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Forest biomass in the energy transition 

Modelling industrial flexibility and inter-sectoral dependencies 

SIMON INGVARSSON 
Department of Environmental and Energy Sciences 
Chalmers University of Technology 

Abstract 

Sustainably sourced forest biomass is a renewable but limited resource that can substitute for 
fossil carbon in many applications. As the energy transition adds demands for transportation 
fuels, flexible electricity generation, and negative emissions, the challenge is to allocate the 
biomass across competing uses, so as to increase its economic value and its contribution to 
climate change mitigation. This thesis explores how technologies and process configurations 
within the forest biomass system (defined as the value chain from harvested wood to end 
products), where chemical pulp mills currently play a central role, can contribute to achieving 
these goals during the transition. Two optimisation models are applied, representing a single 
pulp mill and the Swedish forest biomass system within the wider energy system. 

Assuming that fossil carbon is phased out and that the demand for biogenic carbon increases, 
the results show that the investments and operational strategies that become rational in the 
near future depend on policy and market developments in sectors outside the traditional forest 
industry. The main contribution of the pulp mill (beyond pulp) may, thereby, shift from base-
load electricity to flexibility, and eventually to replacing fossil feedstocks through lignin ex-
traction or bioenergy with carbon capture and utilisation (BECCU), or to negative emissions 
through bioenergy with carbon capture and storage (BECCS). For the individual mill, carbon 
capture becomes the most profitable option if negative emissions are priced high enough. At 
the system level, however, gasification plants producing renewable methanol, in which CO₂ 
is a by-product of the syngas, deliver negative emissions at a lower cost when there is also a 
demand for methanol. The outcome of a policy for negative emissions therefore depends on 
whether biogenic carbon is also in demand for fuels and chemicals. 

As new demands are placed on forest biomass, the interplay between the forest biomass sys-
tem and the wider energy system changes at both the mill and the system level. Flexible op-
eration of processes and boilers in the pulp mill increases the value of the mill’s surplus elec-
tricity and reduces the cost of lignin extraction, which is dominated by the foregone electricity 
generation. BECCU, where captured CO₂ is combined with hydrogen generated by electroly-
sis, raises the product yield further, but at an even higher cost in electricity. At the system 
level, targets for methanol and negative emissions reallocate biomass away from combined 
heat and power (CHP) plants, whose electricity generation is lost, while the heat pumps that 
replace them in the heating sector increase further the electricity demand. 

Under the studied conditions, the role of forest biomass shifts from that of a fuel supplying 
heat and electricity towards that of a source of carbon, whose refinement into products or 
more valuable energy carriers is paid for with heat and electricity. The value of the biomass 
then varies with time and location, depending on which alternative it replaces. 

Keywords: Biomass allocation, Chemical pulp mill, BECCS, BECCU, Lignin extraction, In-
dustrial flexibility, Negative emissions, Biofuels, Energy system modelling, Sector coupling



 



v 
 

List of publications 

The thesis is based on the following appended papers, which are referred to in the text by their 
assigned Roman numerals: 

 

I. Ingvarsson, S., Odenberger, M., & Johnsson, F. (2023). The chemical pulp mill 
as a flexible prosumer of electricity. Energy Conversion and Management: X, 
20, 100401. https://doi.org/10.1016/j.ecmx.2023.100401 
 

II. Ingvarsson, S., Odenberger, M., & Johnsson, F. (2024). Lignin extraction in 
chemical pulp mills: The role of flexible operation. Sustainable Chemistry for 
the Environment, 7, 100137. https://doi.org/10.1016/j.scenv.2024.100137 
 

III. Ingvarsson, S., Odenberger, M., & Johnsson, F. (2025). Chemical pulp mills in 
future energy markets with variable electricity prices and increased demand for 
biogenic carbon. Biomass and Bioenergy, 199, 107903. 
https://doi.org/10.1016/j.biombioe.2025.107903  
 

IV. Öberg, S., Ingvarsson, S., Odenberger, M., & Johnsson, F. (2026). Synergies 
and trade-offs for forest biomass use under joint BECCS and renewable metha-
nol targets in Sweden. Manuscript. 

 

 

Author contributions: 

Simon Ingvarsson is the principal author of Papers I–III and was mainly responsible for the 
method development, modelling, analysis, visualisation, writing and discussions in these pa-
pers. For Paper IV, Simon Ingvarsson wrote the original draft and contributed to modelling, 
analysis and discussions. Dr Simon Öberg contributed to modelling, analysis, visualisation, 
writing and discussions in Paper IV. Associate Professor Mikael Odenberger contributed to 
method development, editing and discussions in all the papers. Professor Filip Johnsson con-
tributed to editing and discussions in all the papers.  



vi 
 

Declaration on the use of generative AI  

Generative AI tools were used in preparing the introductory chapters of this thesis. They were 
used to edit language and terminology, to suggest changes to the structure, and to check that 
the aim, research questions, results and conclusions agree with each other and with the ap-
pended papers. For some passages, such as parts of the related work section, the tools wrote 
draft text based on the author’s existing text and the appended papers. The tools also suggested 
literature, summarised articles and checked statements in the text and tables against the cited 
sources. The author reviewed and revised all suggested edits and drafts, and decided which 
sources to include. 

The tools did not produce the research ideas, models, data, results or conclusions, which come 
from the research presented in the appended papers. The author developed the overall story-
line of the introductory chapters, including the research questions and how the results of the 
papers are brought together. All content and decisions in the thesis were made, verified and 
approved by the author, who is fully responsible for its accuracy and integrity. 



vii 
 

Acknowledgements 

I would like to express my sincere gratitude to my supervisors, Mikael and Filip. Thank you 
for your guidance and support throughout the work on which this thesis is based. I appreciate 
that you both trusted in my ability and remained curious about the topic over the years, and 
that you, Mikael, stayed involved in the project until the end, even after your career change. I 
also wish to thank Simon Ö, not only for being a good friend, but also for helping me reach 
all the way to the nationwide system level in our joint study. I really enjoyed our collaboration 
on the paper, not least during the early stages of shaping the research idea. Furthermore, I 
wish to thank Elin and Johanna for valuable assistance at different stages of my research jour-
ney, and Sven, Stefan and your colleagues at Södra for sharing knowledge and for our discus-
sions. 

On a more personal level, I wish to thank my fellow PhD students at the Division of Energy 
Technology for many memorable moments in and outside of the workplace. I know that sev-
eral of you will remain my friends long after my time at Chalmers has ended. Finally, to 
Matilda, thank you for supporting me in this endeavour, but maybe even more for helping me 
keep perspective on everything else in life. I will remember the years we lived in Gothenburg 
not only as the years I spent at Chalmers, but as a time when we explored the city and the 
surrounding nature together, and, above all, got married and welcomed little Doris into the 
family.  

Looking back, I am truly grateful for everything these years have given me, both at work and 
at home. 

Simon Ingvarsson 
Göteborg, October 2026 



viii 
 

List of abbreviations 

ADt Air-dry tonne (of pulp) 

BECCS Bioenergy with carbon capture and storage 

BECCU Bioenergy with carbon capture and utilisation 

CHP Combined heat and power 

CO₂ Carbon dioxide 

ELLI Electricity Long-term Investment model 

EU European Union 

EU ETS EU Emissions Trading System 

LP Linear programming 

MILP Mixed integer linear programming 

PEMO Pulp mill Energy and Materials Optimisation model 

PV Photovoltaic 

RED III Renewable Energy Directive, as amended by Directive (EU) 2023/2413 

RFNBO Renewable fuel of non-biological origin 

SE3 Swedish electricity bidding zone 3 

VRE Variable renewable electricity 

WAM With additional measures (projection pathway) 

WEM With existing measures (projection pathway) 



ix 
 

Table of Contents 

1 Introduction .................................................................................................... 1 
1.1 Background ............................................................................................... 1 
1.2 Related work ............................................................................................. 7 

1.2.1 Studies at the site level ..................................................................... 7 
1.2.2 Studies at the system level ................................................................ 9 
1.2.3 Research gap................................................................................... 11 

1.3 Aim ......................................................................................................... 12 
1.4 Outline of the thesis ................................................................................ 13 

2 Method .......................................................................................................... 15 
2.1 PEMO model........................................................................................... 15 
2.2 ELLI model ............................................................................................. 18 
2.3 Case studies ............................................................................................. 19 
2.4 Assumptions and data ............................................................................. 20 
2.5 Complementary analyses ........................................................................ 21 

3 Results and discussion .................................................................................. 23 
3.1 The evolving role of the chemical pulp mill ........................................... 23 
3.2 Comparison of options for pulp mill by-product utilisation ................... 26 
3.3 The economic value of low-grade biomass ............................................. 30 
3.4 Incentives for BECCS and synergy with methanol production .............. 33 
3.5 The potential, value and limits of flexible operation .............................. 37 
3.6 Trading electricity for biogenic carbon ................................................... 41 
3.7 Re-allocating forest biomass between sectors ......................................... 45 

4 Conclusions ................................................................................................... 49 
4.1 Future work ............................................................................................. 51 

References ............................................................................................................... 53 
 



 



1 
 

1 Introduction 

1.1 Background 

The world is in the midst of an energy transition that is driven by climate change; 
rapidly declining costs for wind power, solar PV and batteries; and a growing empha-
sis on security of supply in a highly uncertain geopolitical situation [1,2]. In the EU, 
the pace of the transition is set by the European Climate Law, which requires that net 
greenhouse gas emissions be reduced by 55 % by Year 2030 and by 90 % by Year 
2040 relative to Year 1990; and climate neutrality be reached by Year 2050 [3]. 
Achieving net-zero CO₂ emissions in the energy system will require a substantial re-
duction in overall fossil fuel use and minimal use of unabated fossil fuels [4]. 

Forest biomass is a renewable source of carbon that can directly or indirectly substi-
tute for fossil carbon in many of its current applications, such as transportation fuels, 
peak capacity in the electricity system, and building blocks for plastics and other 
chemicals [4]. The CO2 emissions originating from biomass are generally considered 
carbon neutral as long as the total carbon stock is not depleted, and any net changes 
are accounted for in the land-use sector [5]. However, since all sectors of the economy 
must be de-fossilised in a relatively short time period and access to sustainably 
sourced biomass is limited, the challenge arises to allocate this limited resource effi-
ciently between different uses, so as to maximise its economic value and its contri-
bution to climate change mitigation [6]. 

In climate change mitigation, there is a trade-off between using the forest as a carbon 
sink and the substitution effect of forest products, i.e., the emissions reductions ob-
tained when forest products replace fossil fuels or more emission-intensive materials, 
such as concrete and steel. Leaving forest lands unharvested increases the carbon 
stock in the short term, whereas the carbon released from harvested wood may take 
decades to be re-bound in the growing forest. At the landscape level, however, the 
forest as a whole remains a carbon sink as long as the level of growth exceeds the 
amount harvested [7]. The size of the substitution effect is uncertain, as it depends on 
which products are actually replaced [8]. Whichever role the forest is assigned, the 
demand for timber is likely to remain, and a reduced harvest in one country is, at least 
partly, offset by increased harvesting elsewhere [9], and as long as trees are harvested 
for sawn timber, there will also be pulpwood, logging residues and industry residues 
available for other uses. 
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Harvested biomass can also contribute to carbon removal through bioenergy with 
carbon capture and storage (BECCS). Trees absorb CO2 from the atmosphere as they 
grow, and if the biogenic CO2 is captured from the flue gases when the biomass is 
combusted and thereafter stored permanently, this yields so-called negative emis-
sions. If implemented on a large scale, and without depleting the biogenic carbon 
stock, BECCS can compensate for residual emissions in hard-to-abate sectors, and 
will eventually bring the economy as a whole to net-negative emissions [10]. The 
European Climate Law states that the EU shall aim for negative emissions after Year 
2050 [3]. Alternatively, the captured CO2 can be used as feedstock for products, e.g., 
electro-fuels (e-fuels), if combined with hydrogen generated by electrolysis, in so-
called bioenergy with carbon capture and utilisation (BECCU).  

How forest biomass should be allocated is addressed in EU policy through the cas-
cading principle in the Renewable Energy Directive (RED III) [11]. Member States 
shall design their support schemes for bioenergy so that woody biomass is used ac-
cording to its highest economic and environmental added value, in the following or-
der of priority: wood-based products; extending the service life of wood-based prod-
ucts; re-use; recycling; bioenergy and disposal. In addition, Member States shall not 
grant direct financial support for energy produced from saw logs, veneer logs, indus-
trial-grade roundwood (including pulpwood), stumps and roots. 

The cascading principle points to the principal solution to the allocation challenge: 
biomass that is currently used in lower-valued applications should be upgraded to 
higher-value applications where possible, and used and recycled for as long as possi-
ble [12]. However, a fixed order of priority does not capture the differences across 
the broad category of bioenergy. Bioenergy is traded in the form of heat on local 
markets and in the form of electricity on regional markets, while liquid biofuels are 
traded on global markets. The value levels of heat and electricity also vary with both 
time and location, and electricity generated at peak load can be worth considerably 
more than base-load electricity generated from the same biomass [13]. Finally, 
BECCS has no assigned place in the order of priority: while the economic value of 
negative emissions may be high, it also implies a linear flow of carbon, which reduces 
the amount of biomass available for other uses. 

How the value of forest biomass develops during the energy transition depends 
largely on the demand from three areas. In the electricity sector, a growing share of 
variable renewable electricity (VRE) shifts the role of biomass-based generation from 
base load towards flexibility. In the transport sector, fossil fuels must be replaced by 
renewable fuels including biofuels or electricity. Through BECCS, the biogenic CO2 
from large point sources, such as pulp mills, attains a new value in the sector of neg-
ative emissions. In all three areas, the new demand for biogenic carbon is largely 
created by policy, from the EU Emissions Trading System (EU ETS) to sector-
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specific fuel mandates, and the tightening of EU ETS already legislated for is sub-
stantial within the studied period (although the revision proposed in July 2026 would 
slow it down after Year 2030). Relevant EU and Swedish policies in relation to these 
three areas are listed in Table 1.  

In the transport sector, road transport is expected to be comprehensively electrified, 
whereas aviation and shipping will likely require liquid fuels. If the biomass available 
for biofuels is limited, these sectors will also need e-fuels [14]. ReFuelEU Aviation 
includes a separate mandate for e-fuels, and FuelEU Maritime counts their emissions 
reductions twice until Year 2033 (Table 1). Candidate fuels for shipping include bio-
diesel, as well as bio-methanol and e-methanol [15]. 

In a scenario with substantial electrification of industry and transport, the demand for 
electricity in Sweden is projected to more than double by Year 2050[16], while sev-
eral nuclear plants and a large share of the transmission grid will reach the end of 
their lifetimes [17]. A cost-optimal supply mix would be dominated by VRE, such as 
wind and solar power [18], which would increase price volatility and the need to 
manage variations in the electricity system [19]. 

Rapid variations can be managed cost-efficiently with batteries [20], whereas longer 
variations call for a broader set of measures, including supply control, demand-side 
management, and integration with the heating sector [21]. Beyond short-term varia-
tions, wind and solar power output also show variations with durations of several 
days and between years, and some winters bring rare but extreme periods of low out-
put and high demand, so-called dunkelflaute, which may last for several weeks and 
establish the need for long-duration storage [22]. 

In such a VRE-dominated system, biomass-based generation can complement the 
variable output by supplying electricity during hours of high residual load [13]. Even 
in a model of the entire European energy system, in which biomass is also in demand 
for fuels, materials and negative emissions, flexible bio-based electricity is the bio-
mass use that is most costly to replace when biomass use is restricted [23]. 
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Table 1. Main EU and Swedish policy instruments affecting the demands for forest biomass in the 
transport sector, the electricity and heat sector, and for negative emissions, as of September 2026. 

Instrument Main requirement 
Transport 
RED III, transport targets [11]  By 2030, a 14.5 % reducƟon in the greenhouse gas intensity of transport fuels 

or a 29 % renewable share, including at least 5.5 % advanced biofuels and re-
newable fuels of non-biological origin (RFNBOs), of which at least 1 % 
RFNBOs. 

ReFuelEU AviaƟon [24]  Minimum share of sustainable aviaƟon fuel supplied at EU airports of 2 % 
(2025), 6 % (2030), 20 % (2035), 34 % (2040), 42 % (2045) and 70 % (2050), in-
cluding a sub-mandate for syntheƟc fuels of 1.2 % (2030), 5 % (2035) and 35 
% (2050). Crop-based fuels are excluded. 

FuelEU MariƟme [25]  Greenhouse gas intensity of the energy used on board ships above 5,000 
gross tonnage reduced by 2 % (2025), 6 % (2030), 14.5 % (2035), 31 % (2040), 
62 % (2045) and 80 % (2050), relaƟve to 2020. The emissions reducƟons of 
RFNBOs are counted twice unƟl 2033, and a 2 % RFNBO sub-quota applies 
from 2034 if their share is <1 % in 2031. 

Electricity and heat 
EU ETS [26]   
Proposed revision [27]  

Cap for staƟonary installaƟons reduced by 4.3 % per year (2024–2027) and 
4.4 % per year from 2028, which would bring it to zero around 2039. Pro-
posed revision, under negoƟaƟon: 3.7 % per year (2031–2035) and 1.7 % per 
year (2036–2040). 

RED III, forest biomass for 
electricity [11]  

No new support, and no renewal of exisƟng support, for electricity from for-
est biomass in electricity-only installaƟons, unless the installaƟon applies car-
bon capture and storage, is located in a region idenƟfied in a territorial just 
transiƟon plan, or is located in an outermost region. 

Energy taxaƟon, Sweden [28]  Electricity tax of 36.0 öre/kWh from 2026, and 0.6 öre/kWh for electricity 
used in manufacturing industry. Biomass fuels used for heat producƟon are 
exempt from energy and carbon taxes. 

NegaƟve emissions 
EU ETS [26]   
Proposed revision [27] 

Biogenic CO2 is zero-rated, and permanently stored CO2 carries no surrender 
obligaƟon. Capture and storage of biogenic CO2, therefore, generates no reve-
nue. Proposed revision, under negoƟaƟon: the European Commission would 
purchase cerƟfied permanent removals from BECCS and direct air capture, 
and increase the cap by the same volume. 

Reverse aucƟon for bio-CCS, 
Sweden [29]  

State support for the lowest bid per tonne of captured and permanently 
stored biogenic CO2. First aucƟon: SEK 20 billion for more than 11 Mt CO2 over 
at most 15 years, on average about SEK 1,800 per tonne. 

 

Negative emissions can be rewarded in several ways: through state purchase guaran-
tees, quota obligations on selected sectors, trade between states under the Paris Agree-
ment, voluntary purchases by companies, or BECCS credits within the EU ETS [30]. 
Since capturing and storing biogenic CO2 generates no revenue under the current EU 
ETS (Table 1), BECCS must rely on other routes to revenue, such as national support 
schemes and voluntary purchases. In Sweden, BECCS is supported through a reverse 
auction. With the revision of the EU ETS proposed in July 2026 (currently under 
negotiation), the European Commission would purchase certified removals from 
BECCS and direct air capture, while tightening of the cap would be eased after Year 
2030 (Table 1). 
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Since a removed tonne of CO2 has the same climate mitigation effect as an avoided 
tonne, the EU ETS price is a natural reference for the value of negative emissions. 
Removals that cost more than the allowance price, however, depend on additional 
funding, as in the Swedish reverse auction, where the first contract corresponds to 
about SEK 1,800 (roughly 160 €) per tonne [29], which was about twice the EU ETS 
price at the time [31]. In addition to the investment and operation costs for the capture 
technology itself, the funding must cover costs for the transport and storage. For most 
Nordic sources, ship transport is the least costly transport option, while inland sources 
depend on trucks or pipelines connecting to a harbour [32]. 

In Sweden, these new demands for transport fuels, flexible electricity and negative 
emissions coincide with one of the world’s largest exporters of forest products [33]. 
In Year 2024, the Swedish forest industry produced 17.8 million m³ of sawn timber, 
8.3 Mt of paper and board, and 3.6 Mt of market pulp, most of which were exported 
[33]. Forest biomass in the form of residues is also an important fuel in the Swedish 
district heating systems, which supply about 60 % of the heat demand in buildings, 
with biomass alone accounting for about half of the heat supply [34]. Part of this heat 
is produced in combined heat and power (CHP) plants, whose share of the heat supply 
is expected to decrease as the use of large-scale heat pumps expands [35,36], partic-
ularly with higher biomass prices [36]. Sweden’s biogenic CO₂ emissions of 47 Mt 
CO₂ in Year 2025 are currently as large as its fossil territorial greenhouse gas emis-
sions (about 46.7 Mt CO₂-eq) [37,38], and about 47 % of them originate from the 
pulp and paper industry, corresponding to roughly 22 Mt of biogenic CO₂ per year 
[37]. The new demands come on top of these established uses: by Year 2050, the 
additional demand for forest biomass in Sweden for energy and chemicals has been 
estimated at 30–100 TWh per year, depending mainly on the pace of electrification, 
whereas the sustainable harvest of logging residues could only be increased by about 
20 TWh [6]. 

In this thesis, the whole value chain from harvested wood to end products, including 
the actors that compete for the same biomass, is referred to as the forest biomass 
system. Within this system, this thesis has its main focus on the chemical pulp mills, 
which, as large processors of biogenic carbon and industrial-scale prosumers of elec-
tricity, are central actors in the current system and may take on several new roles in 
the energy transition. In a typical chemical pulp mill, only around 40 % of the carbon 
in the wood ends up in the pulp, while the remainder is used for generating steam and 
electricity and emitted as CO2 from the recovery boiler, the bark boiler and the lime 
kiln [39]. Thus, the mills are close to self-sufficient in terms of energy [40,41] and, if 
the carbon stock in the forest is maintained, almost carbon neutral in their operations. 
Nonetheless, the mills may assume the following new roles during the energy transi-
tion: (i) as flexibility providers in the electricity system [42]; (ii) as producers of 
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biofuels, materials and chemicals from side streams, such as lignin or via BECCU, 
substituting for fossil-based products [43,44]; and (iii) as suppliers of negative emis-
sions via BECCS [45,46]. 

It has long been proposed that pulp mills could develop into biorefineries, possibly 
being integrated with the oil refining and petrochemical industries (see, e.g., [47,48]). 
High wood prices and low pulp prices in recent years [49,50], together with expecta-
tions that global competition will continue to press forest product prices downwards, 
might now accelerate such a development, as diversification into bioenergy and bio-
materials becomes increasingly necessary [51]. 

Diversification, however, means that new products and services compete for the same 
resources within the mill. Thus, lignin extraction reduces the fuel to the recovery 
boiler, carbon capture requires steam that would otherwise generate electricity, and 
flexibility depends on how steam can be shifted between processes and turbines. Sim-
ilar competition appears at the system level, where forest biomass is shared between 
sawmills, pulp mills, heat and power plants and new biorefineries, and where the 
value of the by-products depends on the alternatives available in the electricity and 
heating systems.  

Which of the competing options is least costly can often be traced back to thermody-
namics. Lignin extraction may be economically viable for applications in which the 
molecular structure of lignin is utilised, e.g., as a phenol substitute in resins and ad-
hesives [52]. If the lignin is instead broken down in a thermochemical process and 
rebuilt into new molecules, its structure adds no value, and it competes as a carbon 
source with other low-grade biomass forms, such as bark and sawdust, which do not 
have to be first extracted in a costly process. The same rationale applies to BECCU, 
where the biomass is combusted to CO2 and then rebuilt into complex molecules 
through energy-demanding processes. For example, comparing two routes for the 
production of aviation fuel via methanol: the route based on captured biogenic CO2 
and hydrogen from electrolysis has a considerably lower exergy efficiency than the 
route via biomass gasification, and ends up with more than double the production 
cost [53]. Solutions that are not optimal from the strictly technical perspective may 
still prove to be relevant in the near future, however, when capital is locked into ex-
isting industries, infrastructures and the socio-technical systems built around them 
[54].  

This thesis examines how the economic value of forest biomass and its contribution 
to climate change mitigation can be increased during the energy transition up to mid-
century. It addresses which investments and modes of operation become economi-
cally rational as market and policy conditions develop, and what these choices imply 
for the wider energy system, both for an individual chemical pulp mill and for the 
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Swedish forest biomass system as a whole. Related work is reviewed in Section 1.2, 
and the aim and research questions are stated in Section 1.3 before the outline for the 
rest of the thesis is presented in Section 1.4. 

1.2 Related work 

Previous studies of forest biomass in the energy transition can broadly be divided into 
two groups. Studies at the site level represent a single plant, in most cases a pulp mill, 
in technical detail and take the surrounding markets as given. Studies at the system 
level represent the markets for biomass, energy and/or carbon but describe the indi-
vidual plants in an aggregated way. Tables 2 and 3 arrange the two groups by the 
measure or sector studied and by how it has been analysed. 

1.2.1 Studies at the site level 

The site-level studies in Table 2 concern measures that a pulp mill can adopt, meaning 
a technology or a mode of operation. They either model the operation of a given mill 
under time-varying energy prices or assess investments under given market condi-
tions, assuming steady-state operation.  

The operational studies show that for a chemical pulp mill, the internal steam system 
provides industrial flexibility that can be valued in the electricity market. Sarimveis 
et al. and Marshman et al. [55,56] showed that steam can be shifted between turbines 
and pressure-reducing valves as fuel and electricity prices vary, and Panuschka and 
Hofmann [57] found that thermal storage can reduce the operating cost by a few per-
cent.  

In mechanical pulp mills, Helin et al. and Herre et al. [58,59] showed that the grinders 
and refiners can provide reserve capacity and regulating power together with electric 
boilers and steam accumulators. Helin et al. [58] found, however, that this requires 
bids well above the spot price, since reducing the electricity consumption in these 
processes entails losing pulp production which must be made up for later. 

The value of this flexibility depends on how much the prices vary. For Swedish chem-
ical pulp mills, Jannasch [42] found that shifting load in existing process units saves 
more with simulated prices for Years 2030 and 2040 than at the prices of Years 2015–
2017, and Mechleri et al. [60] showed that flexible operation of carbon capture at 
power plants is likewise rewarded more where prices vary more. 

The investment studies, which form the larger part of the literature, mostly assess one 
measure at a time. Olsson et al. [61] showed that the profitability of lignin extraction 
depends on the ratio between the prices of electricity and lignin, since the extracted 
lignin would otherwise have been combusted in the recovery boiler, generating 
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electricity. Where the recovery boiler limits production, Välimäki et al. and Lindgren 
et al. [62,63] found that lignin extraction can instead serve to increase the pulp ca-
pacity.  

Onarheim et al. [64] showed that carbon capture at a pulp mill requires heat for re-
generating the solvent, which increases the steam demand and reduces the power 
generation of the mill. In a recent review and case study, Klüh et al. [46] found that 
the lost revenue from electricity sales dominates the capture cost, and that the amount 
that can be captured is limited by the energy available in the mill. Capture is therefore 
most promising at market pulp mills, which have more excess heat than integrated 
mills [65,66]. Kuparinen et al. [67] showed that, since the emissions of a market pulp 
mill are almost entirely biogenic, capturing even a small share of them would make 
the mill carbon-negative. 

Where measures are combined, they may either compete or complement each other. 
Skoglund et al. [68] showed that carbon capture and lignin extraction compete for the 
heat from the recovery boiler, whereas Granacher et al. [69] found that producing 
fuels from the residue streams of a chemical pulp mill could increase the share of the 
carbon in the wood that leaves the mill in products. 

Whether an investment in a new measure pays off also depends on how the mill is 
operated over the year. Svensson showed that a model based on annual averages can 
significantly misjudge the equipment loads and the economic result compared with 
one that resolves the seasonal variations [70], and that the poor part-load performance 
of turbines can make lignin extraction preferable to condensing power even at mod-
erate lignin prices [71]. Optimising investments and daily operation together, Svens-
son et al. [72] found that varying the rate of lignin extraction can provide flexible 
power production, but only if the mill also invests in condensing turbine capacity. 
Granacher [73] added power-to-fuel and carbon capture to the fuel routes at a chem-
ical pulp mill under varying prices and demands, raising the share of the carbon that 
leaves the mill in products or is stored to over 90 %. Flexible operation of carbon 
capture has been studied for power plants by Mechleri et al. [60] and for CHP plants 
by Saint-Pierre and Mancarella [74], but, to the author’s knowledge, not for pulp 
mills. 
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Table 2. Previous modelling studies of pulp mills, by measure (i.e., technology or mode of operation) 
and methodology. 

Measure OperaƟon under Ɵme-varying 
energy prices 

Investment under given 
market condiƟons 

Investment and Ɵme-varying 
operaƟon together 

Flexibility in 
steam 
system or 
producƟon 
processes 

Steam supply 
dispatched against 
contracts and hourly 
prices 

[55–57] Use of excess heat 
internally, for district 
heaƟng or for power 
generaƟon 

[75] Turbines and heat 
deliveries at 
monthly resoluƟon 
or seasonal and 
diurnal Ɵme steps 

[76,77] 

Seasonal fuel storage 
against monthly prices 

[76] 

Reserves and regulaƟng 
power from mechanical 
pulp mills 

[58,59] 

Lignin 
extracƟon 

–  Model mills and case 
studies with constant 
prices or a few 
scenarios 

[61,78,
79] 

CombinaƟon with 
boiler and turbine 
investments, daily 
resoluƟon 

[70–72] 

Capacity increase in 
recovery-boiler-
limited mills 

[62,63] 

CombinaƟon with 
carbon capture 

[68] 

GasificaƟon 
and fuel 
producƟon 

–  Comparison with 
recovery-boiler-based 
concepts 

[80] CombinaƟon with 
power-to-fuel and 
carbon capture at a 
chemical pulp mill, 
typical periods of 
prices and demand 

[73] 

Drop-in fuels from 
black liquor and bark 

[81,82] 

CombinaƟon of 
several fuel routes at 
a chemical pulp mill 

[69] 

Carbon 
capture 

Flexible capture at coal- 
and gas-fired plants 

[60,74] Capture cost at 
exisƟng pulp mills of 
different types, 
including a review of 
capture technologies 

[46,64,
65,67] 

–  

CondiƟons for capture 
across Swedish pulp 
mills and CHP plants 

[83] 

CombinaƟon with 
lignin extracƟon 

[68] 

1.2.2 Studies at the system level 

At the system level, the studies concern how forest biomass is allocated between sec-
tors and how the forest biomass system and the energy system affect each other. They 
use energy system models, forest sector models or the two coupled, which form the 
columns of Table 3. The energy system models treat the forest industry as an exoge-
nous demand, as a supplier of fuel or as a choice of technologies for given production 
volumes [84,85], while the forest sector models represent the forest industry and its 
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feedstock markets, but the energy system only as a demand. Using forest sector mod-
els, Bryngemark and Hu et al. [86,87] showed that large-scale biofuel production and 
trading of negative emissions, respectively, raise the prices of pulpwood and sawmill 
by-products and can end the production of fibre- and particleboard.  

Coupling the two, Jåstad et al. [88] showed that a forest sector model alone underes-
timates the use of biomass for heat production and the electricity prices facing the 
forest industry, whereas Mustapha et al. [89] found that an energy system model with 
fixed biomass prices may overestimate the use of biomass for heat and power when 
biofuel production competes for it. 

The coupled Nordic studies resolve biomass supply and electricity prices by region 
but do not include carbon capture, whereas the coupled study by Charles et al. [90] 
includes capture for the pulp and paper industry in the United States but represents 
the country as a single region. Yet the conditions at individual sites have been shown 
to matter, both for carbon capture and for fuel production. The conditions for capture 
at Swedish pulp mills are site-specific, with the availability of low-pressure steam 
and the electricity price as recurring factors [83], and which sites are chosen for cap-
ture depends also on the distance to transport hubs [32]. Large biofuel plants are best 
located near large harvests or harbours and railway terminals, where they raise the 
local prices of pulpwood [91], and the benefit of integrating biofuel production with 
district heating depends on the local heat demand [92]. The studies that resolve such 
conditions within a country either cover a single part of the value chain at a time 
[32,91,93] or take the production of the forest industry as given [85]. None of them 
combines the competition between the existing forest industry and new uses of bio-
mass with carbon capture, fuel production and the effects on electricity and heat. 

Turning to the results, in a study of the European energy system, Millinger et al. [23] 
found that biomass is more valuable as a source of biogenic carbon, for fuels, chem-
icals and negative emissions, than as a source of energy. Fuel production and carbon 
capture can also complement each other. Technology routes with large flows of 
vented CO₂, such as gasification of black liquor or bark, have a low abatement cost 
when the CO₂ is captured and stored [94], and a gasification plant that can alternate 
between BECCS and BECCU is preferred to less flexible designs in a time-resolved 
electricity system model [95]. In a national energy system model of Sweden, Sand-
berg and Krook-Riekkola [84] found that biofuel production integrated with the forest 
industry, notably through black liquor gasification, was favoured in all scenarios, and 
that capture from the fuel production provided low-cost negative emissions, since the 
fuel carries the cost of separating the CO₂. Combining the CO₂ with hydrogen from 
electrolysis into e-fuels requires large amounts of electricity, and the production of e-
fuels is therefore limited by the availability of electricity rather than of biogenic CO₂ 
[42,96]. 
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Table 3. Previous studies at the system level, by sector and by which part of the system is represented 
in detail. 

Sector Forest sector in detail Energy system in detail Both, coupled 

Fuels and 
biogenic 
carbon 

Second-generaƟon 
biofuels, Sweden 

[86] Biomass use in a net-zero 
Europe, 37 regions 

[23] Biofuels and heat 
and power, 
Nordic countries 

[89] 

Biorefinery supply 
chains, Sweden, 
spaƟally explicit 

[100] Methanol as an alternaƟve 
to hydrogen, Europe 

[101] 

Road biofuels, Nordic 
countries 

[99] GasificaƟon switching 
between BECCU and BECCS, 
European regions 

[95] 

SiƟng of biofuel 
plants, 356 regions in 
Norway 

[91] Integrated biofuel 
producƟon and capture in 
the forest industry, Sweden 

[84] 

CO₂ from pulp mills and 
biomass plants for e-fuels, 
seven regions in Finland, 
hourly 

[85] 

Heat and 
power 

District heaƟng as a 
buffer for biomass, 
Nordic countries 

[87] Heat pumps and CHP, 
district heaƟng systems, 
Swedish ciƟes 

[35,36] Forest sector and 
heat and power, 
Nordic countries 
and Northern 
Europe 

[88,89] 

Biomass in electricity 
systems, three European 
regions 

[13] 

Forest-based bioenergy, 
Quebec and Czechia 

[102, 
103] 

NegaƟve 
emissions 

BECCS and 
compeƟƟon for 
biomass, Nordic 
countries 

[87] BECCS and direct air 
capture, Europe 

[23] BECCS and 
electrificaƟon in 
the pulp and 
paper industry, 
United States as 
one region 

[90] 

Supply of residues 
for capture, Swedish 
regions 

[93] Capture in district heaƟng 
systems, Swedish ciƟes 

[97,98] 

CO₂ capture and transport 
chains, Swedish point 
sources 

[32] 

 

The heating sector, currently the largest user of low-grade forest biomass, is chal-
lenged from several directions. Large heat pumps reduce the role of biomass-fired 
CHP in district heating [35,36], while carbon capture at the remaining CHP plants 
would add a demand for heat and biomass [97,98]. When new demands make bio-
mass scarcer, the district heating sector acts as a buffer in the biomass market, giving 
up part of its biomass and turning to lower-grade residues instead [87,99]. 

1.2.3 Research gap 

The literature reviewed above leaves gaps at both the site and system levels, which 
motivate the work presented in this thesis. At the site level, the flexibility of chemical 
pulp mills has only been studied in detail in the boilers, turbines and steam system, 
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without the connection to the production processes that supply their fuel. Lignin ex-
traction has been studied with regard to power flexibility at a daily resolution, but not 
with hourly operation including the detailed dynamics with other processes of the 
mill. The investment studies mostly assess one measure at a time under steady-state 
operation, and few compare electricity generation, lignin extraction and carbon cap-
ture across market conditions with time-varying operation. 

At the system level, forest sector models represent how new demands for fuels and 
negative emissions compete with the forest industry for biomass, but not the energy 
system. Energy system models capture the synergies between fuel production and 
carbon capture and the effects on electricity and heat, but take the production of the 
forest industry as given. The coupled studies either leave out carbon capture or rep-
resent a whole country as a single region, although site conditions, such as access to 
CO₂ transport and heat demand, have been shown to matter. 

Taken together, previous studies have mostly assessed the measures within the mill 
one at a time, and the forest industry and the energy system separately. This leaves 
out the interactions that determine which investments and modes of operation become 
economically rational as external conditions develop, and what they imply for the 
wider energy system. 

1.3 Aim 

The overarching aim of the work presented in this thesis is to improve our under-
standing of how different technologies and process configurations can be used to in-
crease the economic value of forest biomass and its contribution to climate change 
mitigation, in particular during the transition from the current system, where chemical 
pulp mills play a central role. 

Which of the available technologies and process configurations is most attractive de-
pends on the value of forest biomass, which in turn depends largely on developments 
in the transport and electricity sectors, as well as on the need to achieve negative 
emissions. How these drivers translate into demand for forest biomass is determined 
by external market and policy conditions that are inherently uncertain and expected 
to change substantially over the studied time period. These conditions include the 
prices of competing products, the levels and variability of electricity prices, and the 
design of climate and industrial policies.  

Developments in the forest biomass system also feed back into the wider energy sys-
tem. Flexible operation may allow industries to take on new roles as providers of 
flexibility to the electricity system, while new processes for upgrading biomass by-
products may increase the demands for heat and electricity from industries. Finally, 
as by-products are increasingly upgraded to higher-value uses, some of the biomass 
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that is currently used to meet internal energy demands in the industry or to supply 
society with heat and electricity (as surplus energy from the industries or in separate 
heat and power plants) may instead be directed to other, competing end uses.  

These two perspectives — what determines the choices made within the forest bio-
mass system, and what those choices imply for the wider energy system — are ad-
dressed through the following two research questions: 

 How does the development of external market and policy conditions deter-
mine which choices for industry investment and operation in the forest bio-
mass system become economically rational in the near future? 

 How may the interplay between the forest biomass system and the wider en-
ergy system change as new demands are placed on forest biomass? 

Both questions are addressed at two levels: at the site level, where the operation of 
and investments in an individual chemical pulp mill are optimised (Papers I–III), and 
at the system level, where the mills compete with other users of forest biomass within 
the wider energy system (Paper IV). Economic rationality is thus assessed both from 
the perspective of the individual mill and from a system cost perspective, and the 
difference between the two is a central result. In this thesis, the near future refers to 
the transition period from the present until mid-century, and the interplay between 
the forest biomass system and the wider energy system refers to the exchange of elec-
tricity, heat, biomass and CO₂ between them. 

The thesis contributes (i) a mill model (PEMO) that jointly optimises flexibility in 
steam supply, steam demand, electricity demand and products at hourly resolution; 
(ii) a quantification of how flexible operation reduces the cost of lignin extraction; 
(iii) analytical tipping points between electricity generation, lignin extraction and car-
bon capture; and (iv) a regionally resolved representation of the Swedish forest bio-
mass system within an energy system model, showing how BECCS and methanol 
targets interact and when capture at pulp mills is displaced by new plants. 

1.4 Outline of the thesis 

This thesis consists of this introductory essay and four appended papers. The method 
chapter describes the approach used in the study, including the models, assumptions, 
and data used in the analysis. The results and discussion chapter presents the results 
of the appended papers and discusses them in relation to the research questions and 
previous work. The conclusions chapter summarises the main findings of the study 
and reflects on their implications for industry, policy and academia, and potential 
directions for future research. 
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The scope for each of the appended papers is illustrated in Figure 1, and the respective 
contributions are described below: 

 Paper I serves as a proof-of-concept study for the Pulp mill Energy and Ma-
terials Optimisation (PEMO) model used in Papers I–III. In Paper I, the 
technical and economic potentials of flexibility measures in a chemical pulp 
mill with current technology are assessed, and the technical limitations are 
analysed.  

 Paper II focuses on the implementation of a lignin extraction technology, 
addressing how lignin extraction can be used to increase the production of 
the mill and how flexibility measures can reduce the trade-off between sell-
ing electricity and selling lignin.  

 Paper III explores the future role of the chemical pulp mill in the energy 
system, considering the potential demands for electricity, transportation fuels 
and negative emissions. In this study, the investment options for a condensing 
turbine, a lignin extraction plant, and a carbon capture unit are compared.  

 Paper IV presents an expansion to the Electricity Long-term Investment 
(ELLI) model and examines how the allocation of biomass and the energy 
system are affected by targets for methanol production and negative emis-
sions, aiming towards climate change mitigation and increased self-suffi-
ciency in energy supply. Furthermore, the impact of local conditions on tech-
nology choices and localisation of new investments is examined, including 
the availability of biomass, location of current industry, electricity system 
composition, CO₂ transport and storage opportunities and access to district 
heating to make use of waste heat. 
 

 
Figure 1. Overview of the technical scope and model types covered in the four appended papers. 
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2 Method 

The work presented in this thesis applies techno-economic modelling methods, in 
order to address the gaps identified in Section 1.2. Two different models are used in 
this thesis, one at the level of the individual mill, and one at the level of the energy 
system. The Pulp mill Energy and Materials Optimisation (PEMO) model was devel-
oped for the work presented in this thesis, and the Electricity Long-term Investment 
(ELLI) model was expanded with a module that represents the biomass system. The 
outputs of the models are further processed to derive economic indicators, such as the 
product value generated at the mill and the price tipping points for profitability when 
comparing different options.  

The models are used to explore mechanisms, trade-offs and conditions, rather than to 
predict outcomes or to assess the feasibility of specific projects. The results are there-
fore of three kinds: mechanisms that hold irrespective of the simplifications, price 
thresholds that a mill can apply with its own data, and illustrative magnitudes that 
apply to the studied cases. Site-specific dimensioning, operational risk, permitting, 
contracts, financing, and sustainability aspects beyond climate change mitigation, 
such as biodiversity, are outside the scope of the analysis. 

2.1 PEMO model 

The PEMO model, developed and applied in Papers I–III, represents a reference 
chemical pulp mill based on a type mill description [39], representing the best avail-
able technology at the time of its publication (Year 2010)1. The PEMO model is a 
linear optimisation model that optimises the operational dispatch, i.e., the load of all 
the processes, boilers and turbines at each time step, while maintaining all the energy 
and mass balances within the system. In Papers I and II, the dimensioning of all 
processes in the mill is given exogenously to the model, whereas in Paper III, the 
investments in certain units (i.e., the condensing turbine, lignin extraction plant, and 
carbon capture system) are also optimised. In specific scenarios described in Paper 
I, where the mill alternates between processing softwood and hardwood, a mixed 
integer linear programming (MILP) version of the model is used to optimise the tim-
ing of the operational campaigns. Although the PEMO model was developed for the 
chemical pulp mill, the modelling framework has broader applicability. The 

 

1 The PEMO acronym does not appear in the papers since it was established after the papers were written. 
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fundamental dynamics, including the drivers and restrictions for flexible operation, 
should be applicable to most process industries, with the highest relevance for those 
with integrated energy supply units. For example, the framework has been adapted 
and applied to a sawmill with an internal boiler [104]. 

Figure 2 shows an overview of the objective function, input parameters, constraints, 
and result variables included in the PEMO modelling. A detailed mathematical de-
scription of the model is given in Paper I, and further refinements to the model are 
described in Paper II and Paper III. 

 
Figure 2. Overview of the objective function, input parameters, constraints and result variables included 
in the PEMO model. 

Figure 3 depicts an overview of the model mill, including the connections between 
production processes, boilers and storage units. In addition to the illustrated material 
flows, the model covers the flows of steam and electricity. Steam production takes 
place in the recovery boiler, which combusts the black liquor, as well as in a separate 
bark boiler. Steam is converted to electricity in one back-pressure turbine and, in 
some cases, one condensing turbine. The generated electricity and steam are supplied 
to industrial processes throughout the mill, and any surplus or deficit electricity is 
traded with the electricity market, which is included as an unlimited market with an 
exogenously given price profile, under the assumption that the mill is a price-taker. 

In Paper II, modifications to the model are described that represent an installed lignin 
extraction process based on acid precipitation as an extra intermediate step within the 
evaporation plant. The unit representing the evaporation plant process is split into 

Result variables
- Investments (Paper III)

- Operational dispatch

- Total cost

Input parameters
- Electricity price profile
- Fixed prices for other materials and products
- Investment costs (Paper III)

Model constraints
- Hourly mass balances
- Hourly energy balances (electricity, steam and water)
- Process capacities, minimum loads and throughput times
- Material flow relations and losses
- Material-energy relations
- Turbine capacities and efficiencies

Objective function
- Minimise total cost (Paper I)
- Maximise net revenue (Papers II-III)
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two parts, with the lignin separation process in between, as illustrated in Figure 4, 
which shows the evaporation plant and recovery boiler of the model mill in Figure 3 
in more detail. The remaining lignin and the non-lignin parts of the black liquor are 
kept separate in the model, even though in reality they comprise a single physical 
flow. 

Extracting lignin from the black liquor reduces the load in the recovery boiler, which 
the model can use either to increase the overall throughput of the mill (if the recovery 
boiler is a bottleneck to begin with) or to enable flexible operation of the recovery 
boiler. Three factors limit how much lignin can be extracted in the model: (i) the 
momentary maximum, as limited by the extraction process; (ii) the lowest lignin con-
tent of the black liquor for which it is assumed to be still combustible; and (iii) the 
overall steam balance of the mill. 

In Paper III, the model mill is further extended with a carbon capture module that is 
connected to the three flue gas stacks: the recovery boiler, the bark boiler, and the 
lime kiln, as depicted in Figure 5. The module represents a post-combustion system 
that is based on chemical absorption, with separate absorbers for each flue gas stack, 
albeit with a joint stripper and liquefaction unit. For flexibility in relation to electric-
ity price variations, the absorbers and the stripper can be operated independently of 
each other to the extent allowed by the sizes of the absorbent storage units. 

 
Figure 3. Schematic overview of the model mill. Source: Paper I. 

 
Figure 4. Schematic of the modelled evaporation plant and recovery boiler, where the evaporation plant 
includes an integrated lignin extraction process. BL, black liquor. Source: Paper II. 
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Figure 5. Schematic of the modelled carbon capture system. RB, recovery boiler; BB, bark boiler; LK, 
lime kiln. Source: Paper III. 

 

 

2.2 ELLI model 

ELLI is a linear investment and dispatch optimisation model of the Northern Euro-
pean energy system. Investments are made for each five-year period, and the dispatch 
within each modelled year is represented by 730 time steps, corresponding to an av-
erage resolution of 12 hours. For Paper IV, ELLI was expanded with a module that 
represents the forest biomass system, as shown in Figure 6. This module covers the 
feedstock supply, product delivery, conversion processes in the forest industry, heat-
ing and methanol sectors, and carbon capture, as well as transport between regions. 

The objective is to minimise the total system cost while meeting exogenously set 
demands for electricity, hydrogen, district heating, methanol and negative emissions. 
Sawn timber and pulp, which are mainly produced for export, yield an income that is 
subtracted from the total system cost. For the version of the model applied in Paper 
IV, Sweden is divided into 26 regions, each of which is connected to one of the four 
Swedish bidding zones, while neighbouring countries are represented by their bid-
ding zones. The electricity balance is resolved per bidding zone, and the balances for 
heat, hydrogen and forest industry materials are resolved per region. Feedstock and 
product markets, primary industry and transport are modelled on a yearly basis, while 
the energy and carbon capture technologies follow the finer time resolution. 

Technologies for heat and power generation and hydrogen electrolysis are inherited 
from the ELLI main model, while the supply of biofuels to CHP plants and heat-only 
boilers is endogenised within the forest biomass module. Transport of feedstocks, 
methanol and CO₂ between regions follows the method established by Karlsson et al. 
[32]. This transport is represented by investments in and variable costs for ships, 
trains and trucks, depending on the available transport modes and distances. 
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Figure 6. Overview of the forest biomass module. The arrows represent the main variables in the model 
and the boxes represent the main balances. Transport links the regions to each other, and electricity 
generation and consumption link the forest biomass module to the main ELLI model.  

2.3 Case studies 

In the four papers, the models are applied to case studies to investigate various aspects 
of higher-value utilisation of forest biomass in the energy transition. The various 
methodological set-ups differ with respect to the system boundary, the time horizon, 
and the type of model-optimised decision, as summarised in Table 4.  

The case studies presented in Papers I–III share the same reference mill: a stand-
alone, bleached softwood market pulp mill of 2,000 ADt/d located in electricity bid-
ding zone SE3, which is self-sufficient with respect to heat and a net exporter of 
electricity. Since process over-capacities and storage volumes vary considerably be-
tween real mills, the cases in Paper I span a range of conditions rather than repre-
senting one specific site.  

The system-level analysis in Paper IV is a case study of Sweden, which combines a 
large forest industry with a largely fossil-free electricity system and widespread dis-
trict heating. The quantitative results at the system level are therefore specific to Swe-
dish conditions, whereas the mechanisms behind them are expected to be relevant 
also for other energy systems. 

All of the appended papers investigate several scenarios and/or cases, with different 
assumptions made along one or several parameter dimensions. Paper I varies the 
degree of operational flexibility and Paper II varies the extent of lignin extraction. 
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In Paper III, the mill configuration becomes an outcome of the modelling, and the 
cases are instead defined by the market prices of lignin and CO₂. Paper IV turns the 
question around by prescribing targets for BECCS and renewable methanol produc-
tion, rather than prices, and then letting the model determine how the biomass is al-
located between sectors. The electricity price follows a similar progression. Papers 
I and II contrast the moderate prices of Year 2019 with the high and volatile prices 
of Year 2022. Paper III uses modelled future price profiles, whereas in Paper IV the 
price emerges from the system optimisation itself. 

Table 4. Overview of the four case studies in the respective appended papers. 

 Paper I Paper II Paper III Paper IV 
Model PEMO (LP/MILP) PEMO (LP) PEMO (LP) ELLI with forest bi-

omass module (LP) 
System boundary Single model mill Single model mill Single model mill Swedish forest bio-

mass system within 
the Northern Euro-
pean energy sys-
tem 

Geographical reso-
luƟon 

– – – 26 Swedish regions 
connected to four 
electricity bidding 
zones and four for-
est price areas 

Time horizon and 
resoluƟon 

One year, hourly One year, hourly One year, hourly Years 2030–2050 
divided into five-
year periods, with 
730 Ɵme steps per 
year 

OpƟmised deci-
sions 

Dispatch, Ɵming of 
campaigns 

Dispatch Dispatch and in-
vestments in the 
mill 

Dispatch and in-
vestments in the 
whole system 

Scenario/case di-
mensions 

Six levels of opera-
Ɵonal flexibility, 
three campaign 
cases 

Lignin extracƟon 
capacity (boƩle-
neck scenario), lig-
nin extracƟon tar-
get (balanced mill 
scenario) 

Four market sce-
narios for the 
prices of lignin and 
CO₂ 

25 combinaƟons of 
BECCS and metha-
nol targets; addi-
Ɵonal cases with 
fixed Ɵmber and 
pulp producƟon 

Electricity price 
profile 

Historical, Years 
2019 and 2022 

Historical, Years 
2019 and 2022 

Historical Year 
2017, modelled 
Years 2030 and 
2040 

Endogenous 

2.4 Assumptions and data 

The input data for the PEMO model are mainly based on steady-state descriptions 
obtained from the literature, complemented with assumptions regarding the dynamic 
aspects, mainly the storage sizes and process throughput times, which were obtained 
through discussions with industry personnel. The conventional mill processes are 
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represented using a description of a bleached softwood market pulp mill, the lignin 
extraction process is assumed to be of the LignoBoost type [105], and the carbon 
capture process is a post-combustion, amine-based system with a maximum capture 
rate of 90 % [64,65]. Since the model mill represents best available technology (in 
Year 2010), it should be noted that older and less energy-efficient mills have less 
surplus energy, which tightens the limits for lignin extraction and carbon capture. 

For the forest biomass module of the ELLI model, the technical and cost parameters 
for the conversion technologies are obtained from the Danish Energy Agency [106]. 
The prices of sawn timber and pulp are based on historical market data, and the feed-
stock supply is described by cost-supply curves, dividing Sweden into four wood-
supply zones according to [107]. 

The cost-supply curves cover timber, pulpwood and logging residues, so that larger 
volumes can be extracted at a rising marginal cost. In addition, imported biomass is 
available at a fixed price, although the magnitude of the imports is limited by an 
exogenous volume constraint, chosen to represent a scenario with a high degree of 
self-sufficiency. Industry residues are not extracted but arise endogenously as by-
products of sawn timber and pulp production; residues from sawmills may in turn be 
used as feedstocks in pulp mills before being used further downstream. 

2.5 Complementary analyses 

In Papers II and III, the optimisation modelling is complemented by idealised cal-
culations based on the mass and energy balances of the model mill, disregarding some 
of the technical constraints of the optimisation model. Since these analyses depend 
on fewer assumptions than the optimised cases, they provide more general results and 
provide reference points for interpreting the modelling output. 

In Paper II, the modelled marginal cost of lignin extraction is compared with two 
hypothetical references: a steady-state case based on the annual average electricity 
price; and an ideal, fully flexible case with fewer technical limitations (ignoring, for 
example, capacity limits, storage volumes and time delays). Together, they indicate 
how much of the potential value of flexibility is captured by the modelled mill con-
figurations. 

In Paper III, price tipping points are derived analytically as the combinations of mar-
ket prices at which two investment options (condensing turbine, lignin extraction or 
carbon capture) yield equal net revenues. This extends the analysis beyond the spe-
cific price levels assumed in the modelled scenarios. 

The sensitivity of the results to the key assumptions is tested in all four papers. In 
Paper I, the model is also run with Year 2022 electricity prices, which were unusually 
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high and volatile. In Paper II, the lignin extraction cases are recalculated with over-
capacity present in the lignin extraction process and with increased black liquor stor-
age volumes. In Paper III, the tipping points are recalculated for a 50 % increase in 
the investment cost of each technology. In Paper IV, the effect on the system when 
pulp and timber production is locked to the reference level is examined.  

The thesis provides only limited results on the climate impact of the studied measures. 
Indirect effects, such as the substitution effect of the methanol produced in the Paper 
IV scenarios, would require a larger system model to quantify. In Paper III, the carbon 
efficiency of the mill, i.e., the share of the input carbon that leaves the mill as products 
or as captured CO₂, is used as a transparent indicator, but it treats captured carbon 
and carbon in products as equivalent regardless of their further processing and end 
use. 
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3 Results and discussion 

Taken together, the appended papers show that the optimal path to higher-value uti-
lisation of forest biomass depends on the geographical perspective (system scope), 
temporal perspective, and assumptions made as to the developments in sectors that 
historically have been separate from the forest industry. The results are not site-spe-
cific investment appraisals. Rather, they identify the mechanisms, price thresholds 
and system conditions under which the studied options become attractive, which can 
be used to screen investment options in the forest industry and inform policymakers 
on the possibilities and limitations to the use of forest biomass. 

This chapter is organised into seven sections. Sections 3.1–3.4 address the first re-
search question, examining how the development of external market and policy con-
ditions determines which choices with regard to investments and operation in the 
forest biomass system become rational in the economic sense in the near future. Sec-
tions 3.5–3.7 address the second research question, examining how the interplay be-
tween the forest biomass system and the wider energy system evolves as new de-
mands are placed on forest biomass. Section 3.5 also informs the operational part of 
the first research question. Results are attributed to the paper in which they are pre-
sented, whereas passages without such attribution represent the synthesis and discus-
sion of this thesis. 

3.1 The evolving role of the chemical pulp mill 

The study explores the near future between the present and mid-century situations. In 
the near term, currently active industries can be expected to remain in their current 
locations and with only minor adaptations to the existing technology. Towards the 
end of this period, however, many facilities will have reached their respective end-
of-life, and it is relevant to consider relocations, technology shifts and potential divi-
sions of, and mergers between, established sectors. Furthermore, the policy landscape 
will change during this time period, due to built-in adjustments in established policies 
(e.g., the EU Emissions Trading System, the ReFuelEU Aviation and FuelEU Mari-
time regulations, and the renewable fuel quotas of the Renewable Energy Directive; 
see Table 1) and new policies. Regarding the technological development within the 
time frame studied in Papers III and IV, it is likely that emerging technologies will 
have reduced costs due to learning effects, and that some technologies that are only 
demonstrated on a small scale can be scaled up to commercial level. However, it is 
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unlikely that completely new, unknown, technologies within energy and biomass con-
version will emerge during this period. 

In Papers I and II, the near-future perspective is implicitly considered in that the 
electricity system is assumed to have larger variations in the electricity price. The 
temporal aspect is more explicit in both Paper III and Paper IV; Paper III considers 
changes in the policy landscape and market pull from external sectors, while Paper 
IV considers that existing technologies reach the end of their lifetimes and that the 
costs for emerging technologies decrease. Compared to Papers I–III, the fourth 
study (which also presents the results all the way to Year 2050) comes closer to an-
swering the question as to how an ideal future system would be designed. Nonethe-
less, the focus is on the transition period and it is accepted that a limitation of the 
methodology is that the industrial units of the forest industry (i.e., sawmills and pulp 
mills) have infinite lifetimes, while the heat and electricity sectors are phased out 
according to the construction year and assumed lifetime of each site. 

Taken together, Papers I–III illustrate how the role of the chemical pulp mill in the 
electricity system could develop over the coming decades. This assumes that the elec-
tricity system will evolve towards having an increasing share of variable renewable 
sources, while an increased demand for biogenic carbon will drive pulp mills towards 
investments in integrated biorefinery concepts. 

In Paper III, the PEMO model is applied to a set of scenarios in a case study of a 
possible development in which the value of the biogenic by-products of the mill over 
time increases compared with the reference scenario, while electricity prices become 
more variable. Figure 7 shows the carbon balances over the mill, the carbon efficiency 
(defined as the share of the input carbon that leaves the mill in the form of products 
or as captured CO2), and the net level of electricity generation from the mill. 

The results obtained from the reference scenario, representing historical conditions, 
show that it has historically made economic sense to invest in an additional turbine 
for increased electricity generation, but not to invest in processes for the production 
of lignin or CO2. In the reference scenario, the mill contributes to the energy system, 
mainly as a supplier of base-load electricity. However, the results in Paper I show, 
as discussed further in Section 3.5, that already with conventional mill processes, the 
mill can adopt a more-active role in the electricity market than it has done historically, 
now acting as an industrial-scale prosumer.  

In the Year 2030 scenario in Paper III, an assumed demand for a lignin-based biofuel 
from the maritime fuel sector sets the price for lignin. As discussed in the paper, such 
a demand is in line with FuelEU Maritime, which requires the greenhouse gas inten-
sity of the energy used on board ships to be reduced by 6 % by Year 2030 and by 
31 % by Year 2040 (Table 1). In this scenario, there is an economic incentive for the 
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mill to invest in both lignin extraction and a condensing turbine, thereby slightly in-
creasing the carbon efficiency while still maintaining a substantial electricity surplus, 
which supports the transition of the electricity sector (and, indirectly, the electrifica-
tion of the heating, transportation and industry sectors) during this period. 

In the Year 2040 scenarios, the energy transition is assumed to have reached the hard-
to-abate sectors (in line with, e.g., ReFuelEU Aviation and FuelEU Maritime; Table 
1), which raises the prices of both lignin and captured CO₂. With these prices, the mill 
invests in lignin extraction and/or carbon capture at the expense of electricity gener-
ation, since supplying biogenic carbon becomes more profitable than supplying elec-
tricity. This indicates that the most valuable role of the forest industry in the wider 
energy system shifts towards that of a supplier of biogenic carbon for hard-to-abate 
sectors (e.g., aviation, maritime transport and plastics) and/or of negative emissions. 

In the Year 2040a scenario, lignin and CO2 are valued according to the demands from 
biofuel and e-fuel applications, respectively (assuming that the need for e-fuels drives 
up the price also for biofuels). This creates an incentive for the mill to prioritise in-
creased carbon efficiency over electricity generation, which stimulates investments 
in lignin extraction and carbon capture. In this scenario, lignin extraction is favoured 
over carbon capture, although it is limited by technical constraints, which opens up 
possibilities for a combination of the two technologies. In the combined case, carbon 
capture is dimensioned according to the steam surplus that remains after lignin ex-
traction, which illustrates that the two technologies compete for the same steam, as 
also shown by Skoglund et al. [68]. 

In the Year 2040b scenario, CO2 is priced according to its value in generating negative 
emissions via BECCS. This assumption implies a much higher price for CO2 than in 
the Year 2040a scenario, such that lignin extraction cannot compete with carbon cap-
ture. In this scenario, the mill imports bark, in order to increase further the output of 
captured CO2. 
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Figure 7. Carbon balances, carbon efficiencies (shares of the input carbon that leave the mill in products 
or as captured CO2), and net levels of electricity generation from the mill in the four modelled scenarios. 
The percentages shown in parentheses indicate the differences compared to the reference scenario. 
Source: Paper III. 

 

3.2 Comparison of options for pulp mill by-product utilisation 

This section compares the studied options for the chemical pulp mill with respect to 
increasing the value of its biogenic by-products, i.e., lignin extraction, carbon capture 
for storage or for utilisation, and electricity generation, and identifies the price levels 
at which the economically rational choice changes from one option to another.  

The results reported in Paper II indicate the combinations of lignin price, electricity 
price, and investment cost for the lignin extraction technology for which there is an 
economic incentive for the mill to invest in lignin extraction. A rule-of-thumb 
emerges that, with steady operation, for lignin extraction to be more economically 
attractive than the corresponding electricity generation, lignin prices (€/t) must be 1.8 
times the electricity price (€/MWh) plus the non-energy operational costs of lignin 
extraction (assumed to be 40 €/t).  

Paper III presents analogous calculations for the comparison between carbon capture 
and electricity. Thus, for each tonne of CO2 captured, 1.4 tonnes of low-pressure 
steam (1.08 MWh) are required, which could otherwise have been used to produce 
0.17 MWh of electricity in the condensing turbine. In addition, the CO2 liquefaction 
process requires 0.12 MWh of electricity per tonne of CO2. Therefore, the willingness 
to pay for CO2 (€/tCO2) must be at least 0.29 times the electricity price (in €/MWh) 
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plus the non-energy costs, for carbon capture to be more economically favourable 
than the corresponding electricity generation. 

Figure 8 illustrates the tipping points for investment decisions based on the trade-offs 
presented above, together with the assumed capital costs. The literature suggests that 
if kraft lignin is valued according to its equivalent fossil counterparts as a feedstock 
for green chemicals, such as aromatic monomers and phenol-formaldehyde resins, its 
market value will rise from the current value of around 100 €/t to up to 350 €/t [52] 
or even as high as 500 €/t [108]. Figure 8a shows that, at such lignin prices, invest-
ments in lignin extraction are favoured over investments in electricity generation if 
the average electricity prices remain around the Year 2019 level for bidding zone SE3 
(shown in the figure for comparison), whereas at the current lignin value of around 
100 €/t they are not.  

Figure 8b compares investments in CO2 capture and electricity generation. For the 
economic value of negative emissions, the future cost of emission allowances in the 
EU ETS scheme should be a good proxy (Section 1.1). However, the future trajectory 
of allowance prices is highly uncertain, being dependent upon policy decisions that 
have not yet been taken. In the scenario assumptions that the European Commission 
supplies to the EU Member States, the allowance price for emissions included in 
ETS1 reaches 100 €/tCO2 by Year 2040 under the pathway with existing measures 
(WEM) and 290 €/tCO2 under the pathway with additional measures (WAM), with 
these values increasing to 190 €/tCO2 and 490 €/tCO2, respectively, by Year 2050 
[109]. Thus, if the captured CO2 at the mill gate is valued according to the credit price 
for emission allowances within the EU ETS minus the costs for CO2 transport and 
storage (assumed to be 100 €/t in Paper III), a mill-gate price well above 100 €/t is 
not unlikely by Year 2040 if allowance prices follow the WAM pathway (around 190 
€/t), whereas the WEM pathway gives close to zero.  

In Figure 8c, investments in carbon capture are compared with investments in lignin 
extraction2. The comparison shows that if CO2 is sold at its production cost (around 
50 €/t) the corresponding lignin price (150 €/t) is well within the price range for lignin 
applications. If, however, CO2 is priced in line with the EU ETS, CO2 prices (minus 
the costs for CO2 transport and storage) following the WAM pathway would clearly 
outcompete the full estimated price range for lignin by Year 2040, while the CO2 
prices following the WEM pathway would transit this range between Years 2040 and 
2050.   

 

2 In the corresponding figure in Paper III (Fig. 5), the Year 2024 ETS allowance price is marked as a reference 
level on the CO₂ price axis. Since the axis represents the value at the mill gate, the marked level corresponds 
to an actual ETS price that is higher than the Year 2024 price by the cost of CO₂ transport and storage. The 
comparisons made against this reference level in the associated analysis should be interpreted accordingly.  
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The capture costs in Paper III (around 46–91 €/t at the recovery boiler with the elec-
tricity prices of Year 2040) are in line with the literature, where costs for capture and 
compression at pulp mills range from 8 to 263 €/t, with a median of 65 €/t [46]. How-
ever, they do not include the higher costs of first-of-a-kind plants, so the tipping 
points in Figure 8 should be read as lower bounds. Paper IV gives a considerably 
higher marginal cost for BECCS of around 225–300 €/t when post-combustion cap-
ture at pulp mills is the marginal technology. Unlike the costs in Paper III, this figure 
includes the transport of CO₂, is based on different cost assumptions (which is natural, 
given the wide range reported in literature), and, as a shadow price of the BECCS 
target, also reflects opportunity costs in the system, for example for the production of 
heat and electricity. If these costs are transferred to the breakpoint analysis in Paper 
III (subtracting transport costs), CO₂ prices following the WAM pathway still out-
compete lignin extraction by Year 2040, while those following the WEM pathway 
may not be competitive even by Year 2050. Early projects are therefore likely to de-
pend on additional revenue, for example from national support or voluntary carbon 
markets (Section 1.1). 

 

Figure 8. Tipping points for decisions to invest in a) a condensing turbine versus a lignin extraction 
plant; b) a condensing turbine versus a carbon capture system; and c) a carbon capture system versus a 
lignin extraction plant. The solid lines indicate the price combinations at which the economic incentives 
for both investment options are equivalent. All prices are considered at the mill gate. * Estimated range 
for the selling price of kraft lignin depending on market conditions and policy according to [52]. Adapted 
from Paper III.  
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As stated in the Method section, there are several technical limits linked to how much 
lignin can be extracted. In Paper II, the overall steam balance of the mill is not the 
limiting factor, mainly because the mill is energy-efficient as a whole (with high tem-
perature and pressure levels in the steam system) but also because a surplus of bark 
remains available to replace the energy content of the extracted lignin. If the mill is 
less energy-efficient, it would be relevant to assess the possibility of supplementing 
with a low-grade biomass fuel, e.g., by mixing sawdust into the black liquor, in order 
to push the steam balance limit. This may be a realistic scenario if the lignin is des-
tined for a niche product where the chemical structure of the lignin is valued, whereas 
if lignin is subjected to a thermochemical process, e.g., to produce a transportation 
fuel, fractions such as surplus bark and sawdust have likely been used for that purpose 
already, such that the surplus assumed in Paper II would no longer be available. 
Furthermore, the model mill in Papers I–III is a stand-alone market pulp mill. Inte-
grated pulp and paper mills, which are typically net consumers of electricity, would 
need additional energy input for lignin extraction or carbon capture, for example from 
an additional biomass boiler or high-temperature heat pumps, as discussed in Paper 
III.  

The scenarios in Paper III are defined by assumed demands for renewable maritime 
fuels and negative emissions, with a timeline for the maritime fuels that is consistent 
with FuelEU Maritime (Table 1). The Year 2040b scenario also assumes that negative 
emissions are credited in the EU ETS at the allowance price, based on forecasts of 
around 250 €/t by Year 2040. Under the legislation in force, however, the allowance 
cap would reach zero around Year 2039, so the conditions assumed for Year 2040 
could arise already in the 2030s, whereas the revision proposed in July 2026 would 
slow down the reduction of the cap after Year 2030 (Table 1). If other political deci-
sions allow for the continued use of fossil alternatives, the willingness to pay for bio-
based fuels and products may be much lower than assumed in this thesis, and a vol-
untary market for carbon-neutral products at a premium price may not be sufficient 
to motivate transformative changes in the pulp and paper sector. 

Furthermore, the evolution of the pulp mill suggested by the results of Paper III 
would be difficult to accomplish in practice, since the market conditions would 
change faster than it would take for the industry to modify its roles, considering that 
investment cycles in the basic industries usually extend over decades. Thus, if the 
markets develop as suggested, it will be difficult for any actor in the system to take 
on the optimal role at every stage. Nevertheless, if decision-makers in the forest in-
dustry want to create the largest-possible value and contribute as much as possible to 
reaching climate targets, it is important that they understand how the markets and 
policy landscape are developing, not just in their own traditional value chain, but 
across all sectors of the economy. 
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3.3 The economic value of low-grade biomass 

The system price for residual biomass, in the forms of industry residues (bark, wood 
chips, sawdust and/or lignin), is examined in the appended papers on all levels, from 
the individual mill to the national system. Papers I and II address the supply cost in 
the individual mill. Paper III adds demand price signals as an exogenous assumption, 
and Paper IV includes both supply and demand aspects.  

In Papers I and II, the price of electricity is the only price input to the model, mean-
ing that all internal prices are set in relation to this price signal. Specifically, the 
shadow price of bark is in Paper I obtained for each hour, accounting for the conver-
sion efficiency from bark to electricity. In the non-flexible case, the value is propor-
tional to the electricity price for each hour, and the more storage capacity that is made 
available, the more the variations in the bark value are smoothed over the year. For 
the more-flexible scenarios, the resulting steady values are close to the average Swe-
dish market value for solid biomass by-products during the period of 2012–2021 (16 
€/MWh) [108]. Whether there is a value associated with trading bark on the external 
market, rather than using it internally, therefore depends on the storage possibilities 
within the mill and on the price variations in the market.  

When several alternative end-products are introduced in Paper III and Paper IV, the 
value of residual biomass is no longer linked in a straightforward way to the electric-
ity price. Instead, it is linked to the sector where the willingness to pay is highest 
during the specific time step and at the specific geographical location. This illustrates 
the point made in Section 1.1, that a fixed order of priority such as the cascading 
principle [11] does not capture the differences in value within the category of bioen-
ergy, which depend on the energy carrier and on when and where it is delivered. In 
the cascading principle, bioenergy also includes biofuels, so that bio-methanol used 
as a fuel ranks below material uses, whereas the same bio-methanol used as a feed-
stock for chemicals would arguably count as a material use, as the directive does not 
specify whether chemicals are included among the wood-based products.  

For lignin, its chemical structure makes it suitable for a number of niche applications, 
although the markets for these are small in relation to those within the energy and 
base chemical segments. The focus of this work is, therefore, mainly on applications 
related to energy and base chemicals, where lignin competes with other low-grade 
fractions of wood, such as the pyrolysis-derived biodiesel depicted as an intended end 
use in the case study of Paper III. With the national perspective applied in Paper IV, 
it is also shown that transportation costs affect the value of low-grade biomass, cre-
ating cost discrepancies between geographical regions.  

Figure 9 shows how the value of industry residues (wood chips, sawdust and bark), 
obtained as the marginal cost of the residue balance in each region from the ELLI 
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model, varies across the Swedish regions included in the case study in Paper IV, for 
nine combinations of BECCS and methanol targets. Since these residues are modelled 
with the same properties as logging residues and (unspecified) imported wood, it can 
be regarded as the willingness to pay for any locally available low-grade wood frac-
tion. In the reference case (Figure 9a), the marginal cost is set according to the value 
of heat and power as delivered by CHP plants or auxiliary boilers in pulp mills. The 
marginal cost increases as the target levels become more ambitious, partly because 
residues are used in processes that produce higher-value products, and partly because 
a re-allocation of the primary feedstock (as discussed further in Section 3.7) reduces 
the total volume of industry residues that arises in the first place. The direction is 
consistent with the forest sector studies by Bryngemark and Hu et al. [86,87], in 
which large-scale biofuel production and trading of negative emissions, respectively, 
raise the prices of pulpwood and sawmill by-products.  

Across the scenarios depicted in Figure 9, there are large differences between the 
regions as can be seen from the distribution across regions. In the inland regions 
without harbour access, neither the marginal cost nor the use of industry residues is 
affected by higher target levels, as the cost of transporting products out of these re-
gions is prohibitive. In the model, access to transport infrastructure, rather than prox-
imity to the feedstock, is what determines whether a region is exposed to the new 
demands. This partly agrees with Jåstad et al. [91], who found that large biofuel plants 
in Norway are best located near large harvests or at harbours and railway terminals, 
where they raise the local pulpwood prices. For CO₂, ship transport is the least costly 
option for most Nordic sources [32]. 

The models and case studies in this work are carried out with the perspective of either 
the individual mill or the national system. While heat and electricity are traded on 
more-or-less local markets, biomass feedstock and products are shipped world-wide. 
Therefore, the global perspective is of great importance to understanding the impli-
cations and limitations of the study.  

In the case study reported in Paper IV, the feedstock import volume is limited in 
order to assess a scenario with a high degree of self-sufficiency. With unlimited bio-
mass imports, the import price would establish a limit for the domestic price of bio-
mass (although it would remain subject to local differences due to transportation costs 
and logistical bottlenecks). The marginal values shown in Figure 9 fall both below 
and above the marginal value of the import restriction (if the assumed cost of import 
at 22 €/MWh is added on top of the line shown), whereas, with unlimited imports, 
the import price plus the cost of transport from the harbour would define a ceiling for 
the value of the industry residues in each region. 
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Figure 9. Box-plots of the distribution across regions of the marginal costs for industry residues for nine 
modelled scenarios, spanning different combinations of BECCS and methanol targets, from Year 2030 
to Year 2050. The red lines indicate the median costs, and the boxes represent the 25th to 75th percentiles 
of the regions. Source: Paper IV. 

Whether the domestic options studied here would remain competitive in face of such 
a limit is not addressed in the appended papers, although the cost estimates that they 
provide give an indication. Bark and sawdust, as well as some fractions of logging 
residues, which are today generally regarded as free by-products, will likely remain 
competitive as feedstocks even when global alternatives are available. The use of 
lignin in energy applications is debatable in this regard. The results from Papers II 
and III suggest that lignin can be extracted from chemical pulp mills at a cost of 
around 22–35 €/MWh, of which 10–15 €/MWh are annualised capital costs and 12–
20 €/MWh are variable costs, in cases where 10 %–30 % of the lignin is extracted 
and flexibility measures are applied. These numbers fall within the system value of 
residues in most regions in the high-target scenarios with limited imports (see Figure 
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9), but they can hardly compete with the historical prices for imported wood pellets 
at around 22 €/MWh [110]. 

However, if also the demand for biomass (or carbon atoms) increases in a global 
system where all countries phase out fossil feedstocks, it is uncertain whether bio-
mass will be available for import at the same cost as it is today. Assessing this would 
require an analysis that addresses the issues of global land use, land-use change, and 
forestry, which fall outside the scope of this thesis. 

3.4 Incentives for BECCS and synergy with methanol produc-
tion 

The demand for negative emissions via BECCS is a question of policy rather than 
one of economics. Although the markets for electricity, heat and fuels are also af-
fected by policy, the BECCS market differs in that negative emissions represent a 
policy-driven product. As shown above, with a strong incentive for BECCS (150 €/t 
at the mill gate in the Year 2040b scenario of Paper III), the captured CO2 needed to 
achieve negative emissions is valued higher at the mill gate than both the extracted 
lignin and CO2 for BECCU applications. From the local perspective applied in Paper 
III, a sufficiently high value attached to BECCS makes it optimal for the mill to 
invest in a carbon capture technology. Paper IV shows that this conclusion survives 
at the system level only as long as there are no other options for providing negative 
emissions at a lower cost.  

Figure 10 shows the amounts of emitted and captured CO2 from the three main 
sources across the scenarios modelled in Paper IV. Where a target is set for negative 
emissions alone (the panels in the top row), the captured CO2 is mainly obtained 
through post-combustion capture at pulp mills, which is in that case the cheapest op-
tion available to the model. However, once a target for domestic methanol production 
is added the gasification process supplies CO2 as a by-product of the syngas, and 
post-combustion capture from pulp mills is progressively phased out as the methanol 
target becomes more ambitious.  

Even in the scenarios in Paper IV that have only a BECCS target, post-combustion 
capture is not always superior to gasification. Part of the explanation of this follows 
directly from the input data, where the investment cost per unit of captured CO₂ is 
lower for capture from a gasification unit than for post-combustion capture at an ex-
isting mill [106]. In addition, it is assumed in Paper IV that the mill is fixed at its 
current location, whereas a new gasification plant can be located wherever the con-
ditions for capture are optimal.  
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Figure 10. Amounts of emitted and captured CO2 from the three emission source types between Years 
2030 and 2050 across nine selected scenarios from Paper IV, spanning different combinations of 
BECCS and methanol targets. Source: Paper IV. 

Three features work in favour of the gasification-based carbon capture, the first two 
of which are related to location. First, since land-based transport of CO₂ is prohibi-
tively expensive, capture is less costly when located in regions that have access to a 
harbour. Second, post-combustion capture consumes both heat and electricity, while 
gasification with capture is a net producer of heat, which can thereafter serve the 
regional heating demand. Thus, the same tonne of captured carbon carries a different 
energy penalty (in economic terms) depending on where it is captured. Third, where 
there is also a demand for methanol, the CO₂ from a gasification plant acts as a by-
product of a syngas stream that is itself sold, whereas CO₂ captured at the mill must 
carry its full cost alone. Sandberg and Krook-Riekkola [84] found the same mecha-
nism in a national energy system model of Sweden, where capture from fuel produc-
tion provided low-cost negative emissions. In that study, however, the favoured route 



35 
 

was biofuel production through black liquor gasification, which is not included as an 
option in Paper IV. 

Working in the opposite direction, the gasification route requires a new biomass feed-
stock flow, which is limited in volume and priced according to the use from which it 
is taken. This is the reason why capture at the existing point sources of the forest 
industry appears in the cost-optimal mix as long as negative emissions are pursued 
on their own. For capture at the pulp mill to remain competitive once methanol is also 
in demand, the value of the pulp that the gasification route would displace must out-
weigh not only the methanol revenue foregone, but also the advantages in terms of 
capital cost, locational flexibility and energy balance. Unlike models that represent 
each country by one or a few regions [23,84,90], Paper IV thus shows how location, 
infrastructure and co-production determine where the CO₂ is captured within a coun-
try. 

Figure 11 shows the resulting marginal costs for targets set for negative emissions 
(left panel) and methanol production (right panel), across the scenarios studied in 
Paper IV. Where no methanol target is set (green area) or where the target for nega-
tive emissions substantially exceeds the methanol target on a carbon basis (dashed 
black and red lines), the marginal cost of negative emissions is approximately 80 % 
higher than under the combined targets, which reach a median of around 150 €/tCO2 
by Year 2045 (a cost that includes capture and transport to the storage site, but ex-
cludes storage). Similarly, the marginal cost of methanol is heavily reduced under 
high BECCS targets (black and red lines), where the syngas required for bio-metha-
nol production becomes a by-product of the captured CO2. 

 

 
Figure 11. Marginal costs for targets related to negative emissions (a) and methanol production (b), 
across 25 scenarios spanning different combinations of BECCS and methanol targets. Source: Paper 
IV. 
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The modelled BECCS costs can be compared to the two BECCS price pathways in-
troduced above (based on the forecasts for emissions allowances). A price that fol-
lows the WEM pathway would only cover negative emissions in Year 2050, and then 
only through the cheaper combined route, whereas a price that follows the WAM 
pathway lies within the range of the scenarios in which post-combustion capture is 
on the margin already in Year 2040. (The comparison should be treated with caution, 
since the modelled costs cover capture and transport to the storage site but not the 
storage itself.) Thus, according to the results shown in Paper IV, whether an incen-
tive linked to the allowance price delivers BECCS from the forest biomass system, 
and if so, which technology and timing become viable, depends on which one of the 
two pathways is realised.  

Gasification also produces net heat, and where a plant is sited close to a large district 
heating demand, the residual heat can supply a substantial share of that demand, e.g., 
around 20 % of the heat supply in Stockholm with targets of 20 Mt of negative emis-
sions and 80 TWh of methanol per year. How much heat is available depends on how 
much CO2 is captured at the plant, since a substantial share of the residual heat is 
required to operate the capture unit.  

In Paper IV, no climate targets are imposed on the system, and the geographical 
scope of the biomass module is limited to Sweden, although neighbouring countries 
are included to account for trading in electricity. Millinger et al. [23] have shown that 
if climate targets are imposed on the system, the value of biogenic carbon is so high 
that the biogenic CO2 from pulp mills is never released to the atmosphere. This raises 
the question as to how such an outcome could be achieved. 

It is possible that, in the long term, if chemical pulp mills are completely re-designed 
for the purpose of providing low-cost BECCS, for example by replacing conventional 
boilers with black liquor gasification [80,84] or chemical looping combustion [111], 
BECCS could become more cost-competitive than capture at new gasification plants. 
Such technologies are not examined in this thesis, due to the near-future perspective 
with the focus on solutions that can be fitted to existing industry. Furthermore, studies 
that find such concepts competitive, such as that by Sandberg and Krook-Riekkola 
[84], typically assume the costs of mature (Nth-of-a-kind) plants, whereas first-of-a-
kind projects usually come with higher costs. 

Since the model minimises the total system cost, a given target for negative emissions 
is, by construction, met by the least costly combination of capture sites. Which sites 
these are, however, depends on whether there is also a demand for methanol, so that 
the same BECCS target leads to different outcomes with and without a methanol tar-
get. With a methanol target, the quantity is filled by gasification plants in which 
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capture shares its cost with methanol production, so that negative emissions and the 
use of biogenic carbon in products are complementary. The CO₂ from the pulp mills 
is then released, since the remaining biogenic emissions carry no cost: at a target of 
20 Mt per year, 10–15 Mt of capturable biogenic CO₂ remains uncaptured. If this CO₂ 
should not be released, as Millinger et al. find under climate targets [23], a BECCS 
policy that aims for a given quantity of negative emissions at the lowest price, such 
as a reverse auction, may not be sufficient on its own. Without a methanol target, a 
larger share of the capture instead takes place at the pulp mills (Figure 10), at a mar-
ginal cost that is around 80 % higher (Figure 11). High incentives for BECCS then 
risk locking in processes that convert biomass to CO₂, even where the carbon could 
be valorised upstream: carbon capture outcompetes lignin extraction at the mill (Sec-
tion 3.2), the same applies to biomass in the heating sector (Section 3.7), and a 
BECCS policy tailored to pulp mills would subsidise pulp production even if biofuels 
compete for the same pulpwood. Which of these outcomes a BECCS policy leads to 
therefore depends on whether there is also a demand for biogenic carbon in fuels and 
chemicals. 

The revision of the EU ETS proposed by the Commission in July 2026 (Table 1) is 
relevant for this in two ways. First, the slower reduction of the cap, by 3.7 % per year 
in Years 2031–2035 and 1.7 % per year from Year 2036, makes allowance prices 
along the WAM pathway less likely, which weakens the case for capture at the pulp 
mills (Section 3.2). Second, the proposal would make the Commission a central buyer 
of certified permanent removals, financed by 250 million additional allowances. If 
these removals are purchased at the lowest cost per tonne, the instrument shares the 
property of the reverse auction discussed above. 

3.5 The potential, value and limits of flexible operation 

So far, this chapter has considered how external market and policy conditions deter-
mine which investment and operational choices in the forest biomass system become 
economically reasonable. The following three sections examine how the interplay 
between the forest biomass system and the wider energy system may change as new 
demands are placed on forest biomass. Flexible operation is the most-immediate form 
that the interplay takes, since it requires neither a new product nor a new process. The 
mill continues to produce pulp and electricity, although it schedules its material, 
steam and electricity flows with respect to the electricity price rather than supplying 
a steady base load, thereby becoming a resource for an electricity system that has a 
growing share of variable generation. This section examines the technical potential 
for such flexible operation, its value to the mill, and the limits to which it is subjected. 
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Paper I investigates the technical potential of, and the limitations to, flexible opera-
tion of conventional mill processes, for a range of cases, spanning from the less-flex-
ible to the more-flexible. Figure 12 presents a duration curve of the net electricity 
production from the model mill (producing 2,000 ADt/d of pulp) for the modelled 
cases, together with a reference case with steady-state operation. The results show 
that the mill remains a net producer of electricity during most of the operational hours, 
even with flexible operation. The span between the maximum and minimum net elec-
tricity production increases from 17 MW in the least-flexible scenario to 105 MW in 
the most-flexible scenario. Aggregated over the modelled year, 25–111 GWh of elec-
tricity are shifted from low-value hours to high-value hours. 

To place these results in the context of the Swedish electricity system as a whole, the 
potentials are scaled by a factor of 10 to represent the 20 largest chemical pulp mills 
in Sweden (based on data in the ChICaSP database [112]). The resulting potential is 
in the range of 200 MW to 1 GW in terms of capacity, or 250 GWh to 1.1 TWh of 
shifted electricity per year. For comparison, the installed capacity of grid-scale bat-
teries in Sweden was around 1 GW in Year 2025 [113]. It should also be noted that 
this flexibility is obtained from storage volumes that are already part of the process, 
and that these volumes allow electricity to be shifted over hours to days (and in the 
case of the bark storage, over seasons). This is a longer time perspective than that of 
flexibility services covered by batteries, the cost structure of which is better suited to 
variations of shorter duration. If the numbers at the higher end of the range could be 
realised, the proposed measures could at least be of importance locally, or during 
those hours when it is especially difficult to match supply with demand. 

 
Figure 12. Duration curve of the net electricity production from the model mill (producing 2,000 ADt/d 
of softwood market pulp) for the modelled cases and for a reference case with steady-state operation. 
The legend shows the process units that are allowed to operate flexibly in each case, in addition to those 
of the previous cases. Adapted from Paper I. 
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Among the measures studied in Paper I, over-capacity of the recovery boiler has the 
strongest effect on the overall flexibility potential of the mill. Paper II shows how 
such an operating margin can be created in an existing mill: a lignin extraction pro-
cess removes lignin from the black liquor before the black liquor enters the boiler, 
which reduces the boiler load and, thereby, enables flexible operation. The technol-
ogy for lignin extraction is well known and has been commercially deployed in at 
least three pulp mills world-wide (Paper II). Compared with the daily-resolution 
study by Svensson et al. [72], the new information from Paper II is that, with hourly 
resolution and intermediate storage, lignin extraction in combination with flexible 
recovery boiler operation can increase the product output from the mill with only a 
small penalty imposed on the electricity trade, which strengthens the incentives for 
investments in lignin extraction. 

In both Papers I and II, the main technical limitations in relation to flexibility are 
the capacity limits (minimum and maximum loads) of the flexible processes, turbines 
and boilers. The storage units for intermediate products are typically sufficiently large 
to handle variations on time-scales that range from hours to days, although they be-
come limiting on longer time-scales. The flexibility is, therefore, mainly used to 
match the diurnal variations in the electricity price, although long-term storage of 
bark also enables a seasonal pattern of operation for the bark boiler. 

Figure 13 shows the impacts on the mill economy of the proposed measures for flex-
ible operation of conventional mill processes (based on the results from Paper I), 
with the electricity prices for Year 2019. The results show that already with these 
relatively stable electricity prices, the value of traded electricity can be increased by 
1 %–8 % through increased integration with the electricity market. For the model 
mill, producing 2,000 ADt/d of pulp, the economic gains correspond to 0.2–2.0 M€ 
per year. As discussed in Paper I, these values represent the willingness to pay for 
flexibility from a system perspective, excluding taxes and fees, rather than the sav-
ings that a specific mill would realise. While these gains are small in relation to the 
total income from the net export of electricity (around 26 M€ for the model mill) or 
the revenue from pulp sales (around 730 M€), it should be borne in mind that the 
benefits are achieved without investments in additional process capacity and without 
any impact on pulp production. 

Figure 13 distinguishes between the contributions to the value linked to having flex-
ibility in the boilers (Steam supply), steam consumption in the production processes 
and turbines (Steam demand), and electricity consumption in the production pro-
cesses (El. demand). In the most-flexible scenario, where over-capacity is available 
in the recovery boiler, steam supply flexibility dominates the value of the traded elec-
tricity. In the other two scenarios, where flexibilities of the steam supply, steam 
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demand, and electricity demand are all available, they contribute around 40 %, 40 %, 
and 20 % of the value, respectively. 

These results not only imply an economic synergy between the mill and the electricity 
system, but also show how additional value can be generated from the same biomass 
resource, even without shifting to alternative products. This is in line with the value 
of biomass-based electricity in a system dominated by VRE, where electricity gener-
ated at peak load can be worth considerably more than base-load electricity from the 
same biomass [13]. Millinger et al. [23] also found that flexible bio-based electricity 
is the biomass use that is most costly to replace in the European energy system. If the 
shifting of electricity generation from low-price hours to high-price hours results in 
reduced use of fossil fuels for peak electricity production, the measures will also con-
tribute to reducing greenhouse gas emissions from the electricity sector. 

 
Figure 13. Impacts on the mill economy of the proposed flexibility measures for the cases modelled with 
the electricity prices for Year 2019. The flexibility measures are categorised as steam supply flexibility, 
steam demand flexibility, and electricity demand flexibility. The y-axis lists the unit(s) in which that 
flexibility is introduced in each case, in addition to the previous cases. Adapted from Paper I. 

It should be noted that the modelled cases are stylised, in the sense that they assume 
similar conditions for flexibility throughout the year. In reality, a level of capacity 
that allows flexible operation may be available only during parts of the day or year. 
This may be due to different product campaigns (as shown in the additional cases in 
Paper I), seasonal variations (e.g., variations in heat demand due to climatic varia-
tions), or operations that are undertaken intermittently, such as knife-changes in wood 
choppers or soot-blowing in boilers. Svensson [70] showed that seasonal variations 
significantly affect the economic potential for flexible operation. 
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While the aim of Paper I was to study the potential and incentives for operating the 
processes in a flexible manner when capacity and storage volumes are already avail-
able, a separate question that arises is whether flexible operation can also motivate 
additional investments in process capacity or storage. According to the results pre-
sented above, the economic gains from the flexibility measures are small relative to 
the typical sizes of investments in production units, boilers and turbines. This sug-
gests that spot market variations are, in general, not sufficiently large for flexibility 
to be a decisive factor at the investment stage. However, when the model was run 
with the high and variable prices of Year 2022 (also presented in Paper I), the eco-
nomic gains were 10 times higher, although the average electricity price was only 
three times higher. This supports the hypothesis that flexibility measures will be in-
creasingly valuable in a future that has more-volatile electricity prices. While the 
electricity prices projected for Years 2030 and 2040 are not as high and volatile as 
those recorded in Year 2022, it is not inconceivable that future prices will turn out to 
be similar to those in the Year 2022 profile, at least for some period of time during 
the transition of the energy system in the coming decades. Whether such variable 
electricity prices are indeed enough to motivate investments in additional capacity 
for a specific process is a question that requires a site-specific investigation. 

In Paper III, investment optimisation is explicitly conducted for a condensing tur-
bine, a lignin extraction plant, and a carbon capture plant, under projected assump-
tions regarding electricity and product prices in Years 2030 and 2040. The model mill 
makes use of the flexibility that is inherent to existing mill processes, and benefits 
from the flexibility in the recovery boiler when lignin extraction is installed. How-
ever, in none of the modelled cases does the model invest in additional capacity for 
the purpose of part-time utilisation, apart from a minor investment in the condensing 
turbine in one case. Spot prices similar to those recorded for Year 2022 would, as 
shown in the paper, dramatically change the calculations, motivating investments in 
combinations of lignin extraction and electricity generation or carbon capture and 
electricity generation, for part-time utilisation in response to the variable electricity 
prices, for a broad range of lignin and CO2 prices. 

3.6 Trading electricity for biogenic carbon 

The higher-value utilisation of forest biomass means, in addition to the flexibility 
discussed above, that carbon that would otherwise have been combusted is instead 
directed into products. Since the biomass is the energy carrier as well as the source 
of carbon, every such shift comes with an energy cost. It appears either as generation 
that is foregone as a lower amount of fuel being burnt in the pulp mills’ recovery 
boilers or in power plants, or as heat and electricity that are consumed, when CO₂ is 
captured and converted into fuels or chemicals. Papers II and III quantify this 
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exchange for the individual mill, and the results reported in Paper IV show that the 
same trade-off governs the system level. Thus, biomass that is allocated to gasifica-
tion and methanol production is biomass that no longer generates heat and electricity 
in the district heating systems, and if products are instead to be made from the cap-
tured CO₂ and hydrogen, the electricity demand of the system increases substantially. 
Taken together, the results describe a gradual reversal of the role that forest biomass 
plays in the energy system: from a fuel that supplies heat and electricity, towards 
becoming a source of carbon whose refinement into products or more valuable energy 
carriers is paid for with heat and electricity.  

This perspective of the individual mill is especially interesting for the case of lignin 
extraction. As discussed in Section 3.2, the exchange between electricity generation 
and material output is central to the economic calculations, since the majority of the 
operational cost of the process consists of the indirect electricity cost (i.e., the lost 
income from electricity that was generated from the combustion of black liquor in 
the reference case without lignin extraction).  

Paper II shows how flexible operation of the recovery boiler can reduce this indirect 
electricity cost. The average cost of lignin, depending on the extraction target, is pre-
sented in Figure 14. For lower levels of lignin extraction, the indirect electricity cost 
is lower, since the lost electricity generation (and, less importantly, the increased con-
sumption of electricity) can be concentrated to low-price hours. With the electricity 
price profile of Year 2019, the value of the flexibility is relatively low, whereas for 
the Year 2022 prices, flexible recovery boiler operation is shown to save 15 %–70 % 
of the operational cost of lignin extraction, as compared with steady-state operation. 
If the price ranges for future years lie somewhere in between those of Years 2019 and 
2022, then the Year 2022 values can be regarded as an upper limit for the potential. 
It should be noted that flexible operation does not increase the value of the electricity 
trade compared with the original mill configuration; instead, it minimises the loss of 
value from electricity trading that is a consequence of lignin extraction. 

Furthermore, it is shown in Paper II that adding up to 10 % over-capacity in the 
lignin extraction plant further enhances the level of flexibility, thereby reducing by 
up to 50 % the marginal cost of lignin, with the electricity prices of Year 2022. In-
creasing the size of the black liquor storage by a factor of 3 has a similar effect. 

 



43 
 

 
Figure 14. Average cost of lignin depending on the extraction target, for the electricity prices in Year 
2019 (left panel) and Year 2022 (right panel). The indirect electricity cost (green bars) and indirect bark 
cost (red bars) represent the respective lost income levels from the sold electricity and bark that were 
generated in the reference case without lignin extraction. Investment costs are not included. Source: 
Paper II. 

As described in Section 3.2, the addition of a carbon capture process to the mill re-
duces the electricity surplus from the mill. The trade-off is of a different character 
than that seen in the case with lignin extraction, since the capture and conversion 
processes consume heat and electricity rather than merely displacing its generation. 
In Paper III, the model has the opportunity to invest in over-capacity of the capture 
process, in order to respond to electricity prices, as for the lignin extraction process. 
However, due to the high capital costs of the capture process compared to the poten-
tial savings in operational costs, this opportunity never materialises in the cost-opti-
misation of investments. Flexible operation of carbon capture has been found to be 
rewarded under variable electricity prices at power plants by Mechleri et al. [60] and 
at CHP plants by Saint-Pierre and Mancarella [74]. However, these studies only op-
timised operations for a given investment, and, in line with the result of Paper III, 
Mechleri et al. [60] found that the viability of strategies that require additional equip-
ment, such as solvent storage, depends strongly on its capital cost. 

In the presented studies, the largest effect on the electricity trade from the industry 
site is observed when the system boundary is moved so that electrolysis for BECCU 
applications is included. In a stylised case (labelled 2040c in Paper III), where no 
lignin extraction is applied and 90 % of the CO2 is captured for the synthesis of e-
fuels, the 1.9 Mt CO2 captured from the model mill would yield around 6.85 TWh of 
e-fuel, although around 11 TWh of electricity would be required for the electrolysis 
process. 
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As the system boundary is increasingly expanded in Paper IV, it becomes evident 
that changes to the biomass system also have implications for the electricity system 
as a whole. Figure 15 shows the difference in electricity generation by source in Swe-
den compared to the reference scenario (without targets for methanol or BECCS) 
across nine scenarios (including the reference, Figure 15a) from Paper IV. As for the 
individual mill, the most-substantial effects on the system level are seen in the sce-
narios that meet the methanol target through the use of e-methanol (BECCU). This is 
seen in Figure 15 in that the electricity generation increases with increasing methanol 
targets but decreases with an increasing BECCS target for a given methanol target, 
since increased BECCS targets lead to more methanol being produced via biomass 
gasification. The additional generation is mainly supplied by offshore wind power. 

 
Figure 15. Difference in electricity generation by source in Sweden compared to the reference scenario 
(panel a) across nine scenarios. The figure is based on results from Paper IV. 
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Paper IV also shows a large difference in the consequences for the electricity system 
between free and fixed allocations of biomass: if pulp and sawn timber production 
outputs are held at their reference levels, so that the methanol target must be met with 
more e-methanol rather than by the gasification of pulpwood, the total electricity gen-
eration in Sweden with a methanol target of 40 TWh per year reaches 250 TWh in 
Year 2050, compared with 222–238 TWh under free allocation, where the lower val-
ues correspond to higher BECCS targets. This corresponds to a 48 % increase in elec-
tricity generation over the Year 2025 level, compared with an increase of 31–40 % 
under free allocation. The difference grows with higher methanol targets, reaching 
53–77 TWh at the (explorative) target of 80 TWh per year. Notably, fixed allocation 
corresponds to taking the production of the forest industry as given, as is common in 
energy system models (Section 1.2).  

An additional effect, which is present to varying extents in all the scenarios in Figure 
15, comes from the heating sector and affects the electricity system in two ways: the 
electricity generation that is lost as biomass-fired CHP plants are phased out has to 
be replaced, and the heat pumps that take their place add a further electricity demand. 
This effect is larger with higher BECCS targets, since the capture process increases 
heat demand (see top row without methanol target in Figure 15). One of the reasons 
why heat pumps are viable in the heating sector is that they, when combined with 
heat storage, can utilise low-cost electricity from variable sources of electricity, such 
as wind power. The competitiveness of power-to-heat technologies in electricity sys-
tems with a high share of wind power aligns with the studies of district heating sys-
tems in Swedish cities in which the share of CHP decreases as large heat pumps ex-
pand [35,36].  

3.7 Re-allocating forest biomass between sectors 

When the supply of biomass is limited and several sectors compete for the same feed-
stock, the competition takes on a different form. The question then arises as to which 
sector the biomass should be allocated: the traditional forest industry producing pulp 
and sawn timber, the heat and power sector, or the production of fuels and chemicals, 
here represented by methanol. Paper IV addresses this question, since the allocation 
of biomass between sectors, and the resulting prices, are determined within the model 
rather than imposed as assumptions. 

Figure 16 shows how the allocation of different segments of forest biomass between 
sectors changes over time, for four of the different target combinations assessed in 
Paper IV. Column a shows the reference case with no target for either methanol or 
BECCS, and columns b–d show cases that range from 5 Mt/year of BECCS and 20 
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TWh/year of methanol to 15 Mt/year of BECCS and 60 TWh/year of methanol by 
Year 2045 (with lower intermediate targets for earlier years). 

In the reference case (column a), the most-notable change over time is that the im-
portation of wood to the heating sector (light-cyan colour, top panel) is phased out as 
CHP plants reach the end of their lifetimes and are replaced by heat pumps in the 
heating sector. 

For the cases shown in columns b–d, the general trend is that as methanol targets 
increase, biomass is re-allocated from the other sectors to methanol production, in 
order to produce bio-methanol through gasification followed by methanol synthesis. 
The initial response to a methanol target is an increase in biomass imports and in-
creased extraction of logging residues, both of which activities carry a higher mar-
ginal cost. Thereafter, biomass is re-allocated from heat and electricity generation in 
CHP plants to gasification, and the biomass used internally in the pulp mills for aux-
iliary heat and electricity generation is gradually phased out.  

 

 

 
Figure 16. Progress over time for the allocation of different segments of forest biomass to different 
sectors across four selected scenarios in Paper IV. ‘Industry res. > Pulp mill’ represents wood chips 
from sawmills that are used as feedstocks for pulp mills; and ‘Industry res. > Auxiliary’ represents the 
internal transfer of industry residues to auxiliary boilers at the pulp mills. Note the different scales be-
tween the panels. Source: Paper IV. 
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With the higher targets for methanol, the production of bio-methanol eventually com-
petes with the traditional forest sector, using the pulpwood quality of biomass as feed-
stock, unless the pulp price is sufficiently high to motivate investments in e-methanol 
production. The production of sawn timber remains stable, except for the most-ex-
treme target combinations. The re-allocation away from heat and power plants agrees 
with the forest sector studies by Hu et al. and Jåstad et al. [87,99]. In those studies, 
however, the heating sector is represented only as a demand for biomass and responds 
by turning to lower-grade residues, whereas in Paper IV it turns to heat pumps. This 
response is in line with the coupled study by Mustapha et al. [89], in which increased 
biofuel production reduced the investments in biomass-based heat and CHP and made 
heat pumps more favourable. 

The results from Paper IV and the discussion in this thesis jointly suggest that the 
heating sector can be considered as a low-value utilisation of biomass (assuming that 
alternative heating is available). Therefore, to make forest biomass available to 
higher-value applications, it is important that it is not locked into the heating sector 
because of a poorly designed BECCS incentive or unbalanced taxes, such as the ex-
emption of biomass fuels used for heat production from energy and carbon tax while 
the electricity used in heat pumps for district heating is taxed at the full rate (Table 
1), or because of bottlenecks in the electricity grid that limit the expansion of power-
to-heat solutions. This, however, does not mean that present BECCS projects in the 
heating sector, such as that by Stockholm Exergi [29], are not important. Such pro-
jects contribute to technology development and provide large-scale demonstration of 
BECCS. 

Also, this thesis does not provide a straightforward answer as to whether pulp and 
paper, transportation fuels or green chemicals are the most-valuable commodities to 
produce for society. All of these products are traded on global markets and subject to 
competition, e.g., from feedstocks based on fast-growing wood species in tropical 
regions or industry residues in other countries with a large forest industry. On a na-
tional or European level, policymakers should consider whether it is more important 
to be self-sufficient in paper products or in fuels and green chemicals. This consider-
ation needs to be part of a broader energy strategy that also considers the advantages 
and drawbacks of other carbon-free alternatives in the hard-to-abate sectors, such as 
various forms of electrification and hydrogen-based solutions.  
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4 Conclusions 

The combined results of the appended papers show that the optimal utilisation of 
forest biomass during the energy transition to maximise the economic value and the 
contribution to climate change mitigation depends on temporal perspective, system 
boundaries, and assumptions on the development in other sectors. Although certain 
aspects of the studied system are specific to Sweden, which combines a large forest 
industry with a largely fossil-free electricity system and widespread district heating, 
the results illustrate mechanisms that are relevant wherever forest biomass is shared 
between the forest industry, the energy system and new demands for biogenic carbon. 

In answer to the first research question, the results show that which investments 
and operational strategies become rational within the forest biomass system in the 
coming decades will depend on policy developments and market trends in sectors 
that have historically been separated from the forest industry. Assuming the value of 
biogenic carbon increases throughout the studied period, the most valuable contribu-
tion of the chemical pulp mill beyond pulp may shift over time, from supplying base-
load electricity, to supporting the electrification of other sectors through flexibility, 
and later to decarbonising hard-to-abate sectors by replacing fossil-based feedstocks 
or compensating for residual and historic emissions through bioenergy with carbon 
capture and storage (BECCS). 

If the demand for bio-based transport fuels and chemicals rises, the value of the res-
idue biomass from the forest industry is no longer determined by the electricity price 
alone, but by the sector with the highest willingness to pay in a given time period and 
location. Of the options for producing renewable fuels from the by-products of the 
chemical pulp mill, lignin extraction is more cost-efficient than bioenergy with car-
bon capture and utilisation (BECCU), although BECCU can raise the product yield 
beyond the technical limits of lignin extraction. 

The demand for BECCS is fundamentally created by policy. If BECCS is priced ac-
cording to the EU ETS allowance price, whether carbon capture becomes more prof-
itable for the mill than lignin extraction or BECCU depends on where that price ends 
up. At high estimates for the ETS price, the lignin price needed to match carbon cap-
ture exceeds the value reported in the literature for lignin even as a feedstock for high-
value green chemicals. 

From a system perspective, however, carbon capture at the pulp mills is optimal only 
as long as there are no lower-cost options for BECCS. If there is also a demand for 
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renewable methanol, new gasification plants, in which CO₂ is obtained as a by-prod-
uct of the syngas, deliver captured CO₂ at a lower cost and displace capture at the 
pulp mills. In a case study of Sweden, by Year 2045, the marginal cost of negative 
emissions is around 80 % higher where no methanol target is set than where the two 
are combined. 

On the system level, the outcome of a BECCS policy therefore depends on whether 
there is also a demand for biogenic carbon in fuels and chemicals. With such a de-
mand, lowest-cost procurement of negative emissions, for example through reverse 
auctions, favours gasification plants in which capture shares its cost with methanol 
production, while the CO₂ from the pulp mills is released, since the remaining bio-
genic emissions carry no cost. Without such a demand, a larger share of the capture 
instead takes place at combustion-based routes, such as the chemical pulp mills, and 
a high incentive may lock in biomass use in processes that convert biomass to CO₂ 
even where the carbon could be valorised upstream in the value chain. Ideally, a pol-
icy framework for cost-efficient biomass allocation should consider BECCS and the 
use of biogenic carbon in fuels and chemicals together, so that the biomass replaces 
the most expensive alternative across the whole system. 

In answer to the second research question, the thesis shows how the interplay be-
tween the forest biomass system and the wider energy system evolves in three ways 
as new demands are placed on forest biomass: through flexible operation of the mills, 
through trading electricity for biogenic carbon, and through the re-allocation of bio-
mass away from heat and power. 

Shifting net electricity generation in time allows chemical pulp mills to move from 
base-load towards mid- and peak-load providers, thereby increasing the value of 
black liquor and bark as by-products to pulp. The incentive increases with both the 
magnitude and the variability of the electricity price: in the most-flexible case stud-
ied, the increase in the value of traded electricity from flexible operation, compared 
with steady-state operation, is 10 times higher with the prices of Year 2022 than with 
those of Year 2019, although the average price of electricity was only three times 
higher. Scaled to the 20 largest chemical pulp mills in Sweden, the flexibility poten-
tial corresponds to roughly 200 MW to 1 GW, or 250 GWh to 1.1 TWh of shifted 
electricity per year. Most flexibility can be achieved if over-capacity is unlocked in 
the recovery boiler, for example by extracting lignin from the black liquor. 

An increasing demand for biogenic carbon may also motivate the mill to reduce its 
net electricity generation to obtain a higher product yield. For lignin extraction, the 
foregone electricity generation constitutes the major share of operational costs, and 
if it can be shifted to low-price hours, these costs can be reduced by 15 %–70 % under 
volatile electricity prices. The trade-off is most pronounced for BECCU, which 
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requires both carbon capture and electrolysis. At the Swedish national level, the same 
effect dominates the electricity system implications of biomass re-allocation: at a 
methanol target of 40 TWh per year, holding pulp and sawn timber production at their 
reference levels forces the system towards e-methanol and raises electricity genera-
tion from 222–238 to 250 TWh. 

When new demands pull biomass away from CHP plants, their electricity generation 
is lost, and the large-scale heat pumps that replace their heat supply add further to the 
electricity demand. Where these changes take place is determined largely by regional 
conditions: since land transport of methanol and CO₂ is costly, investments in meth-
anol production and carbon capture are made mainly in regions with harbour access, 
while inland regions remain less affected. 

The results also show why a fixed order of priority, as in the cascading principle, is 
not sufficient to guide the allocation of forest biomass: the value of electricity from 
biomass depends on when it is delivered, and the value of residues on where they are 
available. An allocation principle based on the opportunity cost of biomass, which 
varies with time and location, would capture these differences. Together, the results 
of the thesis suggest that a forest biomass strategy in line with the EU target of climate 
neutrality by Year 2050 must account for both the drivers reshaping the value of dif-
ferent products and the industry’s evolving role in the energy system, rather than 
treating these as separate issues. 

4.1 Future work 

The following directions, which fall outside the scope of the appended papers, would 
help address some of the open questions identified above: 

 Represent process integration of biofuel production, both with pulp mills and 
with refineries and petrochemical industries, in the system model. In Paper 
IV, the options at the mill are limited to BECCS and BECCU, and new meth-
anol plants are stand-alone units. Since the optimal technology choice de-
pends partly on the possibilities for process integration, for example the use 
of waste heat [47], integrated biofuel production could be favoured either at 
pulp mills, e.g., through lignin extraction or black liquor gasification, or in 
the existing oil refining and petrochemical industries. Including both would 
show which is preferable, and whether the advantage of integration with the 
forest industry, found by Sandberg and Krook-Riekkola [84] for the national 
level, is nuanced when regional differences in biomass supply, CO₂ transport 
and heat demand are accounted for. 

 Evaluate electrification measures at the chemical pulp mill. Once biogenic 
carbon becomes clearly more valuable than electricity, measures such as an 
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electric boiler or heat pump for steam supply, or gas-plasma calcination in 
place of a bark-fired lime kiln, could become economically relevant. These 
options could be compared with options outside the chemical pulp mill in 
terms of the energetic and monetary cost of biogenic carbon, in a system-
scale model such as the one developed in Paper IV. 

 Study the flexibility in electricity consumption and production of a greenfield 
chemical pulp mill under different electricity system compositions. In this 
thesis, the capacities of mill processes and storages are assumed from an ex-
isting configuration, and the flexibility studied is that inherent to existing mill 
processes. A full investment optimisation would clarify which flexibility 
measures are cost-efficient only because the relevant capacity already exists, 
and which would be worth investing in from scratch. Such an analysis could 
also cover seasonal variations in the steam demand that were not considered 
in the PEMO model. 

 Compare policy instruments for negative emissions in the system model un-
der a net-zero constraint, such as reverse auctions, the integration of removals 
in the EU ETS with central procurement as proposed in 2026, and crediting 
of biogenic carbon uptake. This would test the policy-related claims in this 
thesis. 



53 
 

References 

[1] International Energy Agency (IEA). World Energy Outlook 2025 2025. 

[2] International Renewable Energy Agency (IRENA). World Energy Transitions Outlook 2024: 1.5°C path-
way 2024. 

[3] European Parliament and Council of the European Union. Regulation (EU) 2026/667 of the European Par-
liament and of the Council of 11 March 2026 amending Regulation (EU) 2021/1119 as regards the setting 
of a Union intermediate climate target for 2040. Official Journal of the European Union 2026;L. 

[4] IPCC. AR6 WGIII Mitigation of Climate Change. 2023. https://doi.org/10.1017/9781009157926. 

[5] Pingoud K, Skog KE, Martino DL, Tonosaki M, Xiaoquan Z. IPCC Guidelines for National Greenhouse 
Gas Inventories, Chapter 12 Harvested Wood Products. vol. 4. 2006. 

[6] Börjesson P, Hansson J, Berndes G. Future demand for forest-based biomass for energy purposes in Swe-
den. For Ecol Manage 2017;383:17–26. https://doi.org/10.1016/j.foreco.2016.09.018. 

[7] Cowie AL, Berndes G, Bentsen NS, Brandão M, Cherubini F, Egnell G, et al. Applying a science-based 
systems perspective to dispel misconceptions about climate effects of forest bioenergy. GCB Bioenergy 
2021;13:1210–31. https://doi.org/10.1111/gcbb.12844. 

[8] Rummukainen M. Climate benefits of Nordic forestry revisited, a review. Forestry 2026;99:17. 
https://doi.org/10.1093/forestry/cpag017. 

[9] Lundmark R. Leakage Effects from Restrictions in Timber Supply: An Application to Sweden 2025. 

[10] Johnsson F, Möllersten K, Zetterberg L. Towards net-zero emissions – how can carbon dioxide capture and 
storage contribute? SNS Analysis 98. 2023. 

[11] European Parliament and Council of the European Union. Directive (EU) 2023/2413 of the European Par-
liament and of the Council of 18 October 2023 amending Directive (EU) 2018/2001, Regulation (EU) 
2018/1999 and Directive 98/70/EC as regards the promotion of energy from renewable sources. Official 
Journal of the European Union 2023;L. 

[12] Olsson O. Cascading of woody biomass: The tricky path from principle to policy to practice. SEI Discus-
sion Brief 2017. 

[13] Johansson V, Lehtveer M, Göransson L. Biomass in the electricity system: A complement to variable re-
newables or a source of negative emissions? Energy 2019;168:532–41. 
https://doi.org/10.1016/j.energy.2018.11.112. 

[14] Hansson J, Fridell E, Brynolf S, Malmgren E, Grahn M, Andersson K. Framtida bränsleval för flyg, sjöfart 
och vägtransporter ur ett energisystemperspektiv - Analys av kostnadseffektivitet och andra viktiga kriterier 
vid bränsleval samt elektrobränslens miljöpåverkan. 2022. 

[15] International Renewable Energy Agency (IRENA). A pathway to decarbonise the shipping sector by 2050 
2021. 

[16] Svenska kraftnät. Långsiktig marknadsanalys Scenarier för kraftsystemets utveckling fram till 2050 2024. 

[17] Svenska kraftnät. Nätutvecklingsplan 2024–2033 2024. 

[18] Göransson L, Johnsson F. Ett framtida elsystem med och utan kärnkraft – vad är skillnaden? 2023. 



54 
 

[19] Göransson L, Johnsson F. A comparison of variation management strategies for wind power integration in 
different electricity system contexts. Wind Energy 2018;21:837–54. https://doi.org/10.1002/we.2198. 

[20] Ullmark J. Short- and long-term variability in future electricity systems. 2024. 

[21] Walter V. Cost-efficient integration of variable renewable electricity - Variation management and strategic 
localisation of new demand 2022. 

[22] Kittel M, Roth A, Schill WP. Long-duration electricity storage needs for coping with Dunkelflaute events 
in Europe. Nat Commun 2026;17. https://doi.org/10.1038/s41467-026-72681-5. 

[23] Millinger M, Hedenus F, Zeyen E, Neumann F, Reichenberg L, Berndes G. Diversity of biomass usage 
pathways to achieve emissions targets in the European energy system. Nat Energy 2025. 
https://doi.org/10.1038/s41560-024-01693-6. 

[24] European Parliament and Council of the European Union. Regulation (EU) 2023/2405 of the European 
Parliament and of the Council of 18 October 2023 on ensuring a level playing field for sustainable air 
transport (ReFuelEU Aviation). Official Journal of the European Union 2023;L. 

[25] European Parliament and Council of the European Union. Regulation (EU) 2023/1805 of the European 
Parliament and of the Council of 13 September 2023 on the use of renewable and low-carbon fuels in 
maritime transport, and amending Directive 2009/16/EC. Official Journal of the European Union 2023;L 
234:48–100. 

[26] European Parliament and Council of the European Union. Directive 2003/87/EC of the European Parlia-
ment and of the Council of 13 October 2003 establishing a scheme for greenhouse gas emission allowance 
trading within the Community and amending Council Directive 96/61/EC. Official Journal of the European 
Union 2003;L 275:32–46. 

[27] European Commission. Proposal for a Directive of the European Parliament and of the Council amending 
Directive 2003/87/EC and Decision (EU) 2015/1814 as regards driving competitiveness and cost-effective 
decarbonisation, COM(2026) 616 final. 2026. 

[28] Finansdepartementet. Lag (1994:1776) om skatt på energi. Sveriges Riksdag 1994. https://www.riksda-
gen.se/sv/dokument-och-lagar/dokument/svensk-forfattningssamling/lag-19941776-om-skatt-pa-
energi_sfs-1994-1776 (accessed October 1, 2026). 

[29] Energimyndigheten. Stöd för bio-CCS genom omvänd auktion 2026. https://www.energimyndig-
heten.se/klimat/ccs/statligt-stod-for-bio-ccs/ (accessed October 3, 2026). 

[30] Zetterberg L, Johnsson F, Möllersten K. Incentivizing BECCS—A Swedish Case Study. Frontiers in Cli-
mate 2021;3:1–16. https://doi.org/10.3389/fclim.2021.685227. 

[31] Ember Climate. Carbon Price Tracker 2024. https://ember-climate.org/data/data-tools/carbon-price-
viewer/ (accessed August 8, 2024). 

[32] Karlsson S, Normann F, Odenberger M, Johnsson F. Modeling the development of a carbon capture and 
transportation infrastructure for Swedish industry. International Journal of Greenhouse Gas Control 
2023;124:103840. https://doi.org/10.1016/j.ijggc.2023.103840. 

[33] FAO. FAOSTAT, Forestry Production and Trade 2026. https://www.fao.org/faostat/en/#data/FO (accessed 
October 1, 2026). 

[34] Ericsson K, Werner S. The introduction and expansion of biomass use in Swedish district heating systems. 
Biomass Bioenergy 2016;94:57–65. https://doi.org/10.1016/J.BIOMBIOE.2016.08.011. 

[35] Atabaki MS, Averfalk H, Widén K, Möllerström E, Gadd H, Persson U. Optimising the transition of Swe-
dish energy systems through sector coupling of power and district heating. Energy Convers Manag 
2026;353. https://doi.org/10.1016/j.enconman.2026.121165. 

[36] Bertilsson J, Göransson L, Johnsson F. Impact of Energy-Related Properties of Cities on Optimal Urban 
Energy System Design. Energies (Basel) 2024;17. 



55 
 

[37] Naturvårdsverket. Utsläpp av biogen koldioxid från förbränning av biomassa i Sverige 2025. 
https://www.naturvardsverket.se/data-och-statistik/klimat/utslapp-av-biogen-koldioxid-fran-forbranning-
av-biomassa-i-sverige/ (accessed August 14, 2026). 

[38] Naturvårdsverket. Sveriges utsläpp av växthusgaser 2026. https://www.naturvardsverket.se/data-och-sta-
tistik/klimat/sveriges-utslapp-och-upptag-av-vaxthusgaser/ (accessed October 3, 2026). 

[39] ÅForsk. Energy consumption in the pulp and paper industry - Model mills 2010. 2011. 

[40] Skogsindustrierna. Råvaruförsörjning och produktion n.d. https://www.skogsindustrierna.se/om-skogsin-
dustrin/branschstatistik/ravaruforsorjning-och-produktion/ (accessed August 19, 2024). 

[41] Energiforsk. Biofuels In Lime Kilns. 2022. 

[42] Jannasch A-K. Integration of the electro-fuel concept in pulp and paper industry for a future electricity 
system in balance and a sustainable energy system with minimal carbon foot print. Lund: 2019. 

[43] Gustavsson L, Haus S, Lundblad M, Lundström A, Ortiz CA, Sathre R, et al. Climate change effects of 
forestry and substitution of carbon-intensive materials and fossil fuels. Renewable and Sustainable Energy 
Reviews 2017;67:612–24. https://doi.org/10.1016/J.RSER.2016.09.056. 

[44] Gustavsson L, Nguyen T, Sathre R, Tettey UYA. Climate effects of forestry and substitution of concrete 
buildings and fossil energy. Renewable and Sustainable Energy Reviews 2021;136. 
https://doi.org/10.1016/j.rser.2020.110435. 

[45] Möllersten K. Opportunities for CO2 Reductions and CO2-lean Energy Systems in Pulp and Paper Mills. 
2002. https://doi.org/10.13140/RG.2.2.22124.90240. 

[46] Klüh D, Anetjärvi E, Plaza MM, Kuparinen K, Lipiäinen S, Salcedo-Puerto O, et al. Integrating carbon 
capture in pulp mills towards negative CO2 emissions: a review and case study on technologies and capture 
potential. International Journal of Greenhouse Gas Control 2026;156. 
https://doi.org/10.1016/j.ijggc.2026.104790. 

[47] Sandén B, Pettersson K. Systems perspectives on Biorefineries. 2014. 

[48] Åhman M, Nilsson LJ, Andersson FNG. Industrins utveckling mot netto-nollutsläpp 2050. 2013. 

[49] Skogsstyrelsen. Statistik om avräkningspriser för rundvirke 2026. https://www.skogsstyrelsen.se/sta-
tistik/ekonomi/rundvirkespriser/ (accessed October 3, 2026). 

[50] Fastmarkets. Pulp Prices - Charts and Historical Data 2026. https://www.fastmarkets.com/forest-prod-
ucts/pulp/pulp-prices/ (accessed June 7, 2026). 

[51] Agnihotri S, Sárvári Horváth I. Integrated products biorefinery options within the Swedish pulp and paper 
industry: Current status. Sustainable Chemistry for the Environment 2024;7. 
https://doi.org/10.1016/j.scenv.2024.100128. 

[52] Robinson AJ, Giuliano A, Abdelaziz OY, Hulteberg CP, Koutinas A, Triantafyllidis KS, et al. Techno-eco-
nomic optimization of a process superstructure for lignin valorization. Bioresour Technol 
2022;364:128004. https://doi.org/10.1016/j.biortech.2022.128004. 

[53] Fortet Casabella J, Beiron J, Roshan Kumar T, Sundén M, Harvey S, Thunman H. Do RFNBO regulations 
promote exergetic efficiency in sustainable aviation fuel production? A comparative exergoeconomic anal-
ysis. Energy Conversion and Management: X 2026;31. https://doi.org/10.1016/j.ecmx.2026.101948. 

[54] Karltorp K, Sandén BA. Explaining regime destabilisation in the pulp and paper industry. Environ Innov 
Soc Transit 2012;2:66–81. https://doi.org/10.1016/j.eist.2011.12.001. 

[55] Sarimveis HK, Angelou AS, Retsina TR, Rutherford SR, Bafas G V. Optimal energy management in pulp 
and paper mills. Energy Convers Manag 2003;44:1707–18. https://doi.org/10.1016/S0196-8904(02)00165-
6. 



56 
 

[56] Marshman DJ, Chmelyk T, Sidhu MS, Gopaluni RB, Dumont GA. Energy optimization in a pulp and paper 
mill cogeneration facility. Appl Energy 2010;87:3514–25. https://doi.org/10.1016/J.APEN-
ERGY.2010.04.023. 

[57] Panuschka S, Hofmann R. Impact of thermal storage capacity, electricity and emission certificate costs on 
the optimal operation of an industrial energy system. Energy Convers Manag 2019;185:622–35. 
https://doi.org/10.1016/J.ENCONMAN.2019.02.014. 

[58] Helin K, Käki A, Zakeri B, Lahdelma R, Syri S. Economic potential of industrial demand side management 
in pulp and paper industry. Energy 2017;141:1681–94. https://doi.org/10.1016/j.energy.2017.11.075. 

[59] Herre L, Tomasini F, Paridari K, Söder L, Nordström L. Simplified model of integrated paper mill for 
optimal bidding in energy and reserve markets. Appl Energy 2020;279:115857. 
https://doi.org/10.1016/J.APENERGY.2020.115857. 

[60] Mechleri E, Fennell PS, Mac Dowell N. Optimisation and evaluation of flexible operation strategies for 
coal- and gas-CCS power stations with a multi-period design approach. International Journal of Greenhouse 
Gas Control 2017;59:24–39. https://doi.org/10.1016/j.ijggc.2016.09.018. 

[61] Olsson MR, Axelsson E, Berntsson T. Exporting lignin or power from heat-integrated kraft pulp mills: A 
techno-economic comparison using model mills. Nord Pulp Paper Res J 2006;21. 

[62] Välimäki E, Niemi P, Haaga K. A case study on the effects of lignin recovery on recovery boiler operation. 
Asian Paper 2010 - New Applied Technology (NAT) Conference Proceedings 2010. 
https://doi.org/10.13140/2.1.1777.5046. 

[63] Lindgren K, Samuelsson Å, Kulander I. Techno economic evaluation of lignin extraction in a dissolving 
pulp biorefinery. 7th Nordic Wood Biorefinery conference, 2017. 

[64] Onarheim K, Santos S, Kangas P, Hankalin V. Performance and costs of CCS in the pulp and paper industry 
part 1: Performance of amine-based post-combustion CO2 capture. International Journal of Greenhouse 
Gas Control 2017;59:58–73. https://doi.org/10.1016/j.ijggc.2017.02.008. 

[65] Onarheim K, Santos S, Kangas P, Hankalin V. Performance and cost of CCS in the pulp and paper industry 
part 2: Economic feasibility of amine-based post-combustion CO2 capture. International Journal of Green-
house Gas Control 2017;66:60–75. https://doi.org/10.1016/j.ijggc.2017.09.010. 

[66] Johnsson F, Normann F, Svensson E. Marginal Abatement Cost Curve of Industrial CO2 Capture and Stor-
age – A Swedish Case Study. Front Energy Res 2020;8. https://doi.org/10.3389/fenrg.2020.00175. 

[67] Kuparinen K, Lipiäinen S, Vakkilainen E, Laukkanen T. Effect of biomass-based carbon capture on the 
sustainability and economics of pulp and paper production in the Nordic mills. Environ Dev Sustain 
2023;25:648–68. https://doi.org/10.1007/S10668-021-02074-9. 

[68] Skoglund H, Fu C, Harvey S, Svensson E. Integration of carbon capture in a pulp mill—effect of strategic 
development towards better biomass resource utilization. Frontiers in Thermal Engineering 2023;3. 
https://doi.org/10.3389/fther.2023.1282028. 

[69] Granacher J, Nguyen T Van, Castro-Amoedo R, McDonald EC, Maréchal F. Enhancing biomass utilization 
by combined pulp and fuel production. Front Energy Res 2022;10. 
https://doi.org/10.3389/FENRG.2022.979502. 

[70] Svensson E. Flexibility to seasonal demand variations in pulp mill steam production: The effect of steam 
savings leading to off-design heat loads. Appl Therm Eng 2014;70:1180–8. https://doi.org/10.1016/j.ap-
plthermaleng.2014.04.059. 

[71] Svensson E. Optimal Multi-Period Investment Analysis for Flexible Pulp Mill Utility Systems. Computer 
Aided Chemical Engineering 2015;37:1853–8. https://doi.org/10.1016/B978-0-444-63576-1.50003-0. 

[72] Svensson E, Edland R, Langner C, Harvey S. Assessing the value of a diversified by-product portfolio to 
allow for increased production flexibility in pulp mills. Nord Pulp Paper Res J 2020;35:533–58. 
https://doi.org/10.1515/npprj-2020-0034. 



57 
 

[73] Granacher J. Decision support for the design of integrated biorefineries. 2023. 

[74] Saint-Pierre A, Mancarella P. Techno-economic assessment of flexible combined heat and power plant with 
Carbon Capture and Storage. Proceedings - 2014 Power Systems Computation Conference, PSCC 2014 
2014:1–7. https://doi.org/10.1109/PSCC.2014.7038449. 

[75] Jönsson J, Svensson IL, Berntsson T, Moshfegh B. Excess heat from kraft pulp mills: Trade-offs between 
internal and external use in the case of Sweden—Part 2: Results for future energy market scenarios. Energy 
Policy 2008;36:4186–97. https://doi.org/10.1016/J.ENPOL.2008.07.027. 

[76] Karlsson M. The MIND method: A decision support for optimization of industrial energy systems – Prin-
ciples and case studies. Appl Energy 2011;88:577–89. https://doi.org/10.1016/J.APENERGY.2010.08.021. 

[77] Klugman S, Karlsson M, Moshfegh B. Modeling an industrial energy system: Perspectives on regional heat 
cooperation. Int J Energy Res 2008;32:793–807. https://doi.org/10.1002/er.1392. 

[78] Mesfun S, Lundgren J, Grip CE, Toffolo A, Nilsson RLK, Rova U. Black liquor fractionation for biofuels 
production - A techno-economic assessment. Bioresour Technol 2014;166:508–17. 
https://doi.org/10.1016/j.biortech.2014.05.062. 

[79] Benali M, Périn-Levasseur Z, Savulescu L, Kouisni L, Jemaa N, Kudra T, et al. Implementation of lignin-
based biorefinery into a Canadian softwood kraft pulp mill: Optimal resources integration and economic 
viability assessment. Biomass Bioenergy 2014;67:473–82. https://doi.org/10.1016/J.BIOM-
BIOE.2013.08.022. 

[80] Pettersson K, Harvey S. Comparison of black liquor gasification with other pulping biorefinery concepts – 
Systems analysis of economic performance and CO2 emissions. Energy 2012;37:136–53. 
https://doi.org/10.1016/J.ENERGY.2011.10.020. 

[81] Jafri Y, Wetterlund E, Mesfun S, Rådberg H, Mossberg J, Hulteberg C, et al. Combining expansion in pulp 
capacity with production of sustainable biofuels-Techno-economic and greenhouse gas emissions assess-
ment of drop-in fuels from black liquor part-streams 2020. https://doi.org/10.1016/j.apenergy.2020.115879. 

[82] Hansson J, Klugman S, Lönnqvist T, Elginoz N, Granacher J, Hasselberg P, et al. Biodiesel from Bark and 
Black Liquor—A Techno-Economic, Social, and Environmental Assessment. Energies (Basel) 2024;17. 
https://doi.org/10.3390/en17010099. 

[83] Stenström O, Kumar TR, Rydén M. A million scenarios to identify conditions for robust bioenergy carbon 
capture in Sweden. International Journal of Greenhouse Gas Control 2025;145:104411. 
https://doi.org/10.1016/J.IJGGC.2025.104411. 

[84] Sandberg E, Krook-Riekkola A. The impact of technology availability on the transition to net-zero industry 
in Sweden. J Clean Prod 2022;363:132594. https://doi.org/10.1016/j.jclepro.2022.132594. 

[85] Galimova T, Satymov R, Bogdanov D, Khalili S, Breyer C. The value of CO2 point source capture for the 
energy-industry system transition. Energy 2026;360:141587. https://doi.org/10.1016/j.en-
ergy.2026.141587. 

[86] Bryngemark E. Second generation biofuels and the competition for forest raw materials: A partial equilib-
rium analysis of Sweden. For Policy Econ 2019;109:102022. https://doi.org/10.1016/j.forpol.2019.102022. 

[87] Hu J, Jåstad EO, Bolkesjø TF, Rørstad PK. Impact of large-scale Bio-CCS deployment on forest biomass 
competition and forest industry production. Biomass Bioenergy 2023;175:106896. 
https://doi.org/10.1016/J.BIOMBIOE.2023.106896. 

[88] Jåstad EO, Bolkesjø TF, Trømborg E, Rørstad PK. Integration of forest and energy sector models – New 
insights in the bioenergy markets. Energy Convers Manag 2021;227:113626. https://doi.org/10.1016/J.EN-
CONMAN.2020.113626. 

[89] Mustapha WF, Kirkerud JG, Bolkesjø TF, Trømborg E. Large-scale forest-based biofuels production: Im-
pacts on the Nordic energy sector. Energy Convers Manag 2019;187:93–102. https://doi.org/10.1016/J.EN-
CONMAN.2019.03.016. 



58 
 

[90] Charles M, Narayan KB, Edmonds J, Yu S. The role of the pulp and paper industry in achieving net zero 
U.S. CO2 emissions in 2050. Energy and Climate Change 2024;5:100160. 
https://doi.org/10.1016/j.egycc.2024.100160. 

[91] Jåstad EO, Nagel NO, Hu J, Rørstad PK. The location and capacity-dependent price impacts of biofuel 
production and its effect on the forest industry. Silva Fennica 2023;57. https://doi.org/10.14214/sf.23001. 

[92] Djurić Ilić D, Ödlund (former Trygg) L. Integration of biofuel and DH production – Possibilities, potential 
and trade-off situations: A review. Fuel 2022;320:123863. https://doi.org/10.1016/J.FUEL.2022.123863. 

[93] Karlsson S, Eriksson A, Normann F, Johnsson F. CCS in the pulp and paper industry - implications on 
regional biomass supply. 15th Greenhouse Gas Control Technologies Conference 2021, GHGT 2021, 2021. 
https://doi.org/10.2139/ssrn.3820355. 

[94] Ahlström J, Jafri Y, Wetterlund E, Furusjö E. Sustainable aviation fuels – Options for negative emissions 
and high carbon efficiency. International Journal of Greenhouse Gas Control 2023;125. 
https://doi.org/10.1016/j.ijggc.2023.103886. 

[95] Ahlström JM, Walter V, Göransson L, Papadokonstantakis S. The role of biomass gasification in the future 
flexible power system – BECCS or CCU? Renew Energy 2022;190:596–605. 
https://doi.org/10.1016/j.renene.2022.03.100. 

[96] Hansson J, Hackl R, Taljegard M, Brynolf S, Grahn M. The potential for electrofuels production in Sweden 
utilizing fossil and biogenic CO2 point sources. Front Energy Res 2017;5:1–12. 
https://doi.org/10.3389/fenrg.2017.00004. 

[97] Beiron J, Normann F, Johnsson F. Carbon capture from combined heat and power plants – Impact on the 
supply and cost of electricity and district heating in cities. International Journal of Greenhouse Gas Control 
2023;129:103973. https://doi.org/10.1016/j.ijggc.2023.103973. 

[98] Åberg M, Sandanger M, Gustafsson M. System effects and global CO2 emissions from carbon capture in 
Swedish district heating production – A case study. Next Energy 2026;13:100864. 
https://doi.org/10.1016/J.NXENER.2026.100864. 

[99] Jåstad EO, Bolkesjø TF, Rørstad PK, Midttun A, Sandquist J, Trømborg E. The future role of forest-based 
biofuels: Industrial impacts in the nordic countries. Energies (Basel) 2021;14:2073. 
https://doi.org/10.3390/en14082073. 

[100] Zetterholm J, Bryngemark E, Ahlström J, Söderholm P, Harvey S, Wetterlund E. Economic evaluation of 
large-scale biorefinery deployment: A framework integrating dynamic biomass market and techno-eco-
nomic models. Sustainability (Switzerland) 2020;12. https://doi.org/10.3390/su12177126. 

[101] Glaum P, Neumann F, Millinger M, Brown T. A minimal methanol backstop for high-electrification sce-
narios. Joule 2026:102464. https://doi.org/10.1016/J.JOULE.2026.102464. 

[102] Kouchaki-Penchah H, Bahn O, Vaillancourt K, Levasseur A. The contribution of forest-based bioenergy in 
achieving deep decarbonization: Insights for Quebec (Canada) using a TIMES approach. Energy Convers 
Manag 2022;252:115081. https://doi.org/10.1016/J.ENCONMAN.2021.115081. 

[103] Rečka L, Ščasný M, Laxton DT. The Role of Biomass in Decarbonisation Efforts: Spatially Enriched En-
ergy System Optimisation Modelling. Energies (Basel) 2023;16. https://doi.org/10.3390/en16217380. 

[104] Kjellander J. Flexibility in planning and operation of sawmill: An investigation of the potential for indus-
trial demand response using MILP cost optimisation models. 2022. 

[105] Tomani P. The LignoBoost process. Cellulose Chemistry and Technology 2010;44:53–8. 

[106] Danish Energy Agency. Technology Catalogues 2026. https://ens.dk/en/analyses-and-statistics/technology-
catalogues (accessed June 7, 2026). 

[107] Fernandez Lacruz R, Eriksson A, Parklund T, Davidsson A, Eliasson L. Marginalkostnadskurvor för skog-
lig biomassa - Vad kan tas ut till vilken kostnad? Skogforsk arbetsrapport 1174–2023 2023. 



59 
 

[108] Nadányi R, Ház A, Lisý A, Jablonský M, Šurina I, Majová V, et al. Lignin Modifications, Applications, and 
Possible Market Prices. Energies (Basel) 2022;15. https://doi.org/10.3390/en15186520. 

[109] Energimyndigheten. Scenarier över Sveriges energisystem. 2025. 

[110] Energimyndigheten. Trädbränsle-, torv- och avfallspriser 2022. http://www.energimyndigheten.se/sta-
tistik/den-officiella-statistiken/statistikprodukter/tradbransle--och-torvpriser/ (accessed December 1, 
2022). 

[111] Saari J, Peltola P, Kuparinen K, Kaikko J. Novel BECCS implementation integrating chemical looping 
combustion with oxygen uncoupling and a kraft pulp mill cogeneration plant. Mitig Adapt Strateg Glob 
Chang 2023. https://doi.org/10.1007/s11027-023-10057-6. 

[112] Svensson E, Bokinge P, Harvey S, Normann F. Chalmers Industrial Case Study Portfolio - Contents, Struc-
ture and Example Applications 2019:1–29. 

[113] Wickström J. Ny studie: Batterilager jämnar ut elmarknaden. Tidningen Energi 2025. 
https://www.energi.se/artiklar/2025/juni-2025/ny-studie-batterilager-jamnar-ut-elmarknaden/ (accessed 
October 3, 2026). 

  






