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Sammanfattning 
Industrin är en stor användare av energi och orsakar stora utsläpp av växthusgaser. 
Samtidigt har Sverige satt upp mål för att nå netto-noll utsläpp av växthusgaser år 
2045. Nuvarande fokus på att nå minskade växthusgasutsläpp och klimatförändringar, 
samt den förändring av energisystemet dessa mål kräver, skapar stora utmaningar för 
industrin.  

Energisystemmodeller är ett viktigt verktyg för att öka förståelsen för den 
sociotekniska omställning som krävs för minskade utsläpp. Tidigare 
modelleringsstudier av industrin har analyserat mål som knappt sträcker sig längre än 
netto-noll utsläpp. Samtidigt har teknikrepresentationen i dessa modeller gjort att de 
i stor utsträckning förlitar sig på användning av tekniker för avlägsnande av koldioxid 
för att kompensera för fossila CO2-utsläpp.  

Det övergripande syftet med den här avhandlingen är att stödja och underlätta 
industrins omställning till koldioxidneutralitet. Detta åstadkoms genom att (i) förbättra 
representationen av industrin i energisystemmodeller, samt (ii) implementera 
representationen i energisystemmodellen TIMES-Sweden. Med hjälp av 
scenarioanalys i TIMES-Sweden utforskas färdvägar mot netto-noll och netto-
negativa utsläpp av CO2.  

Den föreslagna representationen av industrin bygger på en detaljerad representation 
av köp- och säljbara material. Den detaljerade representationen gör det enklare att 
uppskatta framtida ändringar i efterfrågan på material. Den förbereder även modellen 
för att bättre kunna analysera påverkan av en cirkulär ekonomi och 
materialsubstitutionsmöjligheter. Två specifika förbättringar med avseende på 
förmågan att utforska färdvägar till koldioxidneutralitet har också implementerats. 
Modellen har en utökad representation av tekniker, där varje processteg i industrin är 
representerad av minst ett alternativ som använder biobränslen, ett som använder 
koldioxidinfångning samt ett elektrifieringsalternativ. Detta gör modellen kapabel att 
nå netto-noll utsläpp utan att förlita sig på tekniker för avlägsnande av koldioxid. 
Modellen har också specifikt utvecklats för att fånga möjligheter för 
processintegration, industriell symbios och sektorkopplingsaspekter i nationella 
energisystemmodeller. Detta gör modellen mer precis i sin förmåga att fånga den 
teknoekonomiska påverkan dessa möjligheter har på energisystemet, som till exempel 
genom användning av spillvärme från bioraffinaderier eller från produktion och 
lagring av vätgas inom industrin.  

Scenarioanalysen visar att det är möjligt för industrisektorn i Sverige att nå netto-noll 
utsläpp med tekniker som är kommersiellt tillgängliga idag om negativa emissioner 
från bio-CCS tillåts kompensera fossila utsläpp. Faktum är att användning av fossila 
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bränslen i anläggningar med CCS, där kvarvarande fossilt CO2 kan kompenseras med 
negativa emissioner från billig bio-CCS i bioraffinaderier, är det mest 
kostnadseffektiva sättet att nå netto-noll utsläpp. Om kompensering av fossilt CO2 
inte tillåts krävs att tekniker som idag inte är fullt utvecklade i stor skala används. För 
Sverige innebär det att både storskalig vätgaselektrolys och avancerade bioraffinaderier 
måste utvecklas för att en sådan framtid ska bli verklighet. 

Genomgående för alla studerade fall är att sektorkoppling som möjliggör effektivt 
användande av biomassa är viktigt för en kostnadseffektiv omställning. 
Bioraffinaderier integrerade med skogsindustrier i kombination med 
energieffektivisering samt användande av högtemperatursvärmepumpar kan 
potentiellt skifta 175-200PJ biomassa och svartlut från slutlig energianvändning i 
skogsindustrin till insatsvara i biobränsleproduktion. En ökning av 
biobränsleproduktionen minskar användandet av vätgaselektrolys vilket minskar den 
totala systemkostnaden. En annan åtgärd för effektivare användning av resurser är att 
inkludera de negativa emissioner, vilka skapas via den temporära lagringen av 
förnybara kolatomer i plast, tillåts bidra till klimatmålen. En sådan åtgärd minskar 
behovet av tekniker för avlägsnande av koldioxid och skapar fler incitament att 
producera förnybar plast.  

Sveriges industri har också potentialen att förbättra hållbarheten på internationella 
marknader genom att exempelvis exportera olefiner (insatsvara i plastproduktion). 
Genom att använda biobränslen alternativt bränslen producerade från CO2 som 
skapats som biprodukt i bioraffinaderier, kan Sverige exportera upp emot 3.5Mt 
förnybara olefiner. För att få en sådan export konkurrenskraftig krävs dock en avgift 
på fossil plast motsvarande 190 till 270EUR/t CO2 samtidigt som de negativa 
emissionerna från förnybart kol som lagras i exporterade olefiner tillåts bidra till 
klimatmålen.  

Sammanfattningsvis är den mest kritiska aspekten för en framgångsrik omställning av 
industrin en framgångsrik utveckling av tekniker för framställning av förnybara 
bränslen. Samtidigt är all teknikutveckling bra, inte mins av sådana tekniker som 
minskar behovet av kolvätebränslen. Detta är viktigt då biomassan kommer vara 
mycket eftertraktad i framtiden och bränslen framställda från CO2 som fångats direkt 
från luften är de med högst kostnad. Således är behovet av teknikutveckling brett. 
Stöd för teknikutveckling relevant för industrin är tillgängligt inom både Sverige och 
EU medan det är brist på stöd för bibehållen konkurrens när dessa tekniker väl har 
utvecklats.  
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Abstract 
Industry is a major user of energy and emitter of fossil CO2. At the same time, Sweden 
targets net-zero greenhouse gas emissions by 2045. Current policies to reduce 
greenhouse gas emissions and mitigate climate change, and the transition of the energy 
system it requires, will present major challenges for industry.  

Energy system optimisation models (ESOMs) are an important tool (of many) for 
improving the understanding of the sociotechnical transition required to reduce 
emissions. At the same time, previous modelling efforts rarely stretch the analysis 
further than net-zero emissions and lacking technology representation have 
historically led to over-reliance on carbon dioxide removal technologies. 

The general aim of this thesis is to support industry’s transition toward carbon 
neutrality. This will be achieved by (i) improving the representation of industry in 
ESOMs and (ii) applying the suggested representation to TIMES-Sweden and 
exploring different pathways for Swedish industry to reach net-zero or net-negative 
CO2 emissions using scenario analysis. 

The model representation is based on a detailed representation of tradeable materials. 
This detailed representation allows for easier modelling of demands and prepares the 
model for analysing the impacts of circular economy and material substitution. 
Regarding its ability to explore pathways to net zero emissions, the model 
representation was improved in two ways. First, the model has an improved 
technology representation that for each industrial process step includes a minimum of 
one option using biofuel/biomass, one option using carbon capture, and one 
electrification option. This makes the model capable of reaching net-zero emissions 
with minimum reliance on carbon removal technologies. Second, the suggested 
model representation is specifically derived to recognize and capture opportunities for 
process integration, industrial symbiosis, and sector coupling aspects in national 
energy system models. This allows for a more accurate estimate of the techno-
economic impact of industry on the energy system from the use of, for example, waste 
heat from biorefineries or storage potential from the production of hydrogen on site. 

The scenario analysis shows that it is possible to reach net-zero emissions with 
technologies that are already commercially proven if carbon removal technologies are 
allowed to offset emissions. In fact, using fossil fuels in advanced CCS technologies 
and offsetting residual emissions with low-cost BECCS from biorefineries is the most 
cost-efficient pathway to net-zero emissions. Meanwhile, reaching net-zero emissions 
without carbon offsetting relies on less mature technologies. For Sweden, the key for 
reaching net-zero without carbon offsetting is the successful development of large-
scale electrolysis and advanced biorefineries.  
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In all of the studied cases, sector coupling for efficient production and use of biofuels 
was found to be important to achieve a cost-efficient transition. Biorefineries 
integrated with the forest industry in combination with heat pumps and efficiency 
improvements have the potential to shift 175-200PJ of biomass and black liquor from 
final energy consumption in the forest industry to input in biofuel production. 
Increasing the availability of biofuels reduces the need for hydrogen electrolysis. One 
other measure that would improve resource efficiency is to recognise the negative 
emissions contribution caused by renewable carbon stored in plastics, which would 
reduce the need for carbon removal technologies and increase incentives for 
producing renewable plastic. 

The Swedish industry could also improve sustainability in international markets by 
exporting renewable olefins. Using biofuels and fuels produced from CO2 by-
products derived from biorefineries could enable increased export of up to 3.5 Mt of 
olefins. Making such exports competitive requires a carbon fee on fossil plastic of 
approximately 190 to 270 EUR/t of CO2, while also requiring policies to account 
for the negative emissions caused by renewable carbon stored in plastic. 

In summary, the most critical aspect of decarbonising industry is the successful 
development of technologies that produce renewable fuels. Meanwhile, technology 
development that leads to increasing rates of electrification or the use of alternative 
fuels (e.g., waste) is still important to reduce the dependence on fuels based on 
renewable carbon (from biomass or atmospheric CO2). This is important because 
biomass will likely be highly contested and power-to-fuel solutions that rely on direct 
air capture to supply CO2 are among the most expensive options available. Thus, the 
need for technology development is broad. Current policies in Sweden and the EU 
are sufficiently targeting the technology-push aspect of technology development 
relevant for industry, but technology-pull policies to maintain the competitiveness of 
these new technologies are lacking. 
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1 Introduction 

1 
 

1 Introduction 

Industry is a major user of energy and emitter of fossil CO2. Globally, the industrial 
sector was responsible for 26% of total greenhouse gas (GHG) emissions and 37% of 
final energy consumption in 2020 (IEA, 2021). For Sweden, the figures are roughly 
similar, where industry was responsible for 31% of total domestic GHG emissions and 
38% of total final energy consumption in 2020 (SEPA, 2021; SEA, 2021). At the same 
time, undertaking the Paris Agreement encourages nations to pursue measures to limit 
global warming to 1.5 ° C above preindustrial levels (UNFCCC, 2015). In Sweden, 
the Swedish government set a target of net-zero GHG emissions domestically by 2045 
(Miljö- och energidepartementet, 2017). Clearly, the current state of industry is 
dissonant with the present need to reduce GHG emissions globally and in Sweden.  

Current policies to reduce GHG emissions and mitigate climate change will provide 
major challenges to industry. The portfolio of alternative technologies for industry 
includes options that could potentially achieve the required emission reductions, but 
typically show uncertainty about technological maturity and competitiveness in future 
markets (Åhman et al., 2017; Bataille et al., 2018; Davis et al., 2018; Bataille, 2020; 
Rissman et al., 2020). Reaching net-zero or even net-negative targets for GHG 
emissions requires radical changes in industrial sectors, including new and innovative 
technological options and increased use of alternative renewable energy carriers. 
Energy system optimisation models (ESOM) are an important tool (of many) for 
improving the understanding of the sociotechnical transition and how to achieve such 
technological change (Söderholm, 2020).  

ESOMs are suitable for analysing policies and policy instruments for reaching 
ambitious climate targets, as they encompass the entire energy system. There are many 
examples of ESOMs developed to analyse how to achieve ambitious climate targets; 
see, for example, (Gambhir et al., 2013; Chiodi et al., 2016; Krook-Riekkola and 
Sandberg, 2018; Lehtilä and Koljonen, 2018; Glynn et al., 2019). Previous modelling 
efforts rarely stretch further than net-zero emissions and lacking technology 
representation has historically led to overreliance on carbon removal technologies 
(Pye et al., 2021).  
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The urgency to achieve deep reductions in GHG emissions has led to an increasing 
focus on the importance of industrial symbiosis, demand side reductions, circular 
economy, and the possibility of reaching net-negative emissions (Bashmakov et al., 
2022; Riahi et al., 2022). Many ESOMs have a representation of industry that is 
sufficiently detailed in technologies to study how to reduce CO2 emissions (Simoes et 
al., 2013; Fais et al., 2016; Napp et al., 2019), but not necessarily how to reach zero 
or net negative emission pathways. Therefore, there is a need for modeling 
development that also enhances the identification of important technology synergies 
in industry, includes opportunities for improved resource efficiency and process 
integration, and includes technologies capable of achieving net-zero emissions 
without carbon offset. For ESOMs to continue to provide valuable decision support 
in the transition towards a net-zero/negative emissions future, the representation of 
included industrial sectors needs to be capable of capturing these key aspects. This 
thesis attempts to fill these gaps by proposing how the industrial sector can be 
improved in ESOMs to meet ambitious climate targets. 

 

1.1 Aim and Scope  
The general aim of this thesis is to support the climate transition of industry. This will 
be achieved by (i) improving the representation of industry ESOMs, and (ii) applying 
the suggested representation to TIMES-Sweden and exploring different pathways for 
Swedish industry to reach net-zero or net-negative emissions. The aim is addressed 
through the formulation of five research questions (RQs), which link the appended 
papers (Papers I-V) and the created databases (Table 1). 

• RQ 1 – How can industry be modelled in a techno-economic ESOM 
environment to capture process integration and industrial symbiosis? More 
specifically, how to capture the interactions between industry-specific 
processes and those between industrial processes and the rest of the energy 
system. 

• RQ 2 – What technological options exist for the industrial sector in Sweden 
and how should they be modelled to capture their potential roles and resource 
requirements in the transition toward a carbon-neutral sector? 

• RQ 3 – What are the key enabling technologies for the Swedish industry to 
reach net-zero emissions, and how does the availability of technologies affect 
the pathways to get there? 

• RQ 4 – How do strategies and technology availability in the forestry and 
forest industry nexus impact the use of biomass in a net-zero energy system? 

• RQ 5 – How do the potential climate benefits of carbon stored in plastic 
impact Sweden’s climate strategies? 
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The scope of this thesis is the Swedish industry and targets resource and technology 
options of relevance to Swedish conditions applying scenario analysis using ESOMs.  

Table 1: Overview of how each paper and database contribute to the different research questions.  

Papers RQ 1 RQ 2 RQ 3 RQ 4 RQ 5 
Paper I X X X   
Paper II X X X X  
Paper III X X X X  
Paper IV X  X  X 
Paper V X    X 
Database I  X    
Database II  X    
Database III  X    

 

There are many ways to classify energy system models (Samouilidis, 1980). The 
ESOMs used in this thesis can be classified as (i) techno-economic, (ii) bottom-up, 
(iii) multiple partial equilibrium, (iv) long-term planning, (v) comprehensive energy 
system, and (vi) optimisation models. Detailed technoeconomic data describe the 
operational and economic performance of all included processes. Bottom-up is a 
model classification indicating that the basis of the model is its technology 
representation, which should be contrasted with top-down models (such as general 
equilibrium models). Multiple partial equilibrium indicates that the model 
endogenously represents the supply and demand markets for multiple energy 
commodities. The long-term aspect targets the planning horizon of the model, 
typically multiple decades into the future. This is to be distinguished from models that 
use a short-term planning horizon, such as hourly planning, which are targeted more 
towards operational planning. The comprehensive energy system aspect indicates that 
the model spans the entire energy system from energy supply to energy conversion 
to energy end-use. The sixth and last characterising aspect is optimisation, indicating 
the methodology and mathematical tools applied to solve the given problem, but also 
how to approach the problem. 

Common models that include these characterising features are TIMES (The 
Integrated MARKAL-EFOM System; Loulou et al., 2016); MESSAGE (Model for 
Energy Supply Strategy Alternatives and their General Environmental Impact; 
Messner and Strubegger, 1995; Krey et al., 2016); MARKAL (Market Allocation; 
Fishbone and Abilock, 1981; Loulou, 2004), EFOM (energy flow optimisation 
model; Grohnheit (1991); van der Voort et al. (1985)); and OSeMOSYS (Open 
Source Energy Modelling System; Howells et al., 2011). 
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1.2 Swedish Industry According to Energy and Emissions 
Energy and emission statistics give a first indication where the challenges in the energy 
system are to reach net-zero emissions by 2045. Energy statistics also show where 
certain strategic resources, such as biomass, are currently used. 

The Swedish industry is energy intensive. In 2020, industry was responsible for 38% 
(136 TWh) of total final energy consumption in Sweden. Industry’s share of the total 
final energy consumption in Sweden has steadily been approximately 33-43% of 
Sweden’s total final energy use since 1970 (Figure 1). If also including non-energy 
use – most of all non-energy use are fuels used as feedstocks in plastic production – 
the share of total final energy consumption caused by the industry would be 38-47%. 

 

Figure 1: Total final energy consumption across sectors in Sweden (SEA, 2021). 

Electricity and biomass/biofuels are responsible for the largest share of final energy 
consumption of the Swedish industry, while fossil fuels contribute less (Figure 2). 
Since 1970, the use of petroleum products decreased in response to the 1973 oil crisis. 
Most of the reduction in oil consumption was achieved by an increased and more 
efficient use of biomass by-products in the pulp and paper industry (Lindmark et al., 
2011; Bergquist and Söderholm, 2016). For other industries, the use of petroleum 
products has been primarily replaced by electricity.  
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Figure 2: Total final energy consumption of selected commodities for Swedish industry (SEA, 2021). 

The final energy commodities are unevenly distributed among the industrial sectors 
in Sweden (Figure 3). The final energy consumption of biomass/biofuels, electricity, 
and fossil fuels is distributed as follows. 

• Biomass/biofuels are mainly used in two industrial sectors, pulp and paper, 
and wood products (sawmills). The pulp and paper industry is responsible for 
using most biomass/biofuels (approximately 88%), while sawmills consume 
approximately 7 to 8% of all biomass/biofuels. The main explanation for the 
high use of biomass / biofuels in these industries is the vast and immediate 
availability of biomass by-products, such as black liquor, saw dust, and bark.  

• Electricity use is high in many industrial sectors in Sweden. The pulp and 
paper industry is the largest consumer of electricity, responsible for 
approximately 40% of the total electricity consumption in the industrial 
sector. The high electricity consumption in the pulp and paper industry is 
partly due to energy-intensive processes but also due to the large production 
volumes of these industries in Sweden.  

• Fossil fuels are consumed mainly by the iron and steel industry (approximately 
44% of all fossil fuels in 2020), which uses most of all coke and coal in the 
Swedish industry, but also uses petroleum products and gas (SEA, 2021). 
Second to the iron and steel industry is the chemical industry (19% of all fossil 
fuels in 2019 and 10% in 2020, but 2020 is not representable due to a large 
interruption in production (Borealis, 2021)). The chemical industry is a major 
user of petroleum products, primarily due to the high consumption of process 
gases derived from petroleum-based feedstocks. It is worth noting that the 
final energy use does not account for fuels used for non-energy purposes (e.g., 
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as a feedstock). Non-energy use in the chemical industry was 10 TWh in 
2020 (in 2019, 19 TWh was used, of which 5 TWh converts to combustible 
gases), which, if accounted for, makes the chemical industry the largest user 
of fossil fuels in the sector. The non-metallic minerals sector is also a fossil-
intensive sector that uses coal, but also different waste assortments. 

 

Figure 3: Final energy consumption of selected commodities between 2005-2020 for all industrial sectors 
in Sweden (SEA, 2021). 

Despite the low share of fossil fuels in the final use of energy of the industrial sector, 
the sector has been and remains responsible for a large share of territorial GHG 
emissions in Sweden. Since 1990, the relative share of total emissions caused by 
industry has been approximately 30% of total emissions, where the share was 34% in 
2020 (SEPA, 2021). At the same time, total emissions in industry have been 
decreasing, roughly following the pattern of fossil fuel use (Figure 3).  

Three industrial sectors have been largely responsible for the GHG emissions caused 
by the Swedish industry (Figure 4). These are iron and steel (approximately 44% of 
all emissions in 2020), non-metallic minerals (22%), and chemicals (8%). For most 
industries, the use of fossil fuels is a direct indicator of CO2 emissions. However, 

5532063_Inlaga_27sep.indd   205532063_Inlaga_27sep.indd   20 2022-09-27   07:102022-09-27   07:10



1 Introduction 

7 
 

process-related emissions (commonly referred to as process emissions) also have a large 
impact on the CO2 emissions of industry. Process emissions are foremost associated 
with the non-metallic minerals industry. Industries within the non-metallic minerals 
sector, especially the cement and lime industries, rely on the calcination process, 
which converts limestone to quicklime and CO2 by adding heat, thereby emitting 
CO2 not related to fossil fuel use. In fact, process emissions are the largest source of 
CO2 within these industries. This explains why the non-metallic minerals industry 
consumes about 40% less fossil fuels than the chemical industry, but the CO2 emissions 
are more than 2.5 times higher. 

 

Figure 4: Emissions for all industrial sectors between 1990-2020 (SEPA, 2021).  
 

1.3 Key Concepts 
This section presents a selection of key concepts that are constantly occurring in the 
thesis (in addition to those covered in detail in the chapters). 

Bioenergy with carbon capture and storage (BECCS): Technologies that 
capture CO2 made available from bioenergy with the purpose of storing the 
captured CO2 underground. Generates negative emissions. 

Bioenergy with carbon capture and utilisation (BECCU): Technologies that 
capture CO2 made available from bioenergy with the purpose of using the CO2 
in, e.g., power-to-fuel concepts. 

Biorefinery: Technically, this term describes all technologies responsible for 
converting biomass feedstock into energy or materials. Consequently, the term 
encompasses everything from a pulp mill to combined heat and power plants to 
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fuel production facilities. However, within this thesis and the appended papers, 
the term is casually used to describe only fuel production technologies that use 
biomass as feedstock.  

Carbon capture and storage (CCS): The act of capturing and separating CO2 
from flue gases, or the atmosphere, with the purpose of storing it underground 
to avoid emissions or generate negative emissions. 

Carbon capture and utilization (CCU): The act of capturing and separating CO2 
from flue gases, or the atmosphere, with the purpose of using it in, e.g., power-
to-fuel concepts. 

Carbon offset: The use of negative emissions to offset emissions of primarily fossil 
CO2 to achieve a specified emission target. 

Carbon removal technologies: Technologies with the primary purpose of 
removing CO2 from the atmosphere to generate negative emissions. In the case 
of carbon removal achieved by using biomass (such as BECCS), carbon / CO2 
storage only prevents CO2 from being released into the atmosphere. It is the 
regrowth of biomass that removes CO2 from the atmosphere. 

Circular economy: The circular economy is a concept that targets production and 
consumption with the purpose of minimising waste and production of virgin 
materials. It naturally focuses on increased recycling, reuse, refurbishing, and 
repairing, etc.  

Direct air carbon capture (DACC): Technologies that capture CO2 from the 
atmosphere/air. When CO2 is stored after capture, this activity is referred to as 
direct air carbon capture and storage (DACCS). 

Energy system: The energy system is the set of components and resources that are 
used to provide energy services and goods. In its most general form, the energy 
system is a series of successively connected stages that link energy extraction, 
energy conversion, and energy distribution technologies to energy end-use 
technologies that, in turn, provide energy services (Nakincenovic et al., 1996). 
Each successive step within the energy system is associated with its own 
respective set of energy commodities (referring to fuels, heat, and power, 
according to IEA (2004)) and technologies (Figure 5). Four stages of energy can 
be distinguished within the energy system: primary energy, secondary energy, 
final energy, and useful energy (Häfele et al., 1981). Primary energy is the form 
of energy found in nature, which is extracted using energy extraction 
technologies (such as mining). This form of energy is typically converted in 
energy conversion technologies to secondary energy, which is a more 
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convenient forms of energy. Secondary energy commodities are refined energy 
commodities created to increase the usability of fuels. Final energy is defined as 
the primary and secondary energy commodities that have been transported, 
distributed, and consumed by end-use technologies. Energy end-use 
technologies use the final energy to provide useful energy. Useful energy is 
defined as the energy that is used to fulfil the demand of energy services (such as 
mechanical drive to provide transportation or heat to keep a room warm). 

 

Figure 5: A simplified figure showing the various stages in the energy system. The thickness of the flow 
lines is for visualisation only; they are not representative of quantity. 

Fossil energy: Energy derived from non-renewable natural resources that was 
formed from dead organic matter several million years ago. Since the replenish 
rates for fossil fuels are extremely slow, burning them causes a net-addition of 
CO2 to the atmosphere. 

Indirect electrification: The use of power-to-fuel concepts to electrify 
technologies via the production and use of electro-fuels (such as hydrogen).  

Industrial symbiosis: The term that describes efficient usage of waste streams 
(including waste heat or physical waste), where, e.g., waste generated in one 
industry becomes a resource of another industry.  

Negative emissions: The accounted emissions caused by removing CO2 from the 
atmosphere (via carbon dioxide removal technologies) and storing it. Removal 
of CO2 reduces the concentration of CO2 in the atmosphere, thus having the 
reverse effect of fossil CO2 emissions and is therefore referred to as negative. 
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Net-zero: A purely mathematical term that defines the sum left over after deduction 
as zero. In the case of greenhouse gas emissions, net zero means that the total 
fossil emissions remaining after deducting negative emissions is zero. 

Power-to-X: A common term that describes the processes responsible for turning 
electricity into other energy carriers, including power-to-fuels (PtF) or power-
to-heat. Hydrogen electrolysis is the most common PtF concept, but also 
includes concepts where fuel is synthesized by combining CO2 and hydrogen 
(produced through electrolysis). Heat pumps are a type of power-to-heat. 
solution. 

Process integration: Process integration is a term that describes methods for 
designing integrated production systems, with special emphasis on energy and 
environmental performance, applicable to specific processes, sites, or regions. 
Therefore, it is closely related to both industrial symbiosis and sector coupling.  

Reference energy system: A reference energy system (RES) is a set of technologies 
characterised by techno-economic data that connect to each other via flows of 
energy commodities (Beller, 1976). According to Hoffman and Jorgenson 
(1978), a RES is a “network description of an energy system including all 
processes from extraction through conversion and transportation to end use.” 
Consequently, a RES covering the comprehensive energy system maps all 
possible flows of energy commodities, starting from primary energy up to final 
energy and the demand for energy, services, and goods. 

Renewable energy: Energy derived from natural resources that replenishes at a faster 
rate than they are used.  

Sector coupling: A term describing the coupling of end-use and energy conversion 
sectors. Sector coupling is generally performed to improve the efficiency and 
flexibility of the entire energy system (Van Nuffel et al., 2018).  

System: Ingelstam (2012) summarises commonly used definitions of a system into: 
'A system is a set of components linked together that form a unity, united by a 
common purpose'. 

Technology readiness level (TRL): TRL is a nine-level scale that assesses the 
maturity of a technology, with TRL9 indicating its completed development 
from a technical perspective (see, e.g., Mankins, 2009). 

Transition: This term describes the period during which the required transformation 
of the energy system to achieve net-zero emissions needs to occur. 
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2 Models, Modelling, and Scenarios 

This chapter provides a theoretical overview of the materials and methods used in the 
thesis. First, the chapter describes the models used in the appended papers. The 
modelling process and the type of modelling used in this thesis are then presented. 
Finally, this chapter presents the typical characteristics of scenarios in energy system 
modelling along with short descriptions of the scenarios used in the appended papers.  

 

2.1 Models 
Within this thesis, two different models were developed and then used for the 
scenario analyses presented in Papers I-V. Paper I uses a small linear optimisation 
model that was designed to estimate the energy resource requirements in industry. 
Paper II-V uses TIMES-Sweden, updated with the improved industry 
representation presented in this thesis and in (Sandberg, 2020) for their scenario 
analysis. TIMES-Sweden is a model of the Swedish energy system (see Krook-
Riekkola, 2015). 

2.1.1 Linear Model for Resource Optimisation 
The model used in Paper I is a linear programming model with the purpose of 
optimising resource utilisation in Swedish industry without considering costs. The 
objective of this model was specifically to minimise the use of certain resources. This 
type of optimisation gives a direct indication of the amount of resources required in 
extreme cases and gives a different perspective on the energy system from models 
using cost minimisation as their objective, such as, for example, TIMES models. The 
linear optimization model used was formulated in Microsoft Excel, using the 'solver' 
function of Excel to execute the optimization. A detailed description of this model is 
found in Paper I.  

2.1.2 TIMES-Sweden and the TIMES Modelling Framework 
The new TIMES-Sweden industry module, which was used for the scenario analysis 
in Paper II-V, is based on the TIMES modelling framework. The TIMES modelling 
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framework is a model generator suitable for modelling energy systems on a local, 
regional, or global scale (Loulou et al., 2016). Common characteristics of TIMES 
models are that they are medium-to-long-term, techno-economic, bottom-up, linear 
optimisation models. In other words, the TIMES models use detailed techno-
economic data to represent the costs and efficiency of technologies in a defined RES, 
which is then used to find the least cost solution for the given energy system over the 
next 20 to 70 years under a given set of constraints. The model is driven by a set of 
demands, typically representing energy-intensive services and goods, such as heat or 
steel products. The techno-economic representation allows the model to calculate a 
supply and demand curves for each included commodity, which, together with the 
predefined demands, generates the basis of the economic rationale in a TIMES model. 
TIMES models use commodity flows and their associated costs to find the demand 
and supply equilibrium for each commodity market to maximise the total surplus for 
the entire system or, in other words, minimise total system costs. For this reason, 
TIMES models can also be referred to as (multiple) partial equilibrium models.  

In its base mode, TIMES models assume fully competitive markets with perfect 
foresight. This means that all actors have full information about past, current, and 
future events and that investment choices are fully rational with respect to the 
provided data in the model (e.g., techno-economic characterisation of technologies, 
import and export prices, and constraints). Alternative modes of modelling exist, such 
as using myopic optimisation that limits how far into the future perfect foresight is 
allowed (see, e.g., Fuso Nerini et al., 2017), or stochastic modelling that introduces 
uncertainty ranges on future events (see, e.g., Usher and Strachan, 2012; Seljom and 
Tomasgard, 2015). These options have not been explored in this thesis. 

TIMES-Sweden is based on the work described in Krook-Riekkola (2015) and has 
since been continuously updated within the framework of different research projects, 
where this thesis describes the development of industry in the model. TIMES-Sweden 
spans the entire Swedish energy system including energy supply (e.g., import of fuels 
and harvest of biomass), energy conversion (production of fuels, electricity, and 
district heating), as well as demand sectors (industry, transportation, residential, etc.). 
TIMES-Sweden has high commodity granularity and a detailed description of both 
demand and supply sectors spanning the entire energy system. This enhances its ability 
to capture sector coupling and trade-offs between using fuels as feedstock or as energy. 

 

2.2 Modelling Approach 
Modelling can be described as an iterative process of four steps (Figure 6), as adapted 
from the work of Phillips et al. (1987) and Krook-Riekkola (2015): conceptualization 
of reality in a model (Step 1); solving the computable problem using the model and 
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its mathematical formulation (Step 2); and interpretation of the model’s output (Step 
3). Although it may appear so from this description, modelling is not a linear process, 
but rather a continuous iterative process of repeating Steps 1, 2, and 3 to ensure the 
model is robust. Finally, implementing the conclusions about what is needed in the 
present system to achieve the identified pathway toward the desired future system, 
which includes communicating the results to the decision makers (Step 4).  

 

Figure 6: A graphical representation of the iterative process of modelling and the steps it includes. This 
figure has been slightly adapted from that of Krook-Riekkola (2015). 

There are different ways to use models. Bankes (1993) provides a useful distinction 
between two main paradigms in modelling, namely consolidative modelling and 
explorative modelling. Scrutinizing these paradigms suggests that each paradigm can 
explain the modelling approach for one out of two problems that have fundamentally 
different characteristics – these characteristic problems are referred to as tame and 
wicked problems by Rittel & Webber (1973). The distinction, meaning, and use of 
the term wicked problem is disputed, not least from a social science perspective on policy 
research (Peters, 2017; Turnbull and Hoppe, 2019; Lönngren and van Poeck, 2021). 
For clarity, the use of tame and wicked problems in this thesis should be understood 
from a systems approach/operational research perspective. The focus is on the 
implications of analysing these problems using mathematical models, where the terms 
primarily provide an illustrative characterisation for two fundamentally different 
problems. 
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The consolidative modelling paradigm seeks to predict the behaviour of a system as 
accurately as possible so that the model can be used as a proxy for that particular 
system. It is an approach used to address problems with characteristics of tame problems, 
problems which can be validated through existing knowledge, either experimentally 
or by other means. This focus on validation and achieving a model that approximates 
the reality as accurately as possible means that the generation of a robust model 
becomes a cross-check between the resulting model output and the observed 
behaviour of the system. Consequently, the usefulness of models within consolidative 
modelling depends on their ability to approximate the observed reality. 

The explorative modelling paradigm seeks to create insights about how a system can 
behave from an array of multiple outcomes. The types of problems targeted in 
explorative modelling have the characteristics of wicked problems, problems where the 
appropriateness of identified solutions relies on values and policy, which typically is 
the case of planning problems. Indeed, explorative modelling results in a variety of 
possible solutions, caused by the many possible boundary conditions and assumptions 
of the model, each with its own interpretation. Since all derived solutions are possible, 
validation of these solutions does not make sense, at least in any sensible/practical 
form. Instead, the establishment of robust models becomes a check to see whether 
the results are logically sound. For example, in the context of the energy system, this 
could be a check to see whether the identified solution complies with the rules of 
thermodynamics or whether the solution falls within the assigned system boundaries. 
Consequently, the usefulness of explorative modelling comes from the possibility of 
the model to generate valuable insights into a specific planning problem.  

The energy system modelling within this thesis is a form of explorative modelling, 
where scenarios are used to generate an array of plausible futures. More specifically, 
the scenarios examine the transition of industry, as part of the Swedish energy system, 
towards net-zero/net-negative emissions by 2045. The explorative element is to 
visualize and analyse plausible (and/or possible) pathways to reach that target. 

 

2.3 Scenario Analysis in Energy System Modelling 
The futures cone (Bezold and Hancock, 1993) provides a good illustration for how 
scenarios used in explorative modelling could be interpreted. The futures cone 
illustratively maps the development of a system today to a projected point in the future 
(Figure 7). Because uncertainty increases over time, the projected solution spans a 
wider area when looking further into the future. Therefore, the mapping of future 
solutions over time can be illustrated by a cone-shaped path. 
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The interpretation of the futures cone is that the projected area contains all possible 
system solutions, where the edges of the cone represent the physical boundaries with 
respect to resource availability and efficiency/performance of technologies. All 
scenarios tested that end up outside the edges of the cone are considered infeasible 
solutions. That is not to say that they are to be completely disregarded but rather fall 
outside the identified physical/technical limits of the model. Furthermore, Bezold and 
Hancock (1993) classified different areas of the projected solutions as possible or 
plausible, where plausible solutions suggest (by the definition of plausible) that these 
solutions are worthy of acceptance. For explorative modelling, the interpretation of 
this classification is that possible solutions span all solutions achievable with the 
descriptive elements of the model (e.g., the RES of the energy system and technology 
performance, and boundary conditions), while plausible solutions are those that fulfil 
a specific normative target. 

 

Figure 7: The futures cone, which illustrates possible future developments of a system. This figure was 
adapted from the work of Bezold and Hancock (1993). 

Nakicenovic et al. (2000) point out that in an energy system context, the differences 
between normative and descriptive scenarios are not always clear. In fact, scenarios 
often include elements that are both normative and descriptive. Thus, the futures 
cone can be interpreted differently depending on the circumstances in which it is 
applied and is therefore primarily a tool for interpreting scenario studies. For example, 
in the perspective of reaching net-zero emissions, the plausible cone includes all 
solutions that reach net-zero. Using this perspective, each of the appended papers 
contributes to one set of solutions that helps us to understand the possibilities of the 
plausible cone that is reaching net-zero emissions. At the same time, in the context 
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of a specific paper, the plausible cone could be interpreted as the solutions that are 
acceptable within the defined scenarios.  

Exploring all plausible solutions for industry to achieve net-zero emissions is not 
feasible within the scope of a thesis. Instead, the appended papers investigate a 
selection of plausible solutions. These selected solutions are described by the applied 
scenario cases in each paper, each contributing differently to understanding how to 
reach net-zero emissions in industry. In the appended papers, the scenarios were 
chosen according to the best judgment of the modeller with respect to the specific 
aim of each paper. The full rationale for each scenario design is given in the appended 
papers. Below, a summary of the scenarios and how they contribute to a wider 
understanding of reaching net-zero emissions in industry follows. All scenarios share 
the same normative target, which is to reach net-zero or net-negative emissions, but 
impose alterations on the descriptive aspects of the model or impose normative 
bicriteria on the net-zero target.  

• In Paper I, three scenarios are used, focusing on optimising different aspects 
of energy use. One scenario minimises total energy use, one minimises total 
biomass use, and one that minimises total electricity use. Thus, this study 
explores potential solutions outside of cost minimisation.   

• In Paper II, the scenario setup was designed to explore how technology 
availability, which is assessed using TRL, affects Sweden’s opportunities to 
reach net-zero emissions in industry. The availability of technologies impacts 
what is possible to achieve in the model and was tested under two different 
conditions for carbon offset (limiting the use of carbon removal technologies 
to offset fossil emissions).   

• In Paper III, the scenarios are designed to target parameters within the nexus 
of forest harvest strategies and strategies in the Swedish forest industry. These 
parameters include possible technology paths and business models, as well as 
different future forest harvesting strategies. The purpose is to see how these 
strategies impact biomass utilisation and costs in a net-zero energy system.  

• In Paper IV, the scenarios targeted various futures of the plastic market to 
understand how different recycling rates affect the negative emissions impact 
of carbon stored in plastic products. In addition, the scenarios also examine 
how different carbon accounting approaches affect the resulting emission 
reduction pathways. 

• In Paper V, the scenarios were designed to examine the potential costs and 
overall impact on the energy system of increased export of olefins (the main 
building block of plastic/polymers) in a future net-zero emissions energy 
system. Scenarios were set up to gradually increase olefin export from 0.5 to 
10 Mt, with a sensitivity analysis testing the impact of selected key aspects. 
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3 Industry in an Energy System Context 

Industry has traditionally been treated as a purely technical system in ESOMs. In fact, 
in early or less developed models, industry is simply represented as a consumer of 
energy commodities. Meanwhile, other sectors of the energy system, such as 
transport, have seen much more sophisticated developments in their approach, taking 
into account different sociotechnical developments in their model representation 
(Salvucci et al., 2019). This chapter presents the basis for my representation of 
industry, which aims to improve the capabilities of ESOMs to reflect how 
sociotechnical developments may affect industry, starting with a presentation of my 
views of industry from a wider perspective. Thereafter, a categorisation of industry is 
presented, followed by the benefits of improving the material representation in the 
model. Lastly, there are some suggestions for further improvements. 

 

3.1 Industry From a Wider Systems Perspective 
The modelling approach in this thesis views industry as a vital part of the large 
sociotechnical system, as described by (Hughes, 1987), responsible for transforming 
raw materials into useful structural services in society. This large sociotechnical system 
(henceforth referred to as the material system) consists of all technological artefacts 
and social structures – including interactions between these two – involved in this 
material transformation. The output of the system is useful structural services, which, 
for example, could be means for improved mobility provided by a vehicle or the 
inhabitable space provided by buildings – quality of life improvements made available 
by material structures. 

Similarly to how Kaijser (2005) views the transportation system, the material system 
can be seen as a system of sociotechnical subsystems, where each included subsystem 
represents the upgrading chain of a certain material type. An example is the steel 
system, which targets the sociotechnical elements involved in the transformation of 
iron ore into a steel structure that provides structural services when used, e.g., a 
vehicle or building. Another example is the plastic system that targets the 
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transformation of oil products into the plastic parts used, e.g., in electrical components 
or vehicles. In most cases, these subsystems of different types of material connect at 
the endpoint, as different parts made of different materials often combine to provide 
the same structural service. For example, the structural service provided by a vehicle 
requires parts made of plastic and steel. Likewise, a building requires parts made of 
concrete, wood, and steel. 

These sociotechnical subsystems, in which industry plays a major role, are far too 
complex to be fully included in techno-economic models such as ESOMs. At the 
same time, the material system has limited usefulness without energy services from 
the energy system (a car without kinetic energy is not particularly useful). Similarly, 
industry requires energy to produce materials, and many industries are energy-
intensive. Thus, even though they are unable to capture the full complexity of 
sociotechnical systems, ESOMs can consider linkages and synergies between the 
material system and the energy system. In this context, the goal of the energy system 
is to provide useful services, such as kinetic energy for transportation or a comfortably 
warm living space. In terms of industry, the goal of the energy system is to supply 
enough useful energy services to enable the production of materials, which, in turn, 
also provide useful services. In a world where we need both material and energy to 
provide useful services in our daily lives, we find the part of industry relevant for 
ESOMs where these two systems overlap (Figure 8). However, how much they 
should overlap – the system boundary – will depend on the scope of the model. The 
following sections of this chapter discuss the reasoning for where this boundary is 
drawn in this thesis and its appended papers, and how this structure has prepared the 
model to be able to perform improved assessments in the future. 

 

Figure 8: Venn diagram showing the theoretical overlap between the energy system, material system, 
and our need for useful services.  
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3.2 Categorisation of Industry in an Energy System Context 
There are some clear analogies between the basic structure of the material system and 
the basic structure of the energy system. As in the energy system (see Section 1.3), 
the material system can be seen as a series of subsequent steps that successively upgrade 
raw materials into structural services (Figure 9). The steps begin with primary 
materials, which are extracted from nature, typically through mining activities. The 
primary materials are then converted to intermediate materials, which, in turn, are 
further upgraded into end-use materials. End-use materials are used to produce parts 
and complete assemblies, such as houses and cars, which in the end provide different 
structural services.  

 

Figure 9: Intermediate and end-use materials are exemplified with materials in the iron and steel and 
cement industry.  

This view of the material system (Figure 9) provides a useful basis for categorising 
industries and understanding their relevance in the energy system. Simply put, the 
energy intensity to upgrade a material to its next level of quality decreases with each 
successive step (not including mining activities). Therefore, energy use is mainly 
concentrated on the production of intermediate and end-use materials, henceforth 
referred to as the basic materials industry. The basic materials industry covers 
industries such as the pulp and paper industry, steel industry, and cement industry – 
industries that are continuously pinpointed in the literature as challenging to 
decarbonise (Bataille et al., 2018; Davis et al., 2018). Because of its energy-intensive 
characteristics combined with its comprehendible number of produced materials, the 
basic material industry is highly relevant to model in detail in an ESOM context. 
Consequently, in the appended papers and in this thesis, the focus of the analysis will 
be purely on the basic materials industry, which in present TIMES-Sweden is 
modelled using a process-detailed approach tracking both energy and material flows. 
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The industries that follow the basic material industry are less energy intensive but are 
responsible for most of the value added to the produced structure. These industries 
are henceforth referred to as manufacturing industries and include industries such as 
the automotive manufacturing industry. As an example of the increased value added 
by manufacturing industries, the contribution of steel to the retail price of a car is 
approximately less than 5% (Rootzén and Johnsson, 2016). As the value-added 
increases, the number of different companies and products also increases. This is a 
result of the large number of different parts and products that can be produced from 
the same material (such as steel). Therefore, the specificity and the number of different 
types of industries are much higher in manufacturing industries compared to the basic 
material industry. Combined with the decreasing level of energy intensity in 
manufacturing industries, the amount of work required to map these industries 
compared to their impact on the energy system makes the return on the invested time 
questionable in an ESOM context. Of course, if the studied question demands it, a 
detailed representation of the manufacturing industry can be justified (following 
common modelling practice (DeCarolis et al., 2017)). Consequently, the 
representation of manufacturing industry in TIMES-Sweden uses an aggregated 
service demand of, e.g., machine drive or heat of different temperature levels to 
characterise each sector of the manufacturing industry (see, e.g., Fais et al. 2016). 

 

3.3 Benefits of a Detailed Material Representation 
The driving force for industries to produce materials, which drive the energy demand, 
is the society's demand for structural services. Changes in demand for materials are 
much more connected to the sociotechnical aspects of the material system than to the 
technoeconomic performance of the energy system. ESOMs are well suited to model 
and determine the technoeconomic performance for meeting a given material 
demand with respect to constraints put on the energy system (thus providing the 
material demand exogenously, which is a common practice in ESOMs). Meanwhile, 
the sociotechnical aspects that are the main drivers behind changes in material 
demands are embedded in assumptions with respect to the system environment. These 
assumptions target the social structures that influence people's preferences and 
behaviour, which, in turn, impacts material demands. For example, preferences in the 
purchase and use of a car, or the willingness to use public transportation, influence 
the materials and energy required to meet the transport demand. Endogenously 
modelling these social structures is complex in a techno-economically oriented 
ESOM. Instead, improving the model representation to include a detailed 
representation of materials can improve the possibilities to motivate and more 
accurately assess changes in industry caused by changing demand for different 
materials. 
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In TIMES-Sweden, the number of materials represented in the industry sector has 
been increased to better capture structural changes of industry. The improved 
representation in TIMES-Sweden is motivated by two main arguments. First, 
different end-use materials have slightly different process requirements. A detailed 
representation of materials allows for a better estimate of the energy needed to 
produce a material. The second motivation is that different end-use materials of the 
same type (e.g., steel) typically have different properties (e.g., flat steel products, long 
products, high strength, etc.) and their end-use applications typically differ (see Cullen 
et al. (2012), Cullen and Allwood (2013), and Levi and Cullen (2018) for 
comprehensive mapping of global flows of steel, aluminium, and chemical products, 
respectively). Increasing the diversity of materials in the model therefore allows for 
easier modelling of demands, as well as improved opportunities to explain future 
changes in demand through various narratives. 

Paper is an illustrative example of when an increased diversity in materials (paper 
types) improves the assessment of future changes in the demand of paper types, as 
explained through a narrative. Paper is used for many different purposes in society. 
One type of paper is used for magazines and one type of paper is used as packaging 
material to name two examples. The quality difference between these two types of 
paper products is substantial, and the future demand for these two products is likely 
to diverge. In the time of increasing digitalisation, the demand for magazine paper has 
been decreasing, and the trend is likely to continue (CEPI, 2020). Meanwhile, 
packaging paper shows opposite trends as its demand is increasing (CEPI, 2020). 
Furthermore, packaging paper typically requires a higher share of chemical pulp, 
while magazine paper requires more mechanical pulp, thus requiring different process 
chains. From a modelling perspective, including these specific types of paper in the 
model, as opposed to treating paper as one homogeneous product, provides a simpler 
procedure for understanding and representing changes in demand resulting from 
identified trends in the system environment, as both energy use (if different processes 
are used) and material production volumes depend on the type of paper that is 
produced. 

Recognising the types of materials produced with respect to their potential end-use 
also allows for a better estimation of a materials service life and potential recyclability. 
This improves, for example, assessments of material stock changes, which are useful 
to estimate future waste availability (Morfeldt et al., 2015). Meanwhile, for materials 
containing carbon, especially hydrocarbons, such as wood products and polymers 
(plastics) produced from renewable carbon, material stocks can also be used to assess 
the negative emission contribution of carbon stored in these materials. In Paper IV, 
this property was used to assess the carbon storage potential of various polymers. The 
results in Paper IV showed that the characteristics with respect to service life and 
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recycling rates affect the optimal allocation of feedstocks in plastic production. Thus, 
tracking materials with respect to their end-use can have impact on the result in 
ESOMs. 

In all papers appended to this thesis, the demand for industrial production is 
represented in terms of intermediate and end-use materials. This is a convenient 
representation, as imports, exports, and domestic production are easily traceable via 
official statistics (SCB, 2017), and is adequate to answer the research questions in this 
thesis. However, there is always room for further improvements. 

 

3.4 Future Improvements 
Future model improvements should focus on how to better capture the impacts of 
circular economy (focus on impacts from recycling and reuse of materials) and 
material substitution opportunities. 

Material substitution possibilities are important to investigate because of the large 
difference in the energy demand required to produce materials. The impacts of 
material substitution for packaging have been assessed in ESOMs before (Hekkert et 
al., 2000). However, packaging is only one type of end-use for materials and other 
studies targeting material substitution have not been identified. On the basis of the 
research within this thesis, a straightforward way to increase the model's ability to 
include material substitution possibilities is by creating sets of end-use materials that 
can be combined to provide a structure that provides a certain structural service. In 
this representation, different sets of end-use materials could provide the same 
structural service, making material substitution opportunities easier to recognise and 
estimate in the model. For example, in the case of buildings, one set could represent 
the material composition of a wood-based building, and another set could represent 
the material composition of concrete-based buildings. If the demand is the structural 
service provided by the buildings, the model can then choose the combination of 
buildings that generates the best system performance. This could be further developed 
by coupling different sets of materials with the manufacturing industry, resulting in a 
representation of the manufacturing industry that uses a specified input of materials 
and useful energy to provide structural services. 

The impacts of circular economy are important to address because of their impact on 
both resource and energy efficiency. The suggested improvement with respect to 
material substitution requires that the model uses structural services as demand, which 
could also improve aspects associated with a circular economy. Structural services 
serve as a strong identifier for service life of included materials (increments and 
decrements of a material’s service life results from increased use and reuse of products) 
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and recycling opportunities of included materials (in the same way as end-use sectors 
affect material properties in Paper IV), making assumptions with respect to those 
two material properties easier. 

Understanding how a circular economy is best captured in a national ESOM context 
is challenging due to the complexity with respect to the multi-national trade of 
products and materials. Unlike the energy system, which is more of a closed loop 
where energy extraction, conversion and consumption are closely connected within 
a nation’s borders, the material system is more of an open loop from a national 
perspective. The production of end-use products, from raw materials to finished 
products, often spans multiple countries. While the production of end-use materials 
is done in one country, the manufacturing of parts can be done in a second country 
and the final assembly of the finished product is often made in a third country. In 
some cases, intermediate materials are imported and used in domestic production of 
a part that is thereafter exported. Benefits associated with a circular economy are 
economy wide and therefore scattered across nations due to multinational trade 
patterns, which suggest that capturing the impacts of circular economy is easier the 
greater the feedback, or connection, between domestic consumption and production 
there is. Accordingly, on the one hand, the benefit of a circular economy is easier 
assessed when focusing on large or multiple regions where the material system has 
characteristics that increasingly resemble a closed-loop system. On the other hand, 
these multiregional models usually do not capture all the local details of a national 
model. Thus, national models play an important role but need to address how cross-
border material flows can impact the circular economy outside national borders and 
how such material flows should be valued. 

An approach with respect to circular economy in a national ESOM was indirectly 
presented in Paper V of this thesis, where increased export of olefins (for plastic 
production in, e.g., Europe) was examined. Although the scope of that paper opposes 
the principles of circular economy from a national perspective (increased production 
is undesirable), applying a wider perspective paints a different picture. In a European 
context, even in a future where circular aspects are maximised, there will still be a 
demand for virgin materials (Eriksen et al., 2020), which should be of renewable 
origin if plastic production should be decarbonised and sustainable (European 
Commission, 2020a). Using Sweden’s forest resources (mainly industrial by-products 
and forest residues) for increased biomass-based olefin production will help the EU 
transition to a sustainable circular economy for plastics. A similar example is the 
ongoing undertaking of hydrogen-based steel production in Sweden (see, e.g., SSAB 
et al., 2021), which prospectively combine for an export of roughly 22 Mt sponge 
iron and 7Mt finished steel products produced with renewable electricity. Upgrading 
iron ore to sponge iron in Sweden using domestic renewable energy makes it easier 
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for steel producers abroad to replace coal-based blast furnaces with electricity-based 
options. These types of business opportunities in Sweden are clearly not circular from 
a national perspective, but clearly provide value in a circular economy in the EU. 
How to recognise and value this type of services in a future circular economy is a 
complex challenge for modelling studies using national ESOMs. To find the best 
approach to this challenge, further research is required. 
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4 ESOM Representation of Industry 

The main guiding principle of the techno-economic representation of industry 
suggested in this thesis is to ensure that the model is able to both compare and quantify 
the contribution of different technologies and policies, which Hawker and Bell (2020) 
lists as one of the main indicators for model usefulness. Therefore, the suggested 
representation of industry is one that provides the foundation for an improved analysis 
with respect to two of the important trends in energy policy today: reaching net-zero 
or net-negative emissions and capturing opportunities of industrial symbiosis / process 
integration for increased energy efficiency at system level.  

ESOMs are well-suited for capturing industrial symbiosis / process integration. One 
of the primary strengths with bottom-up ESOMs in general, and with the TIMES 
modelling framework in particular, is that they allow for a detailed technological 
representation of energy sectors. Not using a detailed representation consequently 
undermines the strengths of the model. Many ESOMs also include detailed 
technology portfolios using a traditional RES representation of the industry (Simoes 
et al., 2013; Fais et al., 2016; Napp et al., 2019). Although the traditional RES is 
functional, there are potential improvements to its core structure and to the 
representation of included processes. 

• Traditional RES representation lacks flexibility. It typically treats industry as 
a pure energy end-use sector, neglecting that many industrial sites of energy-
intensive industries often consist of energy-end-use and energy-conversion 
processes that work in tandem. This removes a lot of flexibility in terms of 
technological choices within the model, as the interaction between processes 
in an industrial site is limited. Likewise, the view of an industrial sector (or 
in some cases the entire industry sector) as one entity also restricts flexibility, 
neglecting site-specific restrictions and possibilities for utilising energy and 
material commodity flows. 

• The technologies included in many ESOMs allow such models to assess large 
reductions in CO2 emissions in industry. Meanwhile, many alternative 
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technologies in industry, including those that enable net-zero emissions, are 
excluded. 

This chapter presents my reasoning, thoughts, and recommendations for what to 
include when conceptualising industry into a model for an improved representation 
of industry in ESOMs. These ideas are based on my general understanding of the state 
of industry in ESOMs, and getting a complete picture of the state of industry in 
national ESOMs is not easy. The complexity of ESOMs makes them opaque, and, in 
spite of attempts and suggestions to improve model transparency (DeCarolis et al., 
2012; Dodds et al., 2015), this opaqueness of ESOMs is not fully resolved. Often 
piecewise information is given, only revealing partial structures of a model. For 
example, the Swiss TIMES model has a very detailed representation of the cement 
industry (Obrist et al., 2021), but the details of other industrial sectors are less known. 
In other words, while this is state-of-the-art modelling of industry, not every aspect 
presented here is an absolute novelty. All ideas and concepts are based on identified 
needs, opportunities, and challenges in the Swedish industry and serve as a reference 
point of the structure for industry in TIMES-Sweden. Notwithstanding the regional 
scope, all suggestions are applicable to any other region with similar industries. 

 

4.1 Industrial Site Category – the Industrial RES 
This thesis applies the concept of industrial site categories to represent the industry, a 
concept first introduced in Paper I and refined in Paper II and Paper III. The 
industrial site category is designed to capture important synergies between industrial 
processes that reflect the findings found in industry-specific process integration 
studies.  

In essence, site categories are the result of a categorisation of industries that groups 
technologies associated with the production of a specific material. This is achieved by 
dividing the industry by the type of material produced or the main type of raw 
material input (such as steel scrap or iron ore) or by a combination of both. Each site 
category has its own energy and material commodity balance, limiting the model to 
take advantage of capacity investments at other industrial sites. Thus, this 
representation of industry allows for site-specific technology portfolios and site-
specific sizing of technologies, where the same technology can have slightly different 
characteristics depending on the site in which it is used. This improves the overall 
cost-estimation ability of the model. 

The generalised RES of an industrial site category (hereafter referred to as Ind-RES) 
is a blueprint that shows how the main processes of an industrial site category interact 
with each other and the rest of the energy system (Figure 10). Production of 
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intermediate and end-use materials forms the basis of the Ind-RES. To produce these 
materials, three different sets of technologies are represented: One set of technologies 
produces intermediate materials from raw materials (primary production); a second 
set transforms intermediate materials into end-use materials (secondary production); 
and a third set comprises energy conversion technologies (heat generation and fuel 
refinery) that support material-producing technologies. Although all industrial site 
categories follow the Ind-RES, the processes included in the three main sets of 
processes have a large variation between industrial site categories. Therefore, specific 
industrial site categories will differ from the blueprint in terms of the number of 
technologies and commodities involved. 

 

Figure 10: A generalised RES of an industrial site category.  
Note: REF = Fuel refinery; HGE = Heat generation; EXP = Export; IMP = Import; PMC = 
Primary material conversion; SMC = Secondary material conversion; TI = Transformation input 

Energy conversion processes and material production processes (primary and 
secondary production) are linked through a supply and demand balance of energy 
commodities. These energy commodities are grouped into three defining types: fuels, 
electricity, and heat carriers (Figure 10). The demand for these groups of energy 
commodities is generated by the material production chain because they are required 
in the production of materials. On the supply side, energy commodity groups can be 
supplied by direct import of primary energy commodities (fuels); import of secondary 
energy commodities from standalone energy conversion facilities outside the site 
category (fuels and electricity); or from secondary energy commodities produced by 
industrial energy conversion technologies included in the site category (fuels, 
electricity and heat). Consequently, this supply-demand balance links material 
production processes to energy conversion technologies within and outside the Ind-
RES. In essence, Ind-RES is a small energy system within the energy system, which 
requires the tracking of commodities that are exclusive to an industrial site category.  
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Site-category-specific commodity balances improve the model’s ability to capture 
opportunities and benefits with respect to process integration, industrial symbiosis, 
and sector coupling. For example, modelling the steam balance of a site category 
improves the evaluation of process integration opportunities, where, e.g. 
opportunities to produce steam from waste heat in biorefineries (that produces 
biofuels for use in another sector/industry) stand in direct competition against other 
steam-generating technologies, a crucial aspect for the analysis made in Paper III. 
Another example is the balance of on-site production and on-site consumption of 
fuels. In the case of hydrogen, the site-specific commodity balance sets the boundaries 
for the storage potential within the site. Since both hydrogen electrolysis and 
hydrogen storage improve the integration of intermittent renewable energy sources 
by offering so-called load-following services (Lund et al., 2015), the suggested 
representation of industry improves abilities to capture sector coupling aspects of the 
electricity market. Thus, the Ind-RES captures industrial symbiosis, process 
integration, and sector coupling aspects. However, the many possible options for 
combining different processes require specific considerations regarding which 
technologies and restrictions to include, aiming at a fine balance between useful 
flexibility and unnecessary complexity. 

4.1.1 Specific Considerations for Energy Conversion Technologies 
Industrial energy conversion technologies require specific attention, as their existence 
is conditioned by the benefits they provide to a site, which should not be 
overexploited in the model. These benefits typically concern economies of scale, 
lower distribution costs, and opportunities for improved energy efficiency. There are 
two specific cases that require a different consideration with respect to industrial 
energy conversion technologies: cases where the energy conversion technologies are 
responsible for supplying on-site demand of energy commodities and cases where 
site-specific by-products are used as feedstock.  

When industrial energy conversion technologies are used for the on-site supply of 
energy commodities, limitations are introduced in the model to avoid economy-of-
scale exploitation. Often, specific industries are large energy users, which warrants 
large-scale installation of technologies that might exceed the size of stand-alone 
technologies. Therefore, to avoid overexploitation of economy-of-scale 
opportunities, industrial energy conversion processes are typically constrained, so they 
cannot produce more energy commodities (typically fuels and heat) than the 
associated industrial site category can consume. Heat generation requires special 
consideration in this regard. In most cases, heat is supplied as steam to an industrial 
process. In many cases, it is co-generated with electricity in steam turbines. To avoid 
exploiting this opportunity, only backpressure operation of steam turbines is allowed 
to ensure that heat generation is the primary purpose of the process. 
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When industrial energy conversion processes are used for efficient use of industrial 
by-products, no limitations are introduced to the model. In addition to energy 
efficiency improvements, the use of by-products within a site category can limit 
transportation costs when transporting the by-product is more costly than transporting 
the produced fuel/heat/electricity. Industrial by-products are assets to the industry, as 
they reduce the need for external fuels and, in some cases (such as black liquor in pulp 
production), are also a vital part of the material production process. Therefore, 
industrial by-products should be freely used for whatever purpose generates the most 
benefits for the industrial site category and the energy system in general.  

4.1.2 Process Details and Decarbonization Options 
For industry representation in TIMES-Sweden, the desired lower level of detail for 
included site categories requires a minimum of one process for each tradeable material. 
In the context of this thesis, where the focus is on the basic materials industry, this 
results in a minimum of one process to produce intermediate materials and one 
process to produce end-use materials (using intermediate materials as input) for each 
site category. In addition, the suggested representation also separates energy 
conversion processes from industrial processes, such as representing hydrogen-based 
iron production as two process steps, the first step being the energy conversion step 
producing hydrogen and the second step being the industrial process using hydrogen 
to upgrade iron ore into intermediate materials. This allows for increased flexibility, 
as the modelled industry, in this case the steel industry, can choose the hydrogen 
production technology to use or to buy hydrogen from a centralised producer. 
Separation of energy conversion processes and material processes also allows switching 
of the input used for producing hydrogen without removing the material production 
process, which improves the accuracy of the investment needed to achieve emission 
reduction. 

When considering industry from an energy systems perspective, even the minimum 
desirable level of process detail proposed provides a flexible process representation. 
Adding details that stretch the complexity of the model by more than a few process 
steps should provide major benefits to the model to be worth the additional modelling 
management required. More details can be counter-beneficial to modelling, especially 
if it generates uncertainty rather than improved accuracy. For example, each added 
detail in the model also demands that the modeller have an increasing understanding 
of the modelled system. This is to avoid the risk that the model uses a combination 
of processes that is not feasible in reality. Hence, even though the representation of, 
e.g., paper machines (as in Paper III) and heating ovens (see Larsson et al. (2019)) 
could be dissected into further details, the work required to do so is not necessarily 
worth the potential benefits of the model from an energy system perspective. 
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Instead, the more important aspect is to ensure that each included process step is 
represented by a set of technologies that, at minimum, includes options for reduction 
of CO2 emissions through the use of biomass or biofuels; the use of CCS; and the use 
of electrification or indirect electrification (preferably both). The leading principle is 
that the resulting technology pathways should be based on the technoeconomic 
assumptions made for included technologies and not the necessary consequences of 
omitted technologies, minimizing the risk of solutions that are forced into the model 
due to a lack of alternatives.  

4.1.3 Geographical Scope 
The site categories should be evaluated from the specific situation of the region 
concerned. By acknowledging the potential co-location of technologies, site 
categories indirectly acknowledge limitations with regard to regionality among 
different industries as well. For example, GIS based models such as BeWhere are good 
at determining the optimal supply chain configuration with respect to the location of 
sites (see, e.g., Wetterlund et al., 2012), thus the resulting investments from such 
models are based on the location of existing sites. ESOMs, and specifically TIMES-
Sweden, lack this regional consideration. This has influenced the choice of site 
categories and the level of disaggregation in the model.  Thus, from a geospatial 
perspective, industrial site categories have a similar purpose as different CO2 
transportation networks used in Strachan et al. (2011) or the different hydrogen supply 
networks in Strachan et al. (2009), where each network represents the techno-
economic characteristics of an investment opportunity for a specific infrastructure 
layout (one specific layout must be chosen). However, dividing the model into 
different regions could achieve the same intended impact on new investments in 
industry as site categories, since the likelihood of different processes being co-located 
increases when improving the geographical resolution in the model. This could also 
change what is considered the best way to define site categories (other than by using 
material flows, as in this thesis). 

4.1.4 Forest Representation for Assessing Forest Industry Potentials  
The main driver of forest harvesting is the demand for products from the forest, such 
as sawn wood and paper. Therefore, it is crucial to link the representation of forest 
potential, harvest activities, and forest industry production. In TIMES-Sweden, the 
representation of energy and flows of biomass commodities among forest harvesting 
activities, forest industries, and the rest of the energy system has been improved. The 
representation consists of a cascading flow of commodities that have a common 
starting point, the forest itself (Figure 11). The forest is available for roundwood 
harvest at a cost. Roundwood harvest makes available stem wood that is mainly used 
as feedstock in the forest industry, although a small fraction is used for energy 
purposes.  
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Figure 11: Technologies and commodities associated with forest harvesting and 
biomass by-products. 
Note: RWH = Roundwood harvest; SWM = Sawmill; CPM = Chemical pulp 
mill; MPM = Mechanical pulp mill; BHD = Harvest of branches and tops; SHD = 
Harvest of stumps. 

Roundwood harvest also makes available forest residues, which are available for 
extraction at an additional cost. Consequently, it is impossible for the model to use 
forest residues without first felling trees. In a similar way, by-products from the forest 
industry become available only if the roundwood is used first in the production of 
either pulp or sawn wood. Therefore, the new structure endogenously makes 
byproducts derived from forest biomass attainable only by using technologies that 
produce forest products. This makes the choice of not utilising forest biomass by-
products an opportunity cost caused by not utilising the by-products in an optimal 
way, which, in turn, is determined by the technologies available in the model. 
Compared to most energy system models, which typically represent biomass 
potentials as readily available resources at a pre-defined cost, this new representation 
of forest biomass assortments changes the incentives for using biomass in the model. 

 

4.2 Industrial Sites in TIMES-Sweden 
This section describes the industrial site categories included in TIMES-Sweden. It 
works as a guide on how to interpret the technologies included in Database I, II, 
and III. Furthermore, the following subsections present the production levels in each 
site category and the main challenges for transitioning to a net-zero or net-negative 
energy system.  

4.2.1 Mining 
The representation of the Swedish mining industry includes processes for the mining 
and refining of iron ore and copper ore (Table 2). The process of mining, 
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concentrating, and grinding ore to produce iron or copper ore fines mainly uses 
electrical energy. Especially the production of iron ore pellets is energy and emission 
intensive, requiring fuels for high-temperature heat and, therefore, of most interest 
from an energy systems perspective.  However, the largest impact of mining to be 
considered (if targeted in future studies) is the environmental impact and overall 
sustainability of mining activity outside of GHG emissions and energy use.  

Table 2: The industrial site category of the mining and quarrying sector, with the materials it produces. 
The table only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Mining and 
Quarrying 

Iron ore Intermediate 3.9 4.1 4.3 0a 

Iron-ore pellets Intermediate 16.1 16.8 17.6 0a 
a The sudden decrease in pellets is due to LKAB plans to replace iron ore and iron ore pellets with sponge 
iron, which is instead reflected in the production of iron and steel. 

 

4.2.2 Iron and Steel 
The representation of the Swedish steel industry is divided into three site categories: 
ore-based steel production, scrap-based steel production, and other. Each of these 
site-categories are responsible for the production of different intermediate and end-
use products (Table 3). Current and alternative production routes for each site 
category of the Swedish iron and steel sector consist of two main elements, the 
production of raw steel and the processing of raw steel into finished products (Figure 
12).  

There are two main pathways for producing raw steel, ore-based production and 
scrap-based production. Ore-based steel production uses iron ore as a feedstock to 
produce raw steel, for which three main technology options exist: blast furnace (BF) 
technologies, smelting furnace (SF) technologies, and direct reduction (DR) furnace 
technologies. BF and SF technologies produce liquid iron that is further processed in 
a basic oxygen furnace (BOF), with a small portion of scrap, to become steel. The 
DR furnace produces direct reduced iron (DRI) that is processed and melted in an 
electric arc furnace (EAF) to become steel. Of these, the BF-BOF route is by far the 
most used process (World Steel Association, 2017). Scrap-based steel production uses 
scrap only as feedstock to produce raw steel, typically using an EAF furnace. 
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Figure 12: Technologies and pathways to produce iron and steel products. Processes and commodities 
are primarily included to visualise how they link. Multiple variations of the same process and/or 
commodity may exist. Detailed information is given in Databases I, II, and III. All fuels and electricity 
can be imported, and only selected commodities can be exported. The blue lines represent flows of 
energy commodities. The black lines represent flows of material commodities. 
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Note: BOI = Boiler, BRF = Biorefinery; EH2 = Hydrogen electrolyser; COV = Coke oven; EXP = 
Export;  BF = Blast furnace; SF = Smelting furnace; LKI = Lime kiln; FKI = Ferrochome kiln; DRK 
= DRI kiln; SDK = DRI shaft kiln; BOF = Basic oxygen furnace; EAF = Electric arc furnace; CAF = 
Casting of flat products; CAL = Casting of long products; HF = Heating furnace; HR = Hot rolling; 
CR = Cold rolling; HT = Heat treatment; ATO = Atomisation; GRI = Grinding; DRI = direct 
reduced iron; HRF = Hot rolled flat; CRF = Cold rolled flat; HRL = Hot rolled long; CRL = Cold 
rolled long.   

Table 3: Industrial site categories in the iron and steel sector, with the materials they produce. The 
table only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Ore-based 
steelmaking 

Sponge iron (DRI) Intermediate 0 0 0 17.2a 

Flat steel products (hot-
rolled) 

End-use 1.9 2.0 2.1 2.2 

Flat steel products (cold 
rolled) 

End-use 0.8 1.8b 5.8b 5.8b 

Scrap-based 
steelmaking 

Long steel products (hot 
rolled) 

End-use 0.3 0.3 0.3 0.3 

Long steel products (cold-
rolled) 

End-use 0.5 0.5 0.5 0.5 

Stainless steel products (hot-
rolled) 

End-use 0.4 0.5 0.5 0.5 

Stainless steel products (cold 
rolled) 

End-use 0.1 0.1 0.1 0.2 

Other iron and 
steel 

Iron powder End-use 0.3 0.3 0.3 0.3 

a The sudden increase in DRI production is due to LKAB plans to replace iron ore and iron-ore pellets 
with sponge iron. 
b The rise in cold-rolled flat steel is due to H2 Green Steel production plans. 

 

The working principles of processing raw steel into steel products are essentially the 
same for all products, except for powder. These involve mechanical processing of 
steel in hot and cold rolling mills and thermal processing of it in heating furnaces and 
heat treatment furnaces. The steps included in the process depend on the properties 
of the product. In powder production, grinding and atomisation are used to 
mechanically treat raw steel followed by heat-treatment furnaces. 

In the current structure of the Swedish iron and steel industry, the production of flat 
products is ore based, currently using the BF-BOF process, while the production of 
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long products and stainless products is scrap based, using the EAF process. Production 
of stainless steel also includes an additional process to produce ferrochrome, a critical 
component in stainless steel. The production of iron/steel powder is a special case 
using both ore-based (producing only DRI) and scrap-based routes.  

The main challenge in the iron and steel industry is to reduce the use of coal and coke 
in BF technologies, as most options that do not use fossil fuels are based on 
technologies with TRL 4-7 (Paper II). Reduction of fossil fuel use in heating 
furnaces also presents a challenge (Larsson et al., 2019). All other included 
technologies are either electricity-based or consume only small amounts of fuels.  

4.2.3 Pulp and Paper 
The representation of pulp and paper production in TIMES-Sweden uses three 
different site categories, responsible for the production of six types of materials (Table 
4). These materials include two types of dried pulp products for the market and four 
types of paper products. Market pulp products include pulp from mechanical pulping 
processes and pulp from kraft pulping processes and represent pulp that is dried before 
being traded. Wet pulp is produced and used in paper production integrated with 
pulp production. The four paper products are packaging paper, graphical paper, 
magazine paper, and soft paper. 

The process chains in the pulp and paper industry can be divided into pulp production 
and paper production, which is separated (market pulp mill) or co-located (integrated 
pulp and paper mill) (Figure 13). Pulp production processes are chemical pulping, 
mechanical pulping, and recycled pulping. Although there are multiple alternatives to 
pulp production, they are not 100% interchangeable, as different types of paper 
products require different shares of pulp types. Mechanical and chemical pulps are 
required as the main feedstock in paper production, supported by various shares of 
recycled pulp. Packaging paper and graphical paper have a high share of chemical 
pulp, magazine paper requires a higher share of mechanical pulp, and soft paper has a 
high share of recycled pulp.  

Among the technologies in the pulp and paper industry, the process chain for 
producing chemical pulp is the most complex because of the processes required to 
recover chemicals used in the pulping process. These include processes for the 
combustion of black liquor (typically in a boiler) and a limekiln to produce quicklime. 
The limekiln uses recirculated materials as feedstock combined with a small amount 
of quicklime. Black liquor is a by-product of the chemical pulping process, which is 
burned to regenerate important chemicals, and the energy released during combustion 
is recovered and used in pulp and paper production processes.  
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Figure 13: Technologies and pathways to produce pulp and paper products. Processes and commodities 
are primarily included to visualise how they link. Multiple variations of the same process and/or 
commodity may exist. Detailed information is given in Databases I, II, and III. All fuels and electricity 
can be imported, and only selected commodities can be exported. The blue lines represent flows of 
energy commodities. The black lines represent flows of material commodities. 
Note: BOI = Boiler, BRF = Biorefinery; BLR = Black liquor refinery; BLB = Black liquor boiler; 
HPU = Heat pump; EXP = Export; MKI = Limekiln; MPM = Mechanical (Mech) pulp mill; CPM = 
Chemical (Chem.) pulp mill; RPM = Recycled (Rec.) pulp mill; PDM = Pulp drier mechanical pulp; 
PDC = Pulp drier chemical pulp; PPR = Pulp preparation; PMM = Paper machine for magazine (Mag.) 
paper; PMS = Paper machine for soft paper; PMP = Paper machine for packaging (Pac.) paper; PMG = 
Paper machine for graphic (Gra.) paper. M. = Market.  
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As pulp and paper mills have a high demand for steam, use biomass as feedstock, and 
often have a large availability of biomass by-products, they are typically considered as 
potential host sites for integrated biorefinery concepts. Thus, the main challenges in 
the pulp and paper industry for the transition to a net zero energy system are to enable 
and achieve an efficient use of biomass, alternative uses of black liquor in biofuel 
production being among the most promising opportunities (Paper III). 

Table 4: Industrial site categories in the pulp and paper sector, with the materials they produce. The 
table only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Market pulp Market Kraft pulp  Intermediate 2.7 2.9 3.0 3.2 

Market Mechanical Pulp Intermediate 0.4 0.4 0.4 0.4 

Paper production 
(Kraft-pulp-based) 

Packaging paper End-use 5.7 5.9 6.2 6.6 

Graphic paper End-use 1.2 1.2 1.2 1.3 

Soft paper End-use 0.4 0.4 0.4 0.4 

Paper Production 
(Mechanical-pulp-
based) 

Magazine paper End-use 2.9 3.0 3.2 3.4 

 

4.2.4 Wood Products 
Sweden's industry of wooden products consists almost entirely of sawmills producing 
sawn wood products (Table 5; Figure 14). Alternative technologies for the sawmill 
industry primarily concern process improvements for reducing steam demand for 
drying and using heat pumps (Vidlund, 2004; Anderson and Westerlund, 2014). 
Furthermore, sawmills are typically considered a potential host site for integrated 
biorefinery concepts because of the on-site availability of biomass byproducts, and 
challenges in the sawmill industry are directly connected to efficient use of biomass 
(Paper III). 

Table 5: The industrial site category of the wood products sector, with the materials it produces. The 
table only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Sawmills Sawn wood End-use 8.9 9.3 9.6 10.3 
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Figure 14: Technologies and pathways to produce wood products. Processes and 
commodities are primarily included to visualise how they link. Multiple 
variations of the same process and/or commodity may exist. Detailed 
information is given in Databases I, II, and III. All fuels and electricity can be 
imported, and only selected commodities can be exported. The blue lines 
represent flows of energy commodities. The black lines represent flows of 
material commodities. 
Note: BOI = Boiler, BRF = Biorefinery; HPU = Heat pump; IMP = Import; 
EXP = Export; SWM = Sawmill.  

 

4.2.5 Chemical Industry 
The Swedish chemical industry includes a large number of products and processes. 
However, most of these industries produce low-volume speciality chemicals with a 
low overall impact on the energy system, and the availability of data is poor. 
Therefore, these industries are not specifically included in the model.  

The main products of the chemical industry included in the model are polymers and 
their building blocks (ethylene, propylene, and chlorine). Polymers produced in 
Sweden include different grades of polyethylene (high density polyethylene (HDPE) 
and low density polyethylene (LDPE)), polyvinyl chloride (PVC), and polystyrene 
(PS) (Table 6). While these processes would logically be considered as separate site 
categories, most of these production facilities are co-located in Sweden and, therefore, 
considered as one combined site category in the model. 

The main material process chains associated with Swedish polymer production are 
presented in Figure 15. Polymer production can be divided into two major steps, the 
production of olefins and chlorine, and the subsequent production of polymers. Five 
main pathways for olefin production are represented in TIMES-Sweden and are 
centered on the type of feedstock used (Figure 15). The feedstock types are 
petroleum-type fuels (e.g., naphtha, liquefied petroleum gas (LPG) or hydrotreated 
bio-oil), ethanol, methanol, methane (natural gas or synthetic natural gas) and waste 
plastic. The type of feedstock directly determines the technology that can be used to 
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produce olefins. For example, the production of olefins from methanol requires the 
MtO technology, and production of olefins from ethanol requires the EtE 
technology. The steam cracker is arguably the one exception given the multiple 
feedstock choices, although all included possible feedstocks used in steam crackers can 
be considered as petroleum-type fuels. The subsequent production of polyethylene 
uses ethylene (a type of olefin), and the production of PVC uses ethylene and chlorine 
as feedstock. Although polymer production uses most of the ethylene, some ethylene 
and all of the co-produced propylene are used in other processes within the chemical 
industry. 

Table 6: The industrial site category in the chemical sector and the materials it produces. The table 
only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Petrochemical Ethylene Intermediate     

Propylene Intermediate     

Chlorine Intermediate     

HDPE (polymer) End-use 0.3 0.3 0.3 0.3 

LDPE (polymer) End-use 0.2 0.2 0.2 0.2 

Polyvinyl chloride (PVC) 
(polymer) 

End-use 0.2 0.2 0.3 0.3 

Polystyrene (Polymer) End-use 0.1 0.1 0.1 0.1 

 

The main challenge in the chemical industry and specifically in the production of 
polymers is to replace the fossil feedstock currently used in the steam cracker. As stated 
in Paper V, for virgin feedstock production, the main challenge is not the production 
of olefins itself but rather the ability to enable large-scale production of renewable 
feedstocks. Thus, reducing fossil dependence in the chemical industry requires 
biorefineries and power-to-fuel concepts. Additionally, there is an alternative route 
using plastic waste in chemical recycling that needs further development.  
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Figure 15: Technologies and pathways to produce olefins and polymers in the chemical industry. 
Processes and commodities are primarily included to visualise how they link. Multiple variations of the 
same process and/or commodity may exist. Detailed information is given in Databases I, II, and III. 
All fuels and electricity can be imported, and only selected commodities can be exported. The blue lines 
represent flows of energy commodities. The black lines represent flows of material commodities. 
Note: BOI = Boiler, BRF = Biorefinery; EH2 = Hydrogen electrolyser; FUS = Fuel synthesis; SMR 
= Steam methane reforming; EXP = Export; SCR = Steam cracker; MtO = Methanol-to-Olefins; EtE 
= Ethanol-to-Ethylene; OCM = Oxidative coupling of methane; CHR = Chemical recycling; CLO = 
Chlorine production; PPH = Polymerisation of HDPE; PPL = Polymerisation of LDPE; PPP = 
Polymerisation of PVC.  
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4.2.6 Non-Metallic Minerals 
The production of materials within the non-metallic minerals industry consists of four 
main materials: cement, quicklime, glass, and mineral wool, which also represents the 
site categories in this sector (Table 7). The processes used in each site category are 
presented in Figure 16. The cement industry typically processes limestone and other 
additive materials in rotary kilns to produce cement clinker; the clinker is ground 
with additives to produce cement. The limestone industry produces quicklime by 
burning limestone in rotary kilns (similar to the cement industry) or shaft kilns. The 
glass industry produces glass, flat or hollow bottles (only glass bottles are produced in 
Sweden), using various mineral sources (including limestone) or recycled glass as 
feedstock in fuel-based or electric kilns. The mineral wool industry follows the 
structure of the glass industry, producing mineral wool instead of glass.  

 

Figure 16: Technologies and pathways to produce non-metallic minerals. Processes and commodities are 
primarily included to visualise how they link. Multiple variations of the same process and/or commodity 
may exist. Detailed information is given in Databases I, II, and III. All fuels and electricity can be 
imported, and only selected commodities can be exported. The blue lines represent flows of energy 
commodities. The black lines represent flows of material commodities. 
Note: BOI = Boiler; CKI = Cement kiln; CGR = Cement grinding/mixing; LKI = Lime kiln; GWO 
= Glass wool furnace; MWO Mineral wool furnace; GFF = Glass furnace for flat products; GFB = Glass 
furnace for bottles.  

The main challenge in the non-metallic minerals industry, and specifically the cement 
and lime industries, is to reduce CO2 emissions caused by limestone calcination. The 
calcination process, in which limestone converts to quicklime and CO2 by adding 
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heat, is the core process in these industries and is therefore unavoidable. Therefore, 
the use of CCS is the only alternative for these industries to reduce emissions without 
fully relying on carbon removal technologies. Consequently, alternative technologies 
in the cement and limestone industry consist of integrating various CCS options with 
the kilns currently used. 

The second challenge is to replace currently used fossil fuels. This applies for all 
industries within the non-metallic minerals sector, where electrification of the 
processes is generally the least developed option.  

Table 7: Industrial site categories in the non-metallic minerals sector, with the materials they produce. 
The table only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Cement Cement clinker Intermediate 0.3 0.3 0.4 0.4 

Cement End-use 2.8 3.0 3.2 3.4 

Lime Quicklime End-use 0.4 0.4 0.4 0.4 

Glass Packaging glass End-use 0.2 0.2 0.2 0.2 

Mineral wool Glass wool End-use 0.1 0.1 0.1 0.1 

Stone wool End-use 0.1 0.1 0.2 0.2 

 

4.2.7 Non-Ferrous Metals 
The non-ferrous metals industry includes two site categories, one for producing 
aluminium products and one for producing copper products (Table 8). The process 
pathways included for these industries are shown in Figure 17.  

Table 8: Industrial site categories in the non-ferrous metals sector, with the materials they produce. 
The table only shows materials produced for export or to satisfy domestic demand. The production of 
intermediate materials required to produce other intermediate or end-use materials is not shown. The 
values for 2015 are based on SCB (2017) and are given in million tons. 

Industrial site 
category 

Material produced Type of 
material  

2015 2025 2035 2045 

Aluminium Long aluminium products End-use 0.1 0.1 0.1 0.1 

Flat aluminium products End-use 0.1 0.1 0.1 0.1 

Cast aluminium products End-use <0.1 <0.1 <0.1 <0.1 

Copper Copper anodes End-use 0.2 0.2 0.2 0.2 
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Figure 17: Technologies and pathways to produce non-ferrous metals. Processes and 
commodities are primarily included to visualise how they link. Multiple variations of the 
same process and/or commodity may exist. Detailed information is given in Databases I, 
II, and III. All fuels and electricity can be imported, and only selected commodities can be 
exported. The blue lines represent flows of energy commodities. The black lines represent 
flows of material commodities. 
Note: ELA = Aluminium electrolysis; SFU = Scrap furnace; CAS = Casting; REM = 
Remelting; HF = heating furnace; ROL = hot and cold rolling; EXT = Extrusion; SMF = 
Smelting furnace; REF = Refining; ELY = Copper electrolysis.  

Aluminium production begins with the production of raw aluminium by processing 
aluminium ore or melting scrap, followed by the subsequent upgrading of the raw 
aluminium to finished products, including sheets, foil, long products, and cast 
products. Ore-based production of raw aluminium uses an electrolysis process that 
uses coal-based anodes to reduce and melt the aluminium, while furnaces and kilns 
for melting scrap are either electrical or fuel-based. The processes used to upgrade 
raw aluminium are similar to those in the iron and steel industry, and alternatives to 
finishing processes in the aluminium industry roughly follow the assumptions made 
for heating furnaces in the iron and steel industry. Consequently, the main challenges 
in the aluminium industry are to reduce emissions (including emissions of 
perfluorocarbons) from the use of coal anodes in electrolysers and to replace the use 
of fossil fuels in furnaces.  
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The production of copper begins with the production of raw copper from copper ore 
or scrap, followed by a subsequent upgrading to refined copper. The processes are 
either based on exothermic reactions or are electrified, and therefore require only 
small amounts of fuels. The upgrading of refined copper to copper products has not 
been further considered, as no such production has been identified in Sweden. 

 

4.2.8 Other Industries 
The production and technologies associated with any industry not mentioned in the 
previous subsections are only represented using aggregated service demand of, e.g., 
machine drive or heat of different temperature levels (i.e., useful energy). Generic 
technology representations are used for the delivery of these various types of useful 
energy. Because these technologies cannot be tied to the production of a specific 
material, no further considerations are presented here.  
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5 Scenario Analysis and Results 

This chapter presents the results of the scenario analysis performed in the appended 
papers. This chapter starts by presenting potential pathways to reach net-zero 
emissions. Thereafter the role of industrial symbiosis in forest industries is presented, 
followed by a presentation of how the negative emissions from carbon stored in plastic 
affect the transition to net-zero. Lastly, the cost and impacts of exporting renewable 
olefins are presented.  

 

5.1 Technology Pathways for a Net-Zero Industry 
Potential pathways to reach a net-zero emissions industry were evaluated in both 
Paper I and Paper II. Paper I specifically optimises the use of energy resources 
when achieving a fossil-fuel free industry, while Paper II targets pathways to net-
zero emissions with different restrictions in technology availability and the possibility 
to offset fossil carbon using cost minimisation.  

5.1.1 Resource Minimisation Pathways 
In Paper I, the need for electricity and biomass to achieve a fossil-free industrial 
sector in Sweden is analysed using the linear model for resource allocation. Three 
scenarios are evaluated, one that minimises the use of biomass (min-BIO), one that 
minimises use of electricity (min-ELC), and one that minimises combined input of 
biomass and electricity (min-NRG).  

The result of the scenario analysis of Paper I shows clear differences in the use of 
biomass and electricity in industry (Figure 18). Both the min-BIO and min-NRG 
scenarios show a relatively balanced use of biomass and electricity. The main 
difference between these two cases is that when the min-NRG scenario prefers 
biofuels produced from solid biomass (black liquor is always used because of the way 
chemical pulp mills operate), the min-BIO scenario instead opts for increased use of 
power-to-fuel solutions for producing fuels, including hydrogen electrolysis. 
Consequently, compared to the current use of biomass and electricity, the min-NRG 
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scenario leads only to a small increase in both biomass and electricity, while the min-
BIO scenario sees a small decrease in biomass use, but a larger increase in electricity 
use. Therefore, the trade-off cost to reduce the use of biomass in terms of increased 
electricity use is high.  

Meanwhile, the min-ELC scenario shows a much more unbalanced use of biomass 
and electricity, where biomass use is much higher. It should be noted that the biomass 
use is somewhat exaggerated in this scenario because of the way the system objective 
was defined (this is thoroughly described in Paper I and not further elaborated here).   

 

Figure 18: Resulting use of biomass and electricity.  

Comparing the resulting use of biomass and electricity in the scenarios reveals that 
only the min-BIO and min-NRG scenarios that are feasible in terms of biomass use, 
while all scenarios fall well within the estimated potential for onshore wind power 
estimated at the time (Figure 18; the potentials have since been updated, as can be 
seen in Paper V). In particular, Paper I does not assume the same increased level of 
production in the steel industry as the other papers do. Therefore, some caution is 
recommended when comparing the graphs of Paper I with those of the other papers.  

5.1.2 Cost-Minimisation Pathways 
In Paper II, the impact of restricting technology availability on pathways to a net-
zero industry is analysed using TIMES-Sweden. This is achieved using ten different 
cases that combine two conditions to achieve net-zero emissions and five restrictions 
on technology availability. Free offset (FO) and restricted offset (RO) represent two 
different conditions to achieve net-zero emissions. The FO condition allows the use 
of negative emissions to offset all CO2 emissions, while the RO condition only allows 
the use of negative emissions to offset CO2 emissions classified as process emissions. 
The five different restrictions on technology availability progressively limit 
technology availability in all cases. Each case defines which technologies are available 
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for investment in the model to meet the defined net-zero target based on the TRL 
of the technologies in the year 2020, as indicated by the case name. Therefore, any 
technology that today has a TRL lower than the TRL indicated by the case name is 
assumed not to enter the Swedish market in time to meet the climate targets (see 
Paper II for more definitions and examples). 

The primary strategy for reaching net-zero emissions in the FO-cases is to use fossil 
fuels in technologies with CCS, using BECCS to offset any residual and process 
emissions. This strategy makes it possible to reach net-zero emissions without any 
major technology development under the FO condition. However, such a solution 
will rely on large use of fossil fuels and the use of costly chemical adsorption CCS, 
both for reducing fossil emissions and for the generation of negative emissions. The 
availability of technology does not change the strategy described in the FO-cases; 
rather, it makes the strategy less costly. As more advanced technologies become 
available, CCS technologies become more efficient in capturing CO2 (i.e., lower 
residual emissions) while using less energy, which then also leads to a lower 
deployment of BECCS. Furthermore, many advanced biorefineries require CO2 
separation in the process of producing biofuels. The high domestic availability of 
biomass by-products from industry combined with a high demand of biofuels for 
multiple purposes, creates a pool of readily separated CO2 that can be sequestered at 
low additional cost. This further augment the performance of CCS technologies using 
fossil fuels. 

The primary strategy in the RO-cases is to find the most efficient use of biomass and 
electricity. Under the RO condition, technologies at a minimum of TRL6 are 
required to achieve net-zero emissions. Both the RO-TRL7 and RO-TRL8 cases 
generate infeasible solutions, due to the limited resources that affect the maximum 
capacity of the technologies involved. A feasible solution with RO requires advanced 
biofuel production, not least biorefineries using black liquor as feedstock, and 
electrification via hydrogen electrolysis, including technologies able to use hydrogen. 
As more technologies are made available, electricity used for hydrogen production 
(including in power-to-fuel concepts) is replaced by biomass used in biorefineries. 
Biomass is made available through more efficient use of plastic waste through chemical 
recycling (replacing biofuel feedstocks) and increased use of heat pumps that replace 
biomass boilers.  

The analysis of the results identified a prioritization pattern in the way technologies 
are chosen to achieve net-zero emissions, as illustrated by the decision tree in Figure 
19. The tree was derived by applying the following logic: among all cases, the 
technology pathway with the lowest cost is achieved by the FO-TRL1 case, as it 
imposes the least amount of restrictions on the system. Similarly, when comparing 
FO-cases and RO-cases that share the same TRL restriction, the FO-case will always 
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provide the least costly technology pathway. When one looks at each case from the 
least to the most expensive, a broad pattern emerges, showing the conditions under 
which a technology is chosen.  

In all cases, fossil fuels are favoured in the results if the emission target allows it. The 
possibility of applying offsetting in the FO-cases always leads to the use of fossil fuels. 
Due to the assumed EU-ETS price, fossil fuels are used in technologies with CCS, 
and full offsets of fossil emissions are avoided as much as possible in sectors affected 
by EU-ETS (full offset is still applied for the transport sector). The preference for 
fossil fuels also explains the similarities between the RO-cases and FO-cases in the 
transition period (i.e., from 2020 to 2040), where the final use of fossil fuels shows 
very similar patterns (Figure 20). It is only by 2045 that fossil fuels are fully abandoned 
in the RO-cases. When EU-ETS prices are high or the availability of negative 
emissions is restricted, fossil fuel use in technologies without CCS options is generally 
replaced by biomass, biofuels, direct electrification, or alternative fuels.  

The primary alternative to fossil fuels is biomass. Biomass is preferably used directly 
in processes to avoid unnecessary investments in fuel conversion technologies. 
However, due to quality restrictions, direct use of biomass in technologies is rather 
limited, and refined biofuels are typically required to replace fossil fuels. This reduces 
the final energy use of biomass once advanced biofuel production routes are available. 
The final energy use of biomass and black liquor (used in boilers) is replaced by 
increased use of waste heat (through industry-integrated production of biofuels in 
forest industries) and/or electricity through the use of heat pumps. Biofuels benefit 
significantly from improved sector coupling through integrated biofuel production in 
the forest industry. At the same time, the electrification of technologies in the forest 
industry increases the potential for biofuel production by replacing biomass used for 
heat supply, contradicting the observed pattern but improving system efficiency, for 
example, when biofuels replace indirect electrification options. For many processes, 
direct electrification is more efficient than biofuels and alternative fuels. However, 
indirect electrification (using power-to-fuel concepts) is less energy efficient and more 
costly than other options. Still, indirect electrification is used when other options are 
not available (e.g., due to resource scarcity of biomass) or when direct electrification 
is not possible. In fact, the cost performance check for deciding between biofuels, 
electrification, and alternative fuels is more complex than it first appears. For this 
reason, the decision criteria for the 'cost performance check’ box in Figure 19 are not 
specified, as the system interactions are often less obvious.  
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5.1.3 Technology Choices in Selected Industries 
This section presents the resulting technology pathways in three selected industries, 
the iron and steel, chemical, and cement industry. The forest industry is covered in 
Section 5.2.  

In the iron and steel industry, technologies for the conversion of iron ore to 
intermediate steel materials are of great importance from an energy perspective. There 
are two uses for intermediate material production in the model. The first is the 
production of DRI for export. Since DRI is a specific intermediate material, 
technology choices are limited to those that produce DRI. The second is the 
production of intermediate steel materials for further processing to domestically 
finished steel materials. Intermediate production for this purpose has the possibility of 
choosing among all available technologies that produce intermediate steel materials. 
Consequently, there are small differences in technology choices between these two 
production routes.  

The preferred technology pathway in the iron and steel industry, as evident from the 
FO-cases in Paper II, is to combine natural gas and bio-SNG to produce DRI in 
shaft kilns with CCS. This technology is used to produce DRI for export and to 
produce intermediate materials for further domestic processing. Bio-SNG is used in 
the shaft kiln to replace fossil fuel uses where CCS is not applied, as not all CO2 
streams generated in the process are captured (see Duarte et al., 2018). Using bio-
SNG is preferable only if bio-SNG is available from black liquor gasification, 
byproduct flows in ethanol production, or as an upgraded biogas. If these sources of 
bio-SNG are not available, bio-SNG from biomass gasification is used or an increased 
share of natural gas is employed to produce DRI for export. To produce intermediate 
materials for further domestic processing, blast furnace concepts with vacuum pressure 
swing adsorption CCS technologies are preferred over DRI concepts. Across all cases, 
any residual emissions are offset with BECCS, preferably from biorefineries or 
industrial processes with CCS that use biomass / biofuels. 

In the more restrictive RO-cases, hydrogen-based DRI production is the dominant 
alternative route to produce both DRI for export and intermediate materials for 
further processing domestically. Hydrogen is produced by gasification and electrolysis, 
where biomass is the preferred option, if available. Hydrogen storage is included to 
improve the cost performance of the electrolysis route, but it does not exceed the 
benefits of biomass gasification. 

The processes in the chemical industry that have the greatest impact on the energy 
system in Sweden are those used to produce olefins. The preferred technologies for 
the production of olefins involve multiple options. When available, by-products such 
as bionaphtha (from biobased jet fuel and other transportation fuel production) and 
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bio-oil from the forest industry are continuously prioritised (for use in steam 
cracking). Steam crackers using fossil feedstock are used in all FO-cases. This route 
generates gases derived from fossil feedstock that are burned in technologies using 
CCS until better options are available. Once the combustion of these gases can be 
replaced by biofuels, the derived gases are used in steam reformers with CCS to 
produce methanol. In turn, methanol is used to produce more olefins in the MTO 
process. In this way, as much fossil carbon as possible is exported and stored in olefins, 
reducing emissions and the need for CCS domestically (see Paper IV). Then, the 
ethanol-to-ethylene route is always included when ethanol can be produced from 
forest-based biomass. This option synergises well with the steam cracker in the FO-
cases, as the bio-SNG by-product from ethanol production can be used to replace 
derived gases.  

In RO-cases, all uses of fossil feedstock are primarily replaced by methanol produced 
from biomass. This methanol is used in the MTO process. Furthermore, when 
available, chemical recycling of waste plastic is used to reduce the demand for biomass 
in the chemical industry to allow more biomass to replace indirect electrification 
elsewhere.  

The preferred technology options for the cement industry involve CCS technologies 
in all cases to ensure that process emissions remain at levels low enough. This is 
because the assumed EU ETS price makes offsetting strategies that rely purely on 
using negative emissions too costly. Two specific technologies are considered: 
chemical adsorption CCS and oxyfuel CCS. Of the two, oxyfuel CCS is the preferred 
choice because of its significantly lower energy requirements. Biomass is the preferred 
fuel, making the cement industry a convenient and low-cost source of BECCS, as 
CCS is always required to mitigate process emissions. Nevertheless, waste fuels are 
still used to allow more biomass to replace indirect electrification in all RO-cases. 

 

5.2 The Importance of Industrial Symbiosis for Efficient 
Biomass Utilization 

Both Paper I and Paper II show the importance of industrial symbiosis and process 
integration to achieve an efficient use of biomass. In Paper I, industry-integrated 
production of biofuels improves the efficiency of the system, reducing overall biomass 
use in industry. The same pattern is seen in Paper II and Paper III as well; only in 
these analyses, the identified benefits also stretch beyond industry. The general 
strategy for efficient biomass use observed in these two studies is the same: reduce the 
final energy consumption of biomass and black liquor by the forest industry (for heat 
in boilers) to increase the production of biofuels in the energy system. Biofuels 
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produced from integrated biofuel production are primarily used as feedstock in the 
chemical industry and fuel in the transportation sector (aviation and maritime fuels), 
thus assisting in the transition in sectors where electrification is not easily achieved. 

In Paper III, the impact of strategies for using biomass within the forest and forest 
industry nexus is analysed in more detail. Paper III analyses combinations of four 
areas identified as potentially impactful with respect to strategies for efficient use of 
biomass. The four areas are forestry strategies, which vary the harvesting approach (i.e., 
type of silviculture) and the assumed availability of harvestable forest and forest 
residues; progressive technologies, which vary if new technologies in forest industries are 
state-of-the-art/progressive or if current energy performance is maintained; heat 
pumps, which vary if industrial heat pumps are available or not; and business models, 
which vary the willingness to adopt new business models that interfere with the core 
business of forest industries.   

In general, Paper III shows that business models, progressive technologies, and heat 
pumps have a significant impact on the strategies chosen by the forest industry 
(progressive technologies and heat pumps have similar impacts). Meanwhile, forest 
strategies have limited impact on these strategies but affect the overall potential to 
produce biofuels in the energy system, which in turn affects cost. The higher the 
biofuel production, the lower the cost. 

The optimal strategy for the forest industry and for efficient use of biomass manifests 
itself when all technology options are available (Figure 21). In sawmills and 
mechanical pulp & paper mills, the optimal strategy for steam supply is to use a 
combination of waste heat from integrated biofuel production and heat pumps, where 
the use of heat pumps increases when biomass availability is limited by forest strategies. 
For chemical pulp mills (both for the production of market pulp and paper 
production), the optimal strategy is almost the same; the most efficient solution for 
heat supply is achieved by using integrated biofuel production with both black liquor 
and solid biomass as input in combination with heat pumps. These strategies have the 
potential to shift 175-200PJ of biomass and black liquor from final energy 
consumption in the forest industry to input in biofuel production. 
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Figure 21: Target strategy for industrial symbiosis in the RF100r forest scenario, applying the AllRef 
business model with heat pumps and all available progressive technologies. 
Note: BLR = Black liquor refinery; BRF = Biorefinery; HP = Heat pump. 

 

5.3 Accounting for Carbon Stored in Products 
The total impact of the emissions resulting from domestic use and production of 
plastic combines net emissions from fossil and renewable carbon released from plastic 
materials (Figure 22). Due to the assumed trade patterns in Sweden (see Paper IV 
for details), fossil CO2 emissions are caused by the incineration of municipal waste 
(plastic produced from fossil carbon is the main component) in combined heat and 
power (CHP) plants, while negative emissions are caused by the export of plastics 
produced from renewable carbon. During 2030-2035, municipal waste incineration 
is switched to CHP plants using CCS, effectively removing 90% of fossil CO2 
emissions, causing a significant drop in fossil (and total) CO2 emissions. The negative 
emissions seen from 2030 onwards result from the export of renewable plastics. By 
2030, existing olefin production technologies that use fossil feedstocks need to be 
replaced due to their age and will be replaced by technologies that use renewable 
feedstock. 
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Figure 22: Total CO2 emissions accounted for the national climate 
inventory resulting from domestic use of waste plastics and production 
(and export) of plastics. 

Accounting for negative emissions from carbon stored in plastics can contribute 
substantially to the Swedish climate mitigation strategy, although it will have very 
little impact on the energy system. By 2045, the share of negative emissions from 
renewable plastics compared to total negative emissions was 8-13%, with higher 
recycling rates in export markets being the key to maximising the contribution of 
negative emissions and prolonging this contribution. The main reason why 
accounting for these emissions has a limited impact on the Swedish energy system is 
the high availability of low-cost BECCS from biorefineries, which is enabled by the 
high availability of biomass in Sweden. Thus, for the Swedish case, the high 
availability of biomass in relation to current plastic production levels makes the 
contribution of negative emissions from plastics to the Swedish climate targets too 
small to have a major impact on the overall energy system. 

 

5.4 Exporting Renewable Olefins: Costs and Impacts on the 
Energy System 

In Paper V, a marginal cost curve for increased production of olefins was derived. 
To generate a marginal cost curve for increased export of olefins, we created a series 
of cases with increasing production levels. The increased export is assumed to start in 
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2035 and increases linearly until the target export is reached by 2055, where the 
increase in olefin export adds to the present domestic production of plastic. 

In the results, the MtO process is the main choice for scaling production in all cases, 
and therefore, the levelized cost of the MtO process is used as a proxy for the levelized 
cost of olefin production in general. The resulting marginal cost follows a pattern that 
can be divided into five different segments (Figure 23). Each segment introduces a 
new strategy to increase production, which in turn increases the marginal cost.  

 

Figure 23: Marginal cost curve for increased production and export of olefins, divided into five segments 
that represent various technology options. 

Segment 1 (0–1.5 Mt exported olefins) 

In the first segment, the marginal price of olefins increases from 1,050 to 1,300 
EUR/t. Production is increased by upscaling the use of agricultural biomass to yield 
ethanol for use in the Ete process and by reallocating forest biomass to yield both 
methanol and ethanol for use in the MtO and EtE processes respectively. Forest 
biomass is made available by replacing biomass-based hydrogen production in the 
steel industry with electrolysis. These options are capable of increasing production to 
approximately 1.5 Mt, marking the end of segment 1. 

Segment 2 (1.5–3.5 Mt exported olefins) 

In the second segment, the marginal price of olefins increases from 1,300 to 1,600 
EUR/t, starting at an increased export level of 1.5 Mt. From this point, the increase 
in production comes from the upscaling of PtF concepts that yield methanol for use 
in the MtO process. The increased demand for electricity from the use of electrolysis 
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to supply hydrogen for the PtF process is satisfied by upscaling the offshore wind 
capacity. The demand for CO2 as a carbon charge in PtF processes is satisfied by 
upscaling the CO2 capture in the types of biorefineries where separated CO2 is 
produced as a by-product. Since this CO2 is readily available, capturing and using this 
CO2 only requires an additional investment in technologies to transport CO2. 
Therefore, this source of CO2 is low-cost and available as long as there is a demand 
for biofuels. Segment 2 ends at an increased export of roughly 3.5 Mt, at which point 
the potential for offshore wind capacity has reached its maximum potential.  

Segment 3 (3.5–5 Mt exported olefins) 

In the third segment, the marginal price of olefins increases from 1,600 to 1,800 
EUR/t. Since the demand for CO2 in the production of methanol is still satisfied 
using low-cost CO2 from biorefineries, the cost increase in segment 3 is mainly caused 
by a shift in electricity generation: from this point forward, all new electricity 
generation comes from new nuclear power plants.  

Segment 4 (5–8 Mt exported olefins) 

In the fourth segment, which starts once a production level of 5 Mt has been reached, 
marginal prices increase rapidly, namely from 1,800 to 6,000 EUR/t. The main cause 
for this is a change in CO2 supply. After reaching an increased export of 5 Mt olefins, 
the availability of low-cost CO2 from biorefineries is fully utilised. At this point, CO2 
is still supplied from biorefineries, primarily through ethanol production processes 
using both forest biomass and agricultural biomass, but now CO2 sources that require 
chemical adsorption CO2-capture technologies are targeted. Chemical adsorption 
CO2-capture needs heat to function, therefore, in turn, also requires investment in 
heat-generation technologies. The increased need to invest in additional technologies 
for CO2 capture quickly drives up the overall cost of olefins. Using chemical 
adsorption for CO2 supply is a feasible option up to a production level of 8 Mt, which 
marks the end of segment 4. 

Segment 5 (8–10 Mt exported olefins) 

In the fifth and last segment, starting at a production of 8 Mt, the cost curve flattens 
out at a price of approximately 6,000 to 6,300 EUR/t. At this point, the Swedish 
biomass resource has been maximised as all available CO2 streams – including the 
already maximised use of biomass for energy purposes – are fully utilised. From this 
point on, DACC is required to supply the required CO2. However, DACC is very 
costly, in part because it is energy intensive. At the same time, the strain put on the 
energy system at this level of olefin exportation makes electricity the only viable 
energy supply option, even to generate heat. As electricity is supplied from new 
nuclear power plants, this solution is theoretically infinitely scalable in the model, 
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making it a backstop solution to increase production, but with the downside of being 
very costly. 

Comparing the results of each segment with the costs for producing olefins using fossil 
feedstocks allowed the estimation of a carbon fee on fossil plastic to make the 
identified routes for renewable olefin production competitive. Production of up to 
3.5Mt of renewable olefins is competitive with a carbon fee that is in line with 
projected costs on carbon emissions by 2050 (IEA, 2021). For a production of 3.5Mt 
renewable olefins in Sweden to be competitive, a carbon fee of 190 EUR/t CO2 is 
required when compared to the use of fossil fuels without CCS and 270 EUR/t CO2 
when compared to the use of fossil fuels with CCS. These prices assume that the 
negative emission contribution of carbon stored in materials is accounted for and that 
offshore wind is the marginal electricity production. 
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6 Discussion and Perspectives  

This chapter discusses how key model assumptions and excluded technologies may 
impact the findings of this thesis with respect to RQ 3, RQ 4, and RQ 5. RQ 1 and 
RQ 2 are already sufficiently covered in Chapters 3 and 4, and are therefore not 
further considered here. Subsequently, the results are discussed from a policy 
perspective, comparing the policies that are implemented or under consideration with 
the results. 

 

6.1 Impact of Key Assumptions and Excluded Technologies 
RQ 3: The findings in Paper I and Paper II assume that biomass resources in 
Sweden are fully available for domestic use. This assumption has a slightly different 
impact on the results depending on the applied conditions for net-zero emissions.  

When restricting the offset of fossil CO2 emissions, the benefit of biomass first comes 
from its ability to reduce the need to use more costly power-to-fuel concepts. With 
increasing competition for biomass resources, more power-to-fuel solutions are likely 
to be needed, as exemplified in Paper V, where more biomass and biogenic CO2 are 
allocated to olefin production for export by reducing biomass-based hydrogen 
production.  

When allowing full offset of emissions, the competitiveness of using fossil fuel CCS 
technologies in Paper II relies on the availability of low-cost BECCS. From a global 
perspective, the cost of BECCS is likely to increase due to resource scarcity 
(Honegger and Reiner, 2018; Creutzig et al., 2019), which questions the viability of 
this solution from a cost perspective in addition to the questionable sustainability of 
using finite resources. The break-point - if one exists- at which the cost of BECCS 
(or other negative emissions) causes fossil fuel use with CCS to become uncompetitive 
remains unresolved and requires further research. 
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In addition to biomass-related assumptions, there are three technologies that are 
particularly worth mentioning because of their potential impact on resulting 
pathways. These three options include electrowinning (electrolysis of iron ore) and 
high-temperature heat pumps (for heat supplies up to 500 °C), and the potential 
option for CCS with a capture rate of almost 100%. Due to limited availability of 
techno-economic data, these technologies are not included in the model or have 
disadvantageous assumed properties. However, all these alternatives, and alternatives 
with similar characterisation that are not yet acknowledged in the model, deserve 
increased focus in future research for improved modelling of industry because of their 
potential of changing these results.  

The first two options, electrowinning and high-temperature heat pumps, provide 
electrification options that could outcompete both biofuel and power-to-fuel 
alternatives. This could potentially reduce the overall final energy use of industry, 
while reducing the need to invest in biorefineries and electrolysers. To be 
competitive, these options need to show a consumption of electricity that is on par 
with or outperforms technology alternatives using fuels. For example, the electricity 
requirement of plasma heating, which is a form of electrification, per ton of material 
is too high compared to the requirement of using fuels. Consequently, plasma heating 
rarely finds its way into the results, being outperformed even by alternatives using 
hydrogen as a fuel in combination with direct electrification (e.g., heating ovens in 
the steel industry).  

CCS with a capture rate near 100% extends the possibility of using low-cost fossil 
fuels, which puts the use of fossil fuels in a different perspective. On the one hand, 
near-100 % capture rates essentially remove all residual emissions, meaning that the 
use of fossil fuels in technologies with CCS no longer relies on negative emissions 
from BECCS or DACCS to achieve net-zero emissions. This changes the cost 
comparison for the use of fossil fuels relative to renewable options and shifts 
environmental and sustainability issues related to fossil fuels to issues related to 
extraction and large-scale CO2 storage. On the other hand, a 100% rate of capture is 
a utopian concept (requiring total perfection), which raises an important question 
about offsetting: Is there a point where residual emissions from CCS could be 
regarded as small enough to warrant being treated in the same way as process 
emissions? 

RQ 4: Critical uncertainties in technology assumptions should be further analysed to 
give a more precise estimate of efficient biomass use and industrial symbiosis. Such 
uncertainties include improved evaluation of waste heat sources for the use of heat 
pumps in pulp and paper mills and the viability and overall performance of drying 
concepts in paper machines with respect to the type of paper produced. 
Unfortunately, the general availability of data for these technologies is scarce. 
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Meanwhile, the results show how big impact the inclusion of technologies can have 
on the resulting use of biomass in ESOMs. Considering that biomass typically plays a 
central role in the overall reduction of emissions in national and global modelling 
pathways, improved accuracy with respect to heat demands should be prioritised to 
improve the analysis.  

RQ 5: The climate benefits of carbon stored in plastics are based on a set of 
assumptions that aim at recycling rates, which are vulnerable to overestimations. 
Overestimating recycling rates generates larger errors than underestimating them, 
which means that there is a risk of overestimating the negative emissions contribution 
of carbon stored in plastic. This suggests that a defensive and careful estimation of 
future recycling rates is advisable, therefore, especially when applying higher recycling 
rates. Therefore, 50% recycling is used as the base case in Paper V, serving as a 
moderate estimate that is perhaps even pessimistic (considering the current policy 
focus on circularity).  

Both Paper IV and Paper V assume a homogeneous recycling rate for all plastic 
materials, which is problematic for two specific reasons when assessing high recycling 
rates. First, the potential recycling rates of materials when using mechanical recycling 
are complex and depend on where and how they are used. Therefore, recycling rates 
vary considerably between materials and estimating the upper limit is difficult. 
Second, achieving high recycling rates will likely require chemical recycling as the 
universal solution for all material that is not mechanically recycled. However, 
chemical recycling potentials are limited by feedstock quality restrictions (Qureshi et 
al., 2020), thus introducing further uncertainty into the assumed higher recycling 
rates. Consequently, for improved estimations, a focus on material-specific recycling 
rates is advisable, preferably derived from dedicated material flow models, especially 
when assessing high recycling rates. 

 

6.2 Policy Perspective on Modelling Results 
In a functioning and free economic market, efficiency is achieved when resources are 
allocated in such a way that no actor can benefit without making it worse for other 
actors (Pareto optimality). Typically, this occurs when the willingness-to-pay of 
buyers matches the marginal cost of production of a commodity, the market 
equilibrium, assuming the market has perfect competition. Unfortunately, markets 
are rarely perfect, and external effects, i.e., factors that are not included when 
estimating the market equilibrium, cause inefficiencies and market failures. Removing 
these inefficiencies is the main reason why policy instruments such as the European 
Union emission trading scheme (EU-ETS), emission restriction, and carbon & energy 
taxes are introduced.   
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There are two main types of external effects that cause market failures: external 
benefits and external costs. From an environmental point of view, external cost 
typically arises when an actor, without any accountability, can exploit open access 
resources in such a way that it imposes costs on external actors. For example, when 
air pollution from one actor imposes cost on external actors by, e.g., health 
degradation (where the air/atmosphere is the open access resource). External benefits 
typically arise when the benefit of a measure made by an actor immediately benefits 
all other actors, that is, a public good. The use and production of a public good give 
rise to the free rider problem, where actors can access and exploit a benefit while 
avoiding costs (someone else already paid for the service), which undervalues the 
benefit.  

Policies intervene with economic markets to correct market failures by addressing and 
internalising these failures. For Sweden, policies for emission reduction and 
sustainability within the energy system follow the hierarchy of EU legislation. The 
EU provides the minimum requirements in their directives, and the directives are 
thereafter implemented via each member state's own legislation, where they can be 
more stringent but never worse than the directives. These directives provide targets 
for, for example, renewable energy shares in the energy mix and limits on emissions 
and pollution.  

On a side note, the carbon tax is part of a wider energy tax. As of 2018 non-ETS 
industries need to pay full carbon tax. In addition, industrial activities are also eligible 
for reductions in energy taxes. In general, all industrial activities that are classified as 
NACE/SNI 05-33 can get energy tax reductions on both fuels and electricity (SFS 
1994:1776). Meanwhile, most energy-intensive processes in which, for example, 
metallic ores (iron ore, bauxite, or copper ore) are transformed to their corresponding 
metal, or where any form of chemical conversion processes that uses fuels for 
nonenergy purposes (feedstock) to produce, e.g., olefins, are fully relieved from 
energy taxes (SFS 1994:1776). Domestic taxes are subject to change, as the EU 
energy taxation directive also gets an overhaul with the ‘Fit for 55’ proposal 
(European Commission, 2021a). The updated directive aims to better promote the 
uptake of electricity and (renewable) alternative fuels. However, the exact details of 
the overhaul have not yet been decided, and how the revised energy taxation directive 
will affect domestic taxes remains to be understood.   

In the following subsections, the results found in the appended papers are contrasted 
with current policies. The focus is on three main policy areas that are most relevant 
for industry specifically and the energy system in general with respect to GHG 
emissions. These are EU-ETS and carbon pricing, technology development, and 
carbon removal credits. Therefore, this subsection is primarily concerned with the 
external cost of GHG emissions and the external benefits of technology development.  
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6.2.1 EU-ETS and Carbon Pricing 
The EU-ETS and carbon pricing aim to internalise the damage cost of GHG 
emissions by assigning a price on carbon. For GHG emissions, activities within EU 
member states are part of the EU-ETS or part of the effort-sharing regulation 
(European Commission, 2018). Therefore, it is convenient to divide the sector into 
the sectors included in the EU-ETS and the sectors not included. EU-ETS applies to 
all stationary plants part of selected industrial activities or combustion plants with a 
rated thermal input of at least 20 MW, as according to the specifications in Directive 
2003/87/EC . In short, and as a convenient simplification, all industries classified as 
the basic materials industry in this thesis fall within the EU-ETS regulation. Thus, for 
the remainder of this section, we will address EU-ETS specifically, but most ideas and 
argumentation apply to general carbon pricing as well. 

EU-ETS is a cap-and-trade policy program that aims to achieve cost-efficient 
reductions of GHG emissions. It regulates GHG emissions by making available a 
specified number of emission permits that are lower than current emissions. In its 
current implementation, EU-ETS is expected to achieve a 43% reduction in CO2 
emissions by 2030 compared to levels in 2005 (European Commission, 2021c).  

The emission permits are either allocated for free or auctioned. The free allocation of 
permits targets selected participating actors, typically industries, to prohibit carbon 
leakage and ensure the competitiveness of EU industries on global markets. For most 
industries classified as basic materials industry, the risk of carbon leakage is deemed 
high enough to warrant 100% free allocation until 2030. For all other manufacturing 
industries, the share of free allowances was 80% in 2013 but is set to decrease to 30% 
by 2020 and reach 0% by 2030 (European Commission, 2021c). However, to achieve 
optimal economic efficiency, as many permits as possible should be auctioned.  

The ‘Fit for 55’ proposal in the EU (European Commission, 2021a) proposes several 
changes to the EU-ETS. The emission reduction target is increased to a reduction of 
61% by 2030 compared to levels in 2005. In addition, a carbon border adjustment 
mechanism (CBAM) is proposed. CBAM adds costs to imported products that carry 
a carbon burden and is specifically designed to limit carbon leakage from activities 
within the EU (European Commission, 2021f). This allows the removal of free 
allowance allocation in EU-ETS, in turn, reinforcing the price signal on carbon in 
EU-ETS.  

As a market-oriented policy, EU-ETS is economically efficient in promoting all low-
emission technologies while penalising all technologies that emit GHGs and, 
therefore, often referred to as technology neutral. However, following the argument 
of Azar and Sandén (2011), there is no such thing as completely technology-neutral 
policies. EU-ETS internalises the external costs of GHG emissions, but other 
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important externalities with respect to overall sustainability are not considered. In fact, 
following the results of Paper II, EU-ETS is very effective for reducing emissions 
(Figure 24). At the same time, Paper II also shows that it is much less effective in 
reducing the use of fossil fuels, as it foremost promotes the deployment of CCS-
technologies. Accordingly, Paper II shows that EU-ETS foremost promotes the 
deployment of industrial technologies that build on the established fossil fuels lock-
in. It is only when emissions from fossil fuels are not allowed to be offset by carbon 
removal that fossil fuels are no longer part of the solution. Thus, in line with previous 
research, technology specificity or ‘second best’ policies are needed to steer away from 
fossil fuels and/or in the direction of desired technological paths (Sandén and Azar, 
2005; Söderholm, 2020). Therefore, it is the different directives of the EU legislation 
that shape our future, while EU-ETS only ‘paves the way’.  

 

Figure 24: Comparison of emission reduction when including and excluding 
a carbon price (from Paper II). The upper row represents the cases where 
full offset of fossil CO2 emissions is allowed. The lower row represents cases 
where the offset of CO2 offset is restricted to process emissions.  
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6.2.2 Technology Development Policies 
The external effect associated with technology development is the external benefit 
caused by knowledge spillover (here for improved environmental/emission 
performance). Although this is labelled as a benefit, the risk undertaking and the 
eventual free-riding of competitive actors that benefits from the generated knowledge 
does impose a cost to the developing actor (Jaffe et al., 2005). To foster technology 
development, internalising the knowledge spillover externality is required, which 
warrants policy support. However, the main goal of this support is not to help specific 
actors to succeed with technology development (it is a side effect), it is to create 
knowledge spillover that helps achieving a cost-efficient transition to net-zero 
emissions (Lindman, 2015).  

Within Sweden and the EU, ‘klimatklivet’, ‘industriklivet’, and the EU innovation 
fund are three investments and funding support/subsidies relevant to industry that 
specifically target pilot and demonstration scale development of technologies. 
Therefore, these policy support programs specifically address the risks associated with 
the development of new technologies. Although any technology project can apply 
for funding, the support is focused on specific areas of interest and is only given to 
selected projects.  

According to approved applications to ‘industrilivet’ and the EU's innovation fund, 
the iron & steel, chemical (olefin production), and cement industry appears to be 
progressing toward a fossil-free future. The iron and steel industry received funding 
for initiatives aimed at hydrogen-based steelmaking (European Commission, 2022b). 
The cement industry received funding for projects that aim to electrify its processes 
that currently use fuels (Wilhelmsson et al., 2018). The chemical industry received 
funding for projects developing chemical recycling (European Commission, 2022a) 
and the production of methanol using CCU (Söderholm et al., 2021). Meanwhile, 
contrasting these projects with the findings of Paper II, the focus on mainly 
electrification options is noteworthy. In Paper II, biomass and biofuels are 
consistently a preferred option for replacing fossil fuels, especially in the chemical 
industry, but also in the steel industry and the cement industry. Electrification in 
sectors where carbon is not directly required, such as heating purposes in industry, is 
important when competition for biomass from international markets increases. Still, 
with respect to the scenario results, it remains puzzling that one of the most cost-
efficient options (using biofuels) is not considered as widely as it should be regarding 
the decarbonisation of industry. Even if the sustainability criteria for the use of forest 
biomass are set to increase (limiting biomass availability) with the ‘Fit for 55’ package 
(European Commission, 2021b), an efficient use of biomass by-products will still be 
a key solution in the future as long as wood products are in demand. 
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Paper III shows that the most promising pathways for technology development to 
improve biomass utilization efficiency on an energy system scale include biorefineries 
integrated with forest industry (especially black liquor gasification) where biorefinery 
waste heat is used using waste heat from biorefineries; heat pumps capable of 
supplying steam up to 200°C for electrification of the steam supply and better 
utilization of on-site waste heat; and overall efficiency improvements to reduce overall 
steam demand of forest industry. The overall strategy is to avoid the use of biomass 
for generation of steam in boilers so that biofuels minimise deployment of more costly 
power-to-fuel technologies (including electrolysis) and, in extension, DACCS, as 
according to Papers II, III and V. How well the updated energy efficiency directive 
(European Commission, 2021e), the renewable energy directive (European 
Commission, 2021d), and the strategy for energy system integration (European 
Commission, 2020c) will steer the energy system in the suggested direction remains 
to be seen.  

Although innovation support policy programs are good for the so-called technology 
push, the typical recipe for successful technology change is to deploy a combination 
of policies that exert both technology push and demand pull (Nemet, 2009; Lindman and 
Söderholm, 2016). Simplified, the process of technology development (and change) 
can be divided into three stages, invention, innovation, and diffusion. Invention and 
innovation entails developing a technology to commercial state through research and 
development efforts, while diffusion is the process of establishing the technology on 
existing markets (Jaffe et al., 2005; Lindman, 2015). Compared to the TRL scale used 
in Paper II, invention represents improvements between TRL 1-4, innovation 
represents improvements between TRL 5-9, and diffusion applies to technologies 
once they reach TRL9. While this comparison to TRL makes for a useful illustration 
(and basis for modelling assumptions), these processes are both cyclic (e.g., diffusion 
can lead to a new need for innovation), and the development stages are not always as 
clear (diffusion could start at TRL8). Technology push is the name of policies that 
support the development of technologies in the invention and innovation phases. 
Demand pull is the name of policies that support technologies in the diffusion phase, 
which ensures that newly developed technologies remain competitive once they are 
introduced to the market until the technologies are competitive by themselves.  

With the three innovation support policy programs, current policies seem to 
adequately address the technology push aspect in the sense that a necessary policy 
instrument exists, although the targeted technologies can be discussed. Meanwhile, 
policies targeting industry decarbonisation in Sweden and the EU lack in the demand 
pull aspect (a view shared by SEPA and SEA (2022)), to help newly commercialised 
technologies avoid the ‘valley of death’. EU-ETS partly promotes technology 
development and demand pull by promoting technologies with low or no GHG 
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emissions once they reach the market. However, as mentioned previously, EU-ETS 
does not necessarily promote technologies that change the energy system in the 
desired direction. Papers II and V suggest that a focus on establishing niche markets 
(i.e., various forms of demand pull policies) for methanol, ethanol, and FT-liquids 
would be beneficial to the chemical industry (and transportation as an added benefit). 
Likewise, supporting industries that pioneer the production of carbon-neutral 
materials such as cement produced using CCS or steel produced using hydrogen is 
equally important.  

6.2.3 Carbon Removal Credits 
A second critical aspect of EU-ETS after 2030 will be the potential inclusion of 
carbon removal credits. The exact format of EU-ETS beyond 2030 is currently not 
decided, but the target is net-zero by 2050. At the same time, the total number of 
emission allowances in EU-ETS is finite and is projected to reach zero by 2058 
(Elkerbout and Zetterberg, 2020). Due to hard-to-abate emissions, including residual 
emissions from CCS, carbon removal credits are likely required. However, carbon 
removal credits are controversial, especially when used to justify continued emissions 
from fossil fuels (Anderson and Peters, 2016; Honegger and Reiner, 2018). In 
Paper II, access to low-cost BECCS is part of the explanation of why technologies 
that use fossil fuels with CCS are attractive. Therefore, careful consideration is 
required for the implementation of carbon removal credits in EU-ETS.  

For Sweden, the main concern with carbon removal credits is how it will impact the 
use of biomass and carbon derived from biomass, which is not the least critical for the 
production of olefins by the chemical industry. If carbon credits are valued high 
enough, the economic incentives to use biomass primarily for its potential to generate 
negative emissions become high, with a risk of a BECCS lock-in if carbon removal 
credits are not sufficiently regulated. Just as EU-ETS, carbon removal credits are likely 
efficient for internalizing the external cost of CO2 emissions, which promotes already 
available technologies (Sandén and Azar, 2005), while the external costs of continued 
use of fossil fuels (other than emissions) are not captured at all. In the short term, this 
is well illustrated by the potential for BECCS in CHP plants. As carbon prices have 
recently reached 80-90 EUR/t of CO2 (EEX, 2022) and are projected to reach 200-
250 EUR/t of CO2 by 2050 (IEA, 2021). Meanwhile, the costs of BECCS in CHP 
plants are estimated to be 40-110 EUR/t of CO2 (Johnsson et al., 2020), so BECCS 
in CHP plants is likely going to be profitable. Furthermore, since BECCS in CHP 
plants relies on commercial or close-to-commercial technologies, its potential for 
rapid deployment is large, not least in forest industries (Karlsson et al., 2017). BECCS 
in CHP plants is likely to play a role in the transition to net-zero emissions, but that 
role is unclear. In Paper II, its main use is to offset fossil emissions from CCS 
technologies using fossil fuels until more efficient options to generate negative 
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emissions (i.e., biorefineries with CCS) become available. Meanwhile, the results in 
Papers II, III and V suggest that large-scale deployment of biorefineries for increased 
use of biofuels – and as a source of BECCS/BECCU – is the most cost-efficient use 
of biomass in the energy system, and in industry, if fossil fuels are to be replaced. It 
would be unfortunate if the implementation of carbon removal credits that do not 
fully acknowledge the potential of all various biomass use options further increases 
the barriers to successful biorefinery deployment. 

Paper V presents another example of the negative impacts on fossil fuel replacement 
from carbon credits. In Paper V, a price of 20-50 EUR/t of CO2 for carbon used as 
feedstock is required for olefin production using CCU to be competitive when also 
applying a carbon fee on fossil plastic of 200-250 EUR/t of CO2 (the same as the 
projected carbon price by the IEA, 2021). This is only achieved when CO2 is captured 
from biorefineries or industrial processes where separated CO2 is a by-product. If 
BECCS is incentivized by carbon removal credits, it is likely to drive CO2 costs and 
negatively impact the competitiveness of renewable olefin production.  

If long-term carbon removal and increased production of renewable olefins is a 
desirable target, it is likely that the most efficient solution would be to (1) produce 
olefins using renewable feedstocks and (2) thereafter apply CCS to all forms of waste 
incineration to ensure that carbon from renewable and fossil olefins (in the form of 
plastic waste) is stored indefinitely. However, this would require policies to 
acknowledge the carbon storage potential of plastic products, following the 
methodology described in Paper IV. Such an approach would also have synergies 
with policies for material efficiency and circular economy, as the storage potential for 
carbon in plastics increases with increasing recycling rates. It also requires that the 
biomass cascading principle also include captured CO2 (when derived from biomass), 
as it would promote increased production of bioolefins in power-to-fuel technologies 
(synergising with the EU's hydrogen strategy (European Commission, 2020b)). 
Likewise, the inclusion of non-energy use in the renewable energy directive should 
help this cause as well. Consequently, valuing biomass-derived CO2 for material 
production also means that CCS is best used for waste incineration, capture of process 
emissions in industry, and rare cases of fossil fuel use (where there are no other 
alternatives).  
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7 Conclusions and Future Work 

This chapter is divided into three parts, covering the conclusions about representing 
industry in energy system models, conclusions about net-zero or net-negative 
emission pathways for Swedish industry, and finally a note on future work.  

 

7.1 Energy System Modelling 
RQ 1: The suggested model representation of industry is based on a detailed 
representation of tradeable materials. This focus on tradeable materials improves the 
possibility of tracking structural changes in industry related to material demand 
changes. Furthermore, the representation provides a basis that improves future 
opportunities to analyse the impacts of circularity and material substitution in ESOMs. 

Tradeable materials also form the basis for categorising industry into site categories. 
Industrial site categories to recognize that different sites have different opportunities 
with respect to process integration, industrial symbiosis, and sector coupling. Each 
industrial site category has its own site-specific energy commodity balance and 
restrictions and explicitly represents energy conversion technologies (mainly heat 
generation and fuel conversion) and material processes separately. This allows a more 
accurate estimation of the technoeconomic impact on the energy system from the use 
of waste heat from biorefineries or storage potential from the on-site production of 
hydrogen. Consequently, industrial site categories improve the ability to model 
impacts from process integration, industrial symbiosis, and sector coupling in ESOMs. 

Furthermore, an important key feature of the suggested industry representation is to 
specifically model industrial by-products as outputs from specific industrial 
technologies (and not as available resources, which is often the case in national 
models). Thus, the availability of a by-product is directly proportional to the demand 
of materials, and the cost of these by-products is the opportunity cost of not using it, 
which is determined by site-specific opportunities for using the by-product.  
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RQ 2: For the representation of material production processes, the rule of thumb 
should be a minimum of one process step per tradable material represented. The 
representation of each process step should aim to include one option using 
biofuel/biomass, one option using carbon capture, and one electrification option 
(including indirect electrification). I argue that it is more important to accurately 
represent these different decarbonisation options than to excessively improve the level 
of detail in the model. Understanding the trade-offs between these three options is 
crucial for understanding the transition to carbon neutrality, which aligns with the 
strength of ESOMs. 

RQ 5: Accounting for carbon stored in plastics is important for reducing the general 
overreliance on carbon removal technologies in ESOMs. For Sweden, accounting for 
the negative emissions caused by renewable carbon stored in plastic reduces the 
reliance on BECCS to achieve the nation’s climate targets. Because of synergies with 
recycling, the carbon storage potential of plastic products is especially worth 
recognising and promoting in a policy setting that aims for circularity. Furthermore, 
with a rapid transition to a circular economy and the upscaling of plastic production 
using renewable feedstock (starting in 2030), the carbon storage effect of plastics will 
coincide with the period that the IPCC deems most critical for emission reduction. 

The accounting of the negative emissions caused by temporary storage of renewable 
carbon in plastic provides improved incentives for producing renewable plastic. 
However, assessing the value of exporting renewable plastic, as seen by the producing 
country, is a challenge for national ESOMs due to the complexity with respect to the 
multinational trade of products and materials. However, it is important to correctly 
acknowledge the full potential of materials to ensure that the production of those 
materials is correctly incentivised in the model. 

 

7.2 Net-Zero or Net-Negative Emission Pathways for Swedish 
Industry 

RQ 3: There are many opportunities for the Swedish industry to reach net zero 
GHG emissions by 2045. The optimal pathway depends on the policy to offset fossil 
emissions with negative emissions. When allowing full offset of fossil emissions, it is 
possible to reach net-zero emissions by purely using technologies that are already 
commercially proven. However, such a solution relies on the continued use of fossil 
fuels (mainly in the steel, cement, and chemical industries) and the use of BECCS in 
CHP plants to offset any residual emissions. At the same time, the least costly option 
to reach net-zero emissions includes the use of fossil fuels in technologies using 
advanced CCS solutions (TRL6) while offsetting all residual emissions by using 
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BECCS in biorefineries and industrial material production processes. The need for 
BECCS could be even further reduced by accounting for renewable carbon stored in 
exported plastic (which replaces fossil-based plastic). When restricting the possibilities 
of offsetting emissions, reaching net-zero emissions in the Swedish industry requires 
technologies of at least TRL6. The most important of these technologies are hydrogen 
electrolysis (including industrial technologies capable of using hydrogen) and 
advanced biorefineries using biomass/black liquor, which are inevitable for realising 
this goal with the natural resources available. 

The results show that the most critical aspect for the decarbonising industry is the 
development of renewable fuel production, as these can be used as direct substitutes 
in the currently used processes. At the same time, the development of industrial 
processes is also beneficial. The development of efficient carbon capture options is the 
key to reducing process emissions in the cement industry. The development of 
technologies such as chemical recycling of plastics to reduce the need of renewable 
feedstocks in the chemical industry, hydrogen/electrification for high-temperature 
heating, or high-temperature heat pumps (capable of supplying heat at 200°C or 
higher) are important to reduce the need for fuels derived from renewable carbon. 
Therefore, the need for technology development is broad. While current policies in 
Sweden and the EU adequately target the technology-push aspect of technology 
development, technology-pull policies for maintaining the competitiveness of new 
technologies are lacking. 

RQ 4: Sector coupling, resulting mainly from industrial symbiosis/process 
integration in the forest industry for efficient production and use of biofuels, is key 
to achieving a cost-efficient transition. Biorefineries integrated with the forest 
industry have the potential to shift 175-200PJ of biomass and black liquor from the 
final energy consumption in the forest industry to the input in biofuel production. 
The improved availability and efficiency of producing biofuels reduces the need for 
hydrogen electrolysis and minimises the overall costs of the total energy system. 
Such sector coupling strategies for efficient biomass use become even more 
important for reducing cost when forest biomass harvest is limited. However, these 
strategies are based on the successful development of progressive technologies, 
including high temperature heat pumps, and the acceptance among forest industries 
of adopting radical business models. 

RQ 5: An increase in renewable olefin production and exportation can contribute 
significantly to Swedish climate targets, reducing the need for BECCS while also 
supporting international markets to become more sustainable. The use of biofuels and 
fuels produced from CO2 captured from biorefineries could allow an increase in the 
export of 3.5 to 5 Mt of olefins. To be competitive, a carbon fee of 190 EUR/t CO2 
is required compared to the use of fossil fuels without CCS and 270 EUR/t CO2 
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compared to the use of fossil fuels with CCS. These prices require that the negative 
emissions caused by carbon stored in plastic is accounted for and that the required 
increase in power generation comes from offshore wind. 

In contrast to the findings of this thesis, the focus on electrification options among 
current technology development policies is noteworthy. Meanwhile, biomass and 
biofuels are consistently the preferred option for replacing fossil fuels in all scenario 
results. Even in the event of more stringent regulations on forest harvest, efficient use 
of biomass by-products will still be a key solution in the future as long as wood 
products are in demand. Therefore, it is advisable to focus more on developing and 
deploying advanced biorefineries. Such a focus would improve the cost efficiency of 
industrial decarbonisation.  

 

7.3 Future Work 
Although this thesis has explored many of the aspects of industry’s transition to net-
zero emissions, there are still many areas that are important to target in future research.  

The current model representation could benefit from a more accurate representation 
of waste heat flows and availability, where the current representation is a bit basic. A 
better tracking of waste heat would improve the accuracy in representing heat pumps 
and opportunities for industrial symbiosis, both of which are aspects that are found 
important for a cost-efficient transition. Similarly, the interaction between industrial 
waste heat streams and local district heating systems could need further focus. 
Additionally, the representation of technologies in the model will always need updates 
when new innovative technologies emerge. 

A major area for future research is the circular economy and material substitution 
possibilities. The impacts of both the circular economy and material substitution are 
important to address because of their impact on both resource and energy efficiency. 
However, due to the complexity of multinational trade, understanding how the 
benefits of circular economy and material substitution should be valued and best 
captured in a national ESOM context is challenging.
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