Total_CO2_emission_from_energy_provision+"AV._SOC_difference") 1159 

"Efficiency_loss_factor_(sensitivity_analysis)" = GRAPH(TIME) 1160 

(1979,00, 0,500), (1998,50, 0,600), (2018,00, 0,700) 1161 

"Efficiency_loss_factor_(update)" = GRAPH(TIME) 1162 

(1978,00, 0,7), (1994,00, 0,85), (2010,00, 0,9) 1163 

"Energy_efficiency_(high)" = GRAPH(TIME) 1164 

(2010,00, 1,000), (2020,00, 1,000), (2035,00, 0,660), (2050,00, 0,560) 1165 

  DOCUMENT: Source: LiU, 2020. Norrköpings framtida fjärrvärmemarknad [WWW Document]. URL 1166 

https://liu.se/artikel/norrkopings-framtida-fjarrvarmemarknad (accessed 6.26.20).  1167 

"Energy_efficiency_(low)" = GRAPH(TIME) 1168 

(2010,00, 1,000), (2020,00, 1,000), (2035,00, 0,840), (2050,00, 0,740) 1169 

  DOCUMENT: Source: LiU, 2020. Norrköpings framtida fjärrvärmemarknad [WWW Document]. URL 1170 

https://liu.se/artikel/norrkopings-framtida-fjarrvarmemarknad (accessed 6.26.20). 1171 

Energy_potential_forest_biomass = 0,0049 1172 

  DOCUMENT: Assumption: The forest harvest residue would be left at the site to dry in piles before being used in 1173 

the CHP plant, resulting in a relatively high energy content (as the moist level may be as low as 20%). Source: 1174 

Ljungberg, S., 2018. Will substituting fossil fuels with biofuels lead to a net reduction in CO2 emissions? – The case 1175 

of district heating in Norrköping municipality. Stockholm University, Department of Physical Geography, 1176 

Stockholm, Sweden. 1177 
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Energy_potential_from_forest_residue = Biomass_supply_from_forestry*Energy_potential_forest_biomass 1178 

Energy_potential_waste = 0,003 1179 

  DOCUMENT: The energy recovery is approximately 2,961 MWh/tonne (weighted average) of the number of 1180 

tonnes of waste. Source: Avfall Sverige, 2018. Swedish Waste Management 2018. Malmö.  1181 

Final_reference_with_no_biomass = GRAPH(TIME) 1182 

DOCUMENT: Reference run; CO2 emissions when no biomass is used for energy provision.  1183 

"Fossil_total_2009_-_2018" = "Fossil-use_Coal_2009_-_2018"+Other_fossil+"Oil_use_2009_-_2018" 1184 

"Fossil-fuel_use" = "Desired_fossil-use"*"Fossil-use_switch" 1185 

"Fossil-use_Coal_2009_-_2018" = GRAPH(TIME) 1186 

(2009,000, 117,1), (2010,000, 174,0353876), (2011,000, 94,56818756), (2012,000, 144,7510823), (2013,000, 1187 

73,2151), (2014,000, 42,0), (2015,000, 35,0288), (2016,000, 70,39), (2017,000, 58,7), (2018,000, 62,71) 1188 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1189 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1190 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1191 

"Fossil-use_switch" = 1 1192 

  DOCUMENT: IF TIME  1193 

Fraction_liquid = 0,121725732 1194 

  DOCUMENT: The fraction liquid fossil fuels out of the total use of fossil in the CHP plant. Calculated based on 1195 

reference year 2015. Fraction liquid versus solid fossil fuels = 0,121725732 Liquid 15,8 (GWh) Solid 114 (GWh) 1196 

Total 129,8 (GWh) Source: Ljungberg, S., 2018. Will substituting fossil fuels with biofuels lead to a net reduction in 1197 

CO2 emissions? – The case of district heating in Norrköping municipality. Stockholm University, Department of 1198 

Physical Geography, Stockholm, Sweden. 1199 

"GROT_2009_-_2017" = GRAPH(TIME) 1200 

(2009,0, 502,2), (2010,0, 496,025656664), (2011,0, 489,851313328), (2012,0, 483,676969992), (2013,0, 1201 

477,502626656), (2014,0, 471,32828332), (2015,0, 465,153939984), (2016,0, 458,979596647), (2017,0, 1202 

452,805253311) 1203 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1204 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1205 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1206 

Heat_demand_supply_gap = Total_heat_demand-Total_heat_supplied 1207 

Heat_fraction_1 = 1 1208 

Land_use_switch = 1 1209 

Max_number_of_customers = 6550+403+345 1210 
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  DOCUMENT: The maximum number of customers in the region. Calculated based on: The number of customers 1211 

in reference year 2013 = 6 550. This number represents approx. 95% of the total customer base. Source: Johansson, 1212 

L.C., 2014. E.ON Värme Sverige AB Panna 11, Händelöverket – Eldning av returträ Temadag Skadegruppen 13 1213 

November 2014 Linda C Johansson Anläggningsansvarig [WWW Document]. URL https://www.vok.nu/wp-1214 

content/uploads/2014/11/Erfarenheter-från-Panna-11-Händelöverket.pdf (accessed 6.6.20) On this basis, the 1215 

maximum customers would be: 6550/0.95 – 6550 = 344.73 There is also the potential for an expansion of the 1216 

customer base: “potentialen för nyanslutningar, som består av nybyggnationer i takt med en växande stad, är 59 1217 

GWh fram till 2035” Source: LiU, 2020. Norrköpings framtida fjärrvärmemarknad [WWW Document]. URL 1218 

https://liu.se/artikel/norrkopings-framtida-fjarrvarmemarknad (accessed 6.26.20). If the average heat consumption 1219 

per customer is 0,1465, it gives 59/0,1465= 402,73 new customers by 2035.  1220 

Max_potential_waste_imports = ("Waste_use_2009_-_2018"/Energy_potential_waste)-Local_waste_supply 1221 

"Maximum_boiler_capacity_(GWh)" = "Maximum_boiler_capacity_(MWh)"/1000 1222 

"Maximum_boiler_capacity_(MWh)" = "Total_CHP_boiler_capacity_(MW)"*(Annual_operating_hours) 1223 

"Maximum_boiler_capacity_(TWh)" = "Maximum_boiler_capacity_(GWh)"/1000 1224 

"MWh/GWh_unit_converter" = 1000 1225 

"Oil_use_2009_-_2018" = GRAPH(TIME) 1226 

(2009,000, 146,1), (2010,000, 75,17093388), (2011,000, 46,8597433), (2012,000, 21,32115886), (2013,000, 1227 

28,2306), (2014,000, 23,0), (2015,000, 25,6317), (2016,000, 29,17), (2017,000, 3,0), (2018,000, 4,63) 1228 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1229 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1230 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1231 

Other_fossil = GRAPH(TIME) 1232 

(2009,000, 174,6), (2010,000, 0,0), (2011,000, 0,0), (2012,000, 0,0), (2013,000, 0,0), (2014,000, 0,0), (2015,000, 1233 

0,0), (2016,000, 0,0), (2017,000, 0,0), (2018,000, 0,0) 1234 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1235 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1236 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1237 

"P11_-_Useful_life" = 100 1238 

"P14_+_P15_-_Maximum_boiler_capacity_(waste)_MWh" = ("B14_installed_capacity_-1239 

_2002_(waste)"+"B15_installed_capacity_-_2010_(waste)")*(Annual_operating_hours*Actual_operating_hours) 1240 

"P14_+_P15_capacity_utalisation" = IF Desired_capacity_utalisation <= "B14_+_B15_(waste)_-1241 

_Maximum_boiler_capacity_GWh" THEN Desired_capacity_utalisation ELSE "B14_+_B15_(waste)_-1242 

_Maximum_boiler_capacity_GWh" 1243 

"RT_flis_2009_-_2018" = GRAPH(TIME) 1244 

(2009,000, 385,8), (2010,000, 171,7547734), (2011,000, 62,00912648), (2012,000, 63,67343377), (2013,000, 1245 

56,7082), (2014,000, 49,0), (2015,000, 31,8738), (2016,000, 51,4), (2017,000, 58,3), (2018,000, 50,7) 1246 
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  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1247 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1248 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1249 

"Sensitivity_analysis_-_energy_efficiency" = GRAPH(TIME) 1250 

(2010,00, 1,000), (2020,00, 1,000), (2035,00, 0,500), (2050,00, 0,200) 1251 

SOC_difference = SOC_diversification_and_strict_sustainability-SOC_high_intensive_scenario 1252 

SOC_diversification_and_strict_sustainability = GRAPH(TIME) 1253 

  DOCUMENT: Input source: ForSAFE  1254 

SOC_high_intensive_scenario = GRAPH(TIME) 1255 

DOCUMENT: Input source: ForSAFE  1256 

Soil_CN_div._and_strict_sustainability = GRAPH(TIME) 1257 

Input source: ForSAFE 1258 

Soil_CN_ration_high_intensive = GRAPH(TIME) 1259 

DOCUMENT: Input source: ForSAFE  1260 

Support_electricty = GRAPH(TIME) 1261 

(2009,000, 84,6), (2010,000, 8,016), (2011,000, 58,11338058), (2012,000, 3,0), (2013,000, 79,0), (2014,000, 71,0), 1262 

(2015,000, 35,8177), (2016,000, 40,7), (2017,000, 40,6), (2018,000, 42,98) 1263 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1264 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1265 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1266 

"Total_CHP_boiler_capacity_(MW)" = ("B12_installed_capacity-_1982_(coal)"+"B13_installed_capacity_-1267 

_1993_(biomass)"+"B14_installed_capacity_-_2002_(waste)"+"B12_-1268 

_Capacity_converted"+"B11_installed_capacity_-_1996_(biomass)"+"B11_installed_capacity-1269 

_1982_(oil)"+"B15_installed_capacity_-_2010_(waste)") 1270 

Total_CO2_emission_from_energy_provision = "CO2-emissions_fossil"+"CO2-emissions_waste" 1271 

Total_heat_demand = Number_of_customers*"Av._heat_demand_per_costumer"*"Energy_efficiency_(low)" 1272 

  DOCUMENT: "Normal" reduction in the past; 0,5-1% per year. Source: Blomqvist, S., Rohdin, P., Ödlund, L., 1273 

2018. Hållbar Region Ett forskningsprojekt för ökad samverkan mellan energi- och fastighetsbolag. Note: The total 1274 

heat demand is calculated as the average heat demand per customer × energy efficiency development (reference case 1275 

16% or high efficiency 34%). Calculated on a yearly basis, no seasonal variation is accounted for. Sources: The 1276 

assumptions about potential reference cases for energy efficiency development are based on scenario work presented 1277 

in the master thesis: Bley, S. and Lindström, E. (2017). "Norrköpings framtida fjärrvärmemarknad: Scenarioanalys 1278 

av efterfrågan 2035," Linköping University, Sweden. Summary of research (in Swedish): LiU, 2020. Norrköpings 1279 

framtida fjärrvärmemarknad [WWW Document]. URL https://liu.se/artikel/norrkopings-framtida-1280 

fjarrvarmemarknad (accessed 6.26.20).  1281 
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Total_heat_supplied = "B12_+_B11_Heat_produced"+"B11_+_13_Heat_produced"+"B14_+_B15_Heat_produced" 1282 

Total_waste_supply = Local_waste_supply+Waste_imports 1283 

Upgrade_fraction_B11 = IF TIME=1993 THEN 1/DT ELSE 0 1284 

Upgrade_fraction_B12 = 0/DT 1285 

Upgrade_fraction_B13 = 0/DT 1286 

Usueful_life_B13 = 100 1287 

Usueful_life_B14 = 100 1288 

Usueful_life_B15 = 100 1289 

Usueful_life_B16 = 100 1290 

Waste_fuel_input = Total_waste_supply*Energy_potential_waste 1291 

"Waste_generation_reduction_fraction_(update)" = GRAPH(TIME) 1292 

(2010,00, 1,000), (2023,00, 0,900), (2035,00, 0,750), (2050,00, 0,600) 1293 

  DOCUMENT: Based on municipal waste management plans as well as the Swedish Waste Management 1294 

Association targets. Source: Avfall Sverige, 2020. 25/25-målet [WWW Document]. URL 1295 

https://www.avfallsverige.se/2525-malet/ (accessed 6.30.20). Norrköping Municipality, 2019. Avfallsplan - 1296 

Samrådsversion.  1297 

Waste_import_switch = 1 1298 

  DOCUMENT: IF TIME  1299 

Waste_imports = MIN(Desired_waste_outtake-Local_waste_supply; 1300 

Max_potential_waste_imports)*Waste_import_switch 1301 

"Waste_use_2009_-_2018" = GRAPH(TIME) 1302 

(2009,000, 232,2), (2010,000, 309,514359), (2011,000, 526,3134248), (2012,000, 513,9592189), (2013,000, 1303 

629,317), (2014,000, 682,0), (2015,000, 590,771), (2016,000, 565,98), (2017,000, 666,7), (2018,000, 667,66) 1304 

  DOCUMENT: Source: Swedenergy, 2020. Tillförd energi till fjärrvärme och kraftvärme - äldre statistik [WWW 1305 

Document]. URL. https://www.energiforetagen.se/statistik/fjarrvarmestatistik/tillford-energi/tillford-energi-till-1306 

fjarrvarme-och-kraftvarme/ (accessed 6.6.20).  1307 

 1308 

 1309 

 1310 

 1311 
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Highlights 
 

- Integrated analysis of the bio-based economy, 2030 Agenda and strong sustainability  
- Findings show how these parallel sustainability agendas are mutually interacting  
- Both direct and indirect trade-offs and synergies are identified  
- An analytical framework to support policy coherence and prioritization is proposed  
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