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Chemical pulp mills in future energy markets with variable electricity 
prices and increased demand for biogenic carbon

Simon Ingvarsson * , Mikael Odenberger , Filip Johnsson
Department of Space, Earth, and Environment, Chalmers University of Technology, Gothenburg, 41296, Sweden

A B S T R A C T

In a typical chemical pulp mill, heat and electricity are generated as by-products. With increased value of biogenic carbon, however, alternative products may be 
more valuable. In the present study, a techno-economic optimisation model representing a pulp mill is subjected to possible near-future energy markets to compare 
investments in: (i) a condensing turbine for increased electricity generation; (ii) lignin extraction for biofuel production; and (iii) carbon capture for either storage or 
utilisation.

Under present market conditions, the model mill invests in a condensing turbine for increased electricity generation. In a scenario representing Year 2030, the 
condensing turbine is complemented with a lignin extraction plant, and for scenarios representing Year 2040, the mill invests also in carbon capture. When both 
lignin and CO2 are priced based on the demand for sustainable fuels, lignin extraction is favoured over carbon capture (although the technical limitations of lignin 
extraction motivate a combination of both technologies). When instead the CO2 price is set by the demand for negative emissions, according to an assumed price of 
emissions allowances in the EU ETS, lignin extraction cannot compete with carbon capture. Already at a CO2 price of 75 €/t (The ETS credit price of 2024), the price 
of lignin must be over 300 €/t for the optimisation model to choose investments in lignin extraction over carbon capture. The share of green carbon atoms used for 
products can be improved with lignin extraction; however, for the highest potential to reduce fossil emissions in other sectors, carbon capture is required.

List of abbreviations

Abbreviation Definition

ADT Air-dry tonnes
BB Bark boiler
BECCU Bio-energy carbon capture and utilisation
BECCS Bio-energy carbon capture and storage
CO2 Carbon dioxide
ETS Emission trading system
EU European Union
LK Lime kiln
RB Recovery boiler

1. Introduction

The European Union (EU) is targeting net-zero greenhouse gas 
emissions by Year 2050 [1]. If the target and the agreed policies sup
porting it remain in place, new demands for biogenic carbon may 
appear. For example, in the maritime transport sector, a transition to 
biofuels and/or e-fuels will be necessary if fossil fuels are to be phased 
out [2]. In addition, there may be a demand for bio-energy carbon 
capture and storage (BECCS), to compensate for residual emissions in 

some so called ‘hard-to-abate-sectors’ or to reach net-negative emissions 
eventually in the overall economy [3].

Chemical pulp mills, which produce pulp from woody biomass, are 
currently some of the largest processors of biogenic carbon in Europe. In 
a typical pulp mill, only around 40 % of the carbon in the raw material 
ends up in the main product. The remainder of the carbon is used to 
generate heat and electricity, whereby it is emitted as carbon dioxide 
(CO2) from the recovery boiler, bark boiler and lime kiln [4]. The sur
plus electricity is sold to the grid as a by-product from the mill. However, 
if the value of biogenic carbon increases, it may be more valuable to 
produce other products from the surplus energy, and several mature 
technologically alternatives exist. One option is to extract lignin from 
the black liquor to be subsequently refined into biofuels or bio-based 
materials [5]. Another option is to capture CO2 by means of a 
post-combustion process, either for utilisation (BECCU), e.g., to produce 
e-fuels, or for permanent storage (BECCS), to generate negative 
emissions.

Several previous studies have examined the techno-economic per
formances of lignin extraction and carbon capture in pulp mills. For 
historical market conditions and steady-state operation, the techno- 
economic conditions for lignin extraction have been examined thor
oughly by Olsson et al. [6], Tomani et al. [7], Benali et al. [8], and 
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Culbertson [9]. Onarheim et al. [10,11] have studied the integration of 
BECCS into a softwood market pulp mill, and the economic potentials of 
BECCS and BECCU in various types of pulp and/or paper mills have been 
studied by Kuparinen et al. [12]. A comparison of the different carbon 
capture technologies has been carried out by Nilsson [13], and joint 
implementation of lignin extraction and carbon capture has been stud
ied by Skoglund et al. [14].

This study adds to these previous works, by placing the pulp mill in 
the context of possible near-future markets for electricity, fuels and 
negative emissions. Thus, we compare investments in: (i) a condensing 
turbine for increased electricity generation; (ii) extraction of lignin for 
further refinement into fuels or chemicals; and (iii) carbon capture for 
either a BECCU or BECCS application. We examine how the economic 
viabilities of different technology options (or combinations thereof) 
depend on the price relations between feedstocks, products, and the 
potential value to be gained from negative emissions, and how the 
optimal dimensioning of mill processes is affected by highly variable 
future electricity prices. Furthermore, the carbon balance across the mill 
is analysed for different configurations to compare the mill’s ability to 
contribute to fossil emissions reductions through the replacement of 
fossil fuels in hard-to-abate sectors or via negative emissions.

2. Method

This study compares investment options for an existing chemical 
pulp mill, towards increasing the value of side-streams from the mill 
production in future scenarios representing different market conditions. 
Fig. 1 provides an overview of the studied system, where the part rep
resenting the pulp mill is included in an optimisation model. The opti
misation model minimizes investment and operational costs, where the 
conventional mill processes are assumed in-place and the options for 
investments include a condensing turbine for increased electricity gen
eration, a lignin extraction plant, and a carbon capture system. All the 
combinations of these options are also considered. The optimisation 
model has been developed for previous work by the authors [15,16], but 
is in this study expanded with a carbon capture module and investment 
decisions. For a more comprehensive description of the optimisation 
model, see Appendix A: Pulp mill model.

The further refinement of lignin and CO2 into end-products is not 
included in the optimisation model. However, it is considered in the 
studied scenarios, in order to provide well-grounded input data for the 
study, and it is handled in a post-analysis to provide a basis for discus
sions of the system implications and emissions-reduction potentials of 
the different choices of pulp mill. Lignin has a broad range of possible 
applications in fuels, materials and chemicals at varying levels of tech
nological maturity [17]. In the studied scenarios, the lignin is assumed 

to be further refined into biofuels that can be used in the maritime 
sector. The captured CO2 is assumed to be either combined with 
hydrogen into e-fuels, also for use in the maritime sector, or perma
nently stored to provide negative emissions. Maritime transport was 
chosen as an example application because of the large market size of 
transportation fuels, their role as a hard-to-abate sector in the decar
bonisation of the economy, and the possibility for a direct comparison 
between a biorefinery and a Bio-CCU pathway. The scenario study and 
post-analysis is complemented with a sensitivity analysis of price tipping 
points in which key equations of the model is subjected to a wide range 
of potential market prices of lignin and CO2 beyond the specific appli
cations considered in the studied scenarios.

2.1. Scenarios

The model is subjected to a set of scenarios, representing de
velopments that occur over time, from the present to Year 2040, with 
three different pathways for Year 2040. Each scenario is distinguished 
by assumptions regarding the market prices for lignin and CO2 and the 
electricity price profiles.

To relate the prices of lignin and CO2 to the considered applications 
for biofuels and e-fuels for the maritime transport sector, as well as for 
negative emissions, a set of assumptions has been drawn up. For the 
refining of lignin into biofuels, it is assumed that 1 MWh (103 l) of 
biodiesel can be produced from 3 MWh (0.4 t) of lignin, and that the cost 
of refining lignin into biodiesel is 25 €/MWh biodiesel [18]. For the 
production of e-fuels, a process is assumed in which hydrogen from the 
electrolysis of water is combined with CO2 to generate e-methanol. It is 
assumed that 1 MWh of e-methanol can be made from 0.25 tonnes of 
captured CO2, at a production cost of 113 €/MWh [19] (mainly the costs 
for electrolysers and electricity for hydrogen production). For negative 
emissions via BECCS, a cost for transport and storage of 100 €/t is used, 
which is within the range presented for the near-medium term by 
Oeuvray et al. [20], but notably higher than estimated in several other 
academic studies, such as that of Kjärstad et al. [21]. (Due to the large 
uncertainty and heavy dependence upon site-specific conditions, the 
higher estimate is chosen to avoid over-estimating the value of the 
BECCS option.)

The general assumptions and price data for the scenarios are: 

• Reference scenario: Lignin is priced at 110 €/t, according to its use 
in the heat and power sector, and there is no market for CO2.

• Scenario 2030: Biofuels can cover the demand for renewable 
maritime fuels. Based on an estimated market price for biodiesel of 
100 €/MWh [22], lignin is priced at 175 €/t. There is still no market 
for CO2.

Fig. 1. Overview of the studied system. The shaded area shows the scope of the optimisation model.
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• Scenario 2040a: The limited availability of biomass makes e-fuels a 
necessary complement for renewable maritime fuels. The market 
price for e-methanol, assumed at 125 €/MWh [23], sets the market 
price for both biofuels and e-fuels. This translates into a 
willingness-to-pay of 225 €/t for lignin and 50 €/t for CO2.

• Scenario 2040b: The EU Emissions Trading System (EU ETS) has 
been adapted to allow for negative emissions credits to be sold at the 
same price as the cost for fossil emissions. Assuming an EU ETS credit 
price of 250 €/t (based on [24–26]) and subtracting the costs for 
transport and storage, the willingness-to-pay for captured CO2 for 
negative emissions is assumed to 150 €/t, which is notably higher 
than the cost for e-fuels to the maritime sector. The market price for 
lignin is the same as in the 2040a scenario (225 €/t).

• Scenario 2040c: The input data are identical to the 2040b scenario, 
but all captured CO2 is assumed to be used for e-fuel production.

Table 1 shows a summary of the assumed prices for lignin and CO2 
for the different scenarios. In all the scenarios, the wood price is 85 €/t 
(19 €/MWh) and the bark price is 70 €/t (16 €/MWh). For conversion 
between mass (dry weight) and energy, lower heating values of 4.5 
€/MWh (16.2 MJ/kgds) for bark and wood and 6.9 €/t (24.8 €/kgds) for 
dried lignin were used.

For the electricity price profiles, projections made for Years 2030 and 
2040 for south-central Sweden (price area SE3) are used. These have 
been obtained from a modelling study carried out by Öberg et al. [27] on 
the future electricity system, considering decarbonisation of the elec
tricity sector together with new electricity demands from the industry 
and transport sectors. For the reference year, the historical prices for the 
same price area (SE3) for Year 2017 are used, which have an average 
value similar to those of the future projections, albeit smaller price 
variations. The electricity price profiles are shown in Fig. 2.

3. Results

Sections 3.1-3.2 and 3.4–3.5 cover the results from the optimisation 
model, i.e., within the system boundaries of the chemical pulp mill. 
Section 3.3, which addresses the system implications and emissions 
reduction potential, covers the extended scope, including the applica
tions of lignin and CO2 for fuels or as negative emissions.

3.1. Investment decisions and dispatch

Fig. 3 shows the investments in the condensing turbine, lignin sep
aration plant, and CO2 capture units and their utilisation in all the 
investigated scenarios, except scenario 2040c (for which the model re
sults are identical to those for scenario 2040b). Table 2 lists the uti
lisation rates for the recovery boiler, bark boiler and back-pressure 
turbine, which were all assumed to be in place and not part of the 
model’s investment decisions.

In the Reference scenario, the assumed values for lignin and CO2 are 
relatively low relative to the electricity price. Thus, the mill only invests 
in a condensing turbine, which is dimensioned to maximise electricity 
generation from the mill. Both turbines are utilised at slightly below 100 
% capacity because the flexibility inherent to the mill production pro
cesses allows the turbines to produce at above-average levels for some 
hours of high-price electricity, at the expense of lower production during 
low-price hours. The bark boiler is operated at its minimum level for 
nearly all hours of the year, as the assumed value of selling bark is higher 

than the value of the electricity generated from the bark, except for the 
hours with the highest electricity prices. Without a minimum load limit 
on the bark boiler, the bark boiler would have been out of operation 
during large parts of the year, maximising the export of bark instead.

In the 2030 scenario, with an assumed biofuel market with a higher 
lignin price (175 €/t compared to 110 €/t in the Reference scenario), the 
mill invests in both the condensing turbine and the lignin extraction 
plant. The lignin extraction plant is operated steadily (100 % utilisation) 
throughout the year but allows the recovery boiler to operate flexibly, as 
the boiler then becomes, in a sense, over-dimensioned and the black 
liquor storage tank serves as a buffer. This enables maximisation of the 
load of the recovery boiler during high-price electricity hours and 
reduction of the load during the rest of the year. The back-pressure 
turbine follows the pattern of operation of the recovery boiler, while 
the condensing turbine, which needs to recover its investment, operates 
throughout the year, except for the hours with the lowest electricity 
prices.

In the 2040a scenario, in which the demand for sustainable fuels is 
assumed to exceed the biofuel potential, thereby increasing the market 
prices for both lignin and CO2, electricity generation is out-competed by 
the two other alternatives for most hours of the year. The net revenue 
(value minus costs) of producing lignin exceeds that of the captured CO2, 
so the mill invests in lignin extraction up to the technical limit of how 
much can be extracted without losing the combustible properties of the 
black liquor. Only after this point is it beneficial to make investments in 
CO2 capture corresponding to the remaining steam surplus. Since the 
lime kiln is the least-costly CO2 stack, the capture investment is first 
focused on this unit, followed by the recovery boiler. The assumed 
conditions result in an installed capture capacity of 90 % of the emis
sions from the lime kiln and around 50 % of the emissions from the 
recovery boiler. For the approximately 6500 h with lower electricity 
prices, both boilers operate at their minimum loads and the condensing 
turbine is idle.

For the hours with the highest electricity prices (about 2000 h), the 
loads of the two boilers are increased, using stored black liquor and bark, 
enabling increased electricity generation from the back-pressure turbine 
and activation of the condensing turbine (which is assumed to be un
restricted in terms of the numbers of starts and stops). The carbon 
capture units can be operated at rated capacity throughout the full year, 
as the capture from the recovery boiler does not exceed the boiler’s 
minimum load level, and the lime kiln is operating steadily.

In the 2040b scenario, in which CO2 is assumed to be sold at 150 €/t 
for negative emissions credits, there is a notable gap between the 
willingness-to-pay for negative emissions and the cost to the mill of 
providing the capture, even after subtracting the costs for transport and 
storage. Therefore, the price for CO2 is sufficiently high to out-compete 
lignin extraction, and the CO2 capture from all stacks is maximised. The 
remaining surplus energy is used to produce electricity in the back- 
pressure turbine, with a utilisation factor that is similar to that of the 
reference scenario. The mill imports bark to maximise the use of the bark 
boiler during all hours of the year, by-passing the turbines when the 
electricity price is zero or negative, as the value of captured CO2 exceeds 
the market price for bark.

The result indicating that the CO2 capture process has 100 % uti
lisation in all cases where it is included shows that it is not relevant to 
over-dimension an investment in this technology to allow for flexible 
operation in response to electricity prices. This is due to the high capital 
costs in relation to the operational costs of the carbon capture technol
ogy. Therefore, no further examination was made of the impacts of MEA 
storage sizes, cycling times, etc.

Table 3 summarises the indicators of mill performance in the 
different scenarios, including the yearly production levels of pulp, 
lignin, CO2 and electricity. In all the scenarios, the mill maximises the 
input of wood and the production of pulp according to the capacities of 
the processes in the fibre line.

Table 1 
Summary of the assumed prices of lignin and CO2 in the different scenarios.

Scenario Reference 2030 2040a 2040b 2040c

Lignin [€/t] 110 175 225 225 225
Lignin [€/MWh] 16 24.50 31.50 31.50 31.50
CO2 [€/t] 0 0 50 150 150
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3.2. Carbon allocation and electricity trade

Fig. 4 shows Sankey diagrams of the biogenic carbon flows through 
the mill and the associated carbon efficiencies (the shares of input car
bon atoms that leave the mill in products or as captured CO2) and net 
electricity generation levels, for all scenarios except scenario 2040c (for 
which the model results are identical to those for scenario 2040b). Since 
only around 40 % of the input carbon ends up in the pulp, more than half 
of the biogenic carbon atoms are used for the generation of industrial 
steam and electricity and thereafter released to the atmosphere as CO2, 
in the reference case. It should be noted that in real mills, a small 
fraction (a few percentage points) of the carbon is typically retrieved as 
by-products that are not included in the model, such as tall oil, tur
pentine, etc.

In scenario 2030, the share of carbon that leaves the mill in products 
is increased through the extraction of lignin. However, the impact of 
lignin extraction on the carbon efficiency is small at the levels studied 
(around 25 % of the lignin). Even with a theoretical lignin extraction 
level of 100 %, the carbon efficiency could not exceed 70 % from this 
measure alone. With 90 % of the CO2 captured in the 2040b scenario, a 
total carbon efficiency of 94 % is reached.

The increased carbon efficiency in the future scenarios comes with a 
penalty for the energy balance, which severely reduces the mill’s ability 
to deliver surplus electricity. With 7 % of the carbon extracted as lignin, 
33 % of the surplus electricity is lost, and when lignin extraction is 

Fig. 2. Electricity price profiles used in the reference scenario (2017) and in the future scenarios representing Years 2030 and 2040.

Fig. 3. Resulting investment and utilisation rates for the processes subjected to investment optimisation in the different scenarios.

Table 2 
Utilisation of already installed processes in the reference and modelled scenario 
years.

Reference 2030 2040a 2040b

Recovery Boiler 100 % 87 % 86 % 100 %
Bark Boiler 40 % 47 % 53 % 100 %
Back-pressure Turbine 94 % 80 % 78 % 96 %

Table 3 
Summary of the indicators of mill performance in the different scenarios.

Scenario

Reference 2030 2040a 2040b

Wood input [kt] 1640 1640 1640 1640
Pulp production [kt] 777 777 777 777
Lignin production [kt] 0 96 97 0
CO2 captured [kt] 0 0 935 1711
CO2 released [kt] 1779 1593 666 190
CO2 captured [share] 0 % 0 % 58 % 90 %
Bark net export [kt] 32 25 18 − 34
Electricity production [GWh] 1180 966 813 990
- Back-pressure turbine [GWh] 971 829 805 990
- Condensing turbine [GWh] 209 137 9 0
Electricity use [GWh] 538 538 651 744
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combined with carbon capture most of the surplus is eliminated. How
ever, as shown in our previous work [16], lignin extraction does not 
necessarily reduce the level of electricity generation if there is capacity 
available in the fibre line to increase the overall wood throughput when 
lignin is removed from the black liquor.

In the 2040b scenario, even though the same low level of carbon as in 
the reference scenario leaves the mill in products, 90 % of the carbon 
that is used for energy generation is captured, transported and can be 
stored as negative emissions. The energy consumption of the capture 
process drastically reduces the electricity generation potential, albeit to 
a lesser extent than in the scenarios with lignin extraction, as each 
carbon atom in the black liquor generates more energy when combusted 
than it requires for its capture. However, when lignin extraction is 
combined with flexible recovery boiler operation, as in the 2040a sce
nario, the loss of electricity production can be focused to less-valuable 
hours, reducing the economic impact. For that reason, the net value of 
the traded electricity is almost equal (7.7 M€ vs. 7.9 M€) in the 2040a 
and 2040b scenarios, despite the fact that 50 % more electricity is 
exported in the 2040b scenario.

3.3. System implications and emission-reduction potential

To assess the wider consequences of the mill’s investments and 
operation, Table 4 presents how much fuel could be manufactured from 
the extracted lignin or captured carbon, e.g., to replace fossil fuel in the 
maritime sector. The table also shows the amounts of fossil CO2 emis
sions that would be avoided in the consumption stage when the fossil 

fuel is substituted, or (for scenario 2040b) the levels of emissions that 
could be offset from the negative emissions. The fifth scenario, 2040c, is 
included, where the mill is assumed to operate in a manner identical to 
scenario 2040b, maximising CO2 capture, but using all the CO2 for e-fuel 
synthesis.

The potential associated with replacing fuels and reducing emissions 
is higher with CCU than with lignin-based biofuels, considering only the 
availability of carbon atoms. This is because the energy in the biofuel 
originates from the lignin itself, and the assumed refinery process re
quires 3 MWh of lignin to produce 1 MWh of fuel. In contrast, with the 
electro-fuel option, the carbon is only used as a chemical component in 
the fuel, while the majority of the energy comes from the hydrogen part 
of the fuel (in the form of electricity if hydrogen is generated via 
electrolysis).

The most fuel by far is produced in the 2040c scenario, when there is 
no lignin extraction and 90 % of the CO2 is captured for utilisation. The 
synthesis of e-fuels, however, requires electricity on the TWh scale, 
which is indicated in the table as External electricity use. From the 1.9 
MtCO2 captured from the model mill, around 6.85 TWh of e-fuel could 
be synthesised, which would require around 11 TWh of electricity for 
the electrolysis process [23]. While thorough life-cycle assessments of 
the climate effects of a CCU case (such as scenario 2040a) and a CCS case 
(such as scenario 2040b) are beyond the scope of this study, it is note
worthy that the net emissions avoided by replacing 6.8 TWh of fossil 
methanol with the equivalent amount of bio-based e-fuels (1.9 MtCO2) 
are equivalent to what could have been compensated through seques
tration and storage of the same CO2.

3.4. Price tipping points and sensitivity to investment costs

Fig. 5 presents the results of a sensitivity analysis showing the 
product price levels at which that the different technologies are 
competitive, based on the mass and energy balances of the model mill. 
The three panels (a, b, c) show the equilibrium market prices for which 
the net revenues from producing two alternative products are equal, 
considering both the investment and operational costs. For example, for 
CO2 vs. electricity (panel a), if the electricity price is at the Year 2019 
average of 40 €/MWh, the market price for CO2 must be higher than 55 
€/t for the mill to choose investment in carbon capture over investment 

Fig. 4. Biogenic carbon flows through the mill and associated carbon efficiencies and net electricity generation levels, for the different scenarios. The percentages in 
parentheses indicate the differences compared to the Reference scenario.

Table 4 
Comparison of system-related indicators for the future scenarios.

2030 2040a 2040b 2040c

Biofuel produced (GWh) 226 229 0 0
E-fuel produced (GWh) 0 3740 0 6850
Internal electricity use (GWh) 172 427 462 462
External electricity use (GWh) 0 6140 0 11,220
Fossil CO2 emissions avoided (kt) 57 993 1711 1711
Electricity use per fuel created (GWh/ 

GWh)
0.76 1.65 0 1.71

Electricity use per avoided fossil CO2 

emissions (GWh/kt)
3.04 6.61 0.27 6.83
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in a condensing turbine.
Panel a in Fig. 5 shows the equilibrium line for investments in carbon 

capture or in a condensing turbine. The graph underlines the importance 
of the electricity price in determining the steam cost for CO2 capture, 
which has a strong impact on the specific capture cost. For each tonne of 
CO2 captured, 1.4 tonnes of low-pressure steam (1.1 MWh) are required, 
which could otherwise have been used to produce 0.17 MWh of elec
tricity in the condensing turbine. With the electricity prices used in the 
scenarios, this implies steam costs in the range of 0–22 €/t (average, 5.3 
€/t) with the electricity prices of the reference year, and 0–45 €/t 
(average, 4.6 €/t) for the electricity prices of Year 2040. These values 
can be compared with the more general assessment of steam prices in the 
literature, reporting between 2 €/t for steam from recovered waste heat 
and 25 €/t for steam from a natural gas-fired boiler [28]. In addition, the 
CO2 liquefaction process requires 0.12 MWh of electricity per tCO2. 
When the alternative costs for electricity generation are included, the 
specific cost of carbon capture thus varies between the hours of the year. 
Assuming that the energy cost for carbon capture (in €/tCO2) is 0.29 (i. 
e., 0.17 + 0.12)-times the electricity price (in €/MWh) and the assumed 
capital costs (31.2 €/t), fixed O&M (8.7 €/t) and non-energy variable 
O&M (5.6 €/t) are added, the specific cost for carbon capture from the 
recovery boiler is in the range of 46–68 €/tCO2 for the electricity prices 
of the reference year and 46–91 €/tCO2 for the electricity prices of Year 
2040.

Panel b in Fig. 5 shows the equilibrium line for investments in lignin 
extraction or a condensing turbine. This relationship was thoroughly 
analysed in our previous study, leading to the conclusion that for lignin 
extraction to be more valuable than the corresponding electricity gen
eration, the lignin price (€/t) must be 1.8-times the electricity price 
(€/MWh), in addition to the non-energy operational costs of lignin 
extraction (assumed to be 40 €/t) and the capital costs [29]. The lignin 
price range examined in the optimisation scenarios (110 €/t for heat and 
power applications and 175–225 €/t for biofuel applications) can be 
compared with values reported in the literature for applications in green 
chemicals that potentially may be higher. Robinson et al. [30] have 
evaluated different production paths to supply aromatic monomers, 
phenols-formaldehyde resin, and aromatic aldehydes/acids and found a 
selling price for kraft lignin between 150 and 350 €/t depending on 
market conditions and policy.

Panel c in Fig. 5 indicates the relationships between the prices of 
lignin and those of CO2, via their respective relationships to the elec
tricity price presented in the two preceding panels. This validates the 
results from the scenario analysis, 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, the CO2 prices at the ETS price for Year 2024 
[31] would match lignin prices above 300 €/t, which is already close to 
the maximum market value of kraft lignin (350 €/t), as reported by 
Robinson et al. [30], and with CO2 prices of 100 €/t, the lignin prices 

must significantly exceed this level for lignin extraction to become 
competitive.

A sensitivity analysis was also carried out to study how the equilib
rium lines change with different assumptions for the investment costs. 
The orange and green lines in Fig. 5 show how the equilibrium line is 
shifted in parallel to the axes for a 50 % increase of capital expenditures 
for one technology at the time. With carbon capture being a capital- 
intensive technology, such a difference in investment cost assumptions 
considerably affects the tipping points and would shift the balance in 
favour of lignin extraction for some realistic combinations of lignin and 
CO2 prices. This may be especially relevant for early (“First-of-a-kind”) 
projects that may likely be more-expensive than the literature suggests.

3.5. Value of flexible operation

The comparison described above (as in many previous studies) is 
based on a static representation of prices, with annual averages used for 
electricity prices. However, the price of electricity, and thus the oper
ating strategy, is set on an hourly basis, while the cost/value of fuels and 
products exhibits a slower price evolution. Therefore, in addition to the 
direct comparisons shown in Fig. 5, we also identified the price com
binations for which it is viable to invest in multiple technologies for part- 
time utilisation so as to benefit from variable electricity prices, i.e., how 
the combined revenues of two technologies minus their investment costs 
compare with separate investments in either of the two technologies, 
when the full electricity price profile is considered.

Neither the electricity prices of the reference year nor those pro
jected for Year 2030 motivate investments in several technologies. For 
the more-variable electricity prices of Year 2040, a lignin price in the 
range of 150–200 €/t (i.e., slightly lower than what was assumed in the 
Year 2040 scenarios) would motivate dimensioning of the condensing 
turbine for part-time utilisation. The reasons why there are still in
vestments in multiple technologies in the model results from the 2030 
and 2040a scenarios are: 1) that lignin extraction is limited not only by 
the availability of steam, but also by a set technical limit on maximum 
extraction; and 2) that, in scenario 2040a, the combination of 
condensing turbine and carbon capture is favoured by flexible boiler 
operation, which is made available in the bark boiler when less bark is 
exported and in the recovery boiler when lignin is extracted.

Additional investment calculations were performed with the histor
ical electricity prices of Year 2022 for the SE3 region, which are even 
more-variable than the Year 2040 projections (ranging from − 2 €/MWh 
to 800 €/MWh, with an average of 119 €/MWh). For the electricity price 
profile of Year 2022, investments in both a condensing turbine and 
lignin extraction with part-time utilisation is motivated for all lignin 
prices in the range of 250–600 €/t, and a combined investment in a 
condensing turbine and carbon capture would be motivated for all CO2 
prices in the range of 75–120 €/t.

Another incentive for investment in both carbon capture and lignin 

Fig. 5. Tipping points for investment decisions in a carbon capture system (CC), a lignin extraction system (LE) or a condensing turbine, for different price com
binations of electricity, lignin and CO2. The average electricity prices for the SE3 region for Year 2019 (typical historical prices) and Year 2022 (unusually high 
prices), and the Year 2024 EU ETS price for CO2 emissions are shown for reference. The orange and green lines show the impact of higher investment costs. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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extraction, which was not covered by the model, is that the CO2 that is 
used in the lignin extraction process could be supplied internally. 
However, the magnitude of the CO2 demand for lignin extraction is 
small, and the economic gains from this synergy would be minor.

4. Discussion

4.1. Technology options

The studied scenarios and the complementary sensitivity analysis of 
price tipping points jointly provide insights on the implications for the 
pulping industry of possible future market and policy development. The 
studied technology options represent a diverse portfolio of technologies, 
including one power-generation technology (the condensing turbine), 
one bio-chemical technology (Lignin extraction) and one carbon capture 
technology (chemical absorption with MEA). These technologies were 
selected because of their technical maturity and established positions as 
benchmark processes in the scientific literature. Future work could 
expand the analysis to include technologies at a lower technology 
readiness level and compare the options covered in this study also with a 
thermo-chemical technology option such as gasification [32] or hydro
thermal liquefaction [33] of black liquor.

4.2. The value of electricity versus the value of green carbon atoms

The results for the future scenarios describe a shift in the role of the 
pulp mill over time. In the reference and 2030 scenarios, the mill acts as 
a net electricity producer and flexibility provider, supporting the tran
sition of the electricity sector (and, indirectly, the electrification of the 
heating, transportation and industry sectors) during this period. In the 
Year 2040 scenarios, where the energy transition has reached the hard- 
to-abate sectors, it is more profitable for the mill to supply green carbon 
atoms than to supply electricity. However, to enable these diverse roles, 
different investments are required for the different eras, i.e., investments 
in condensing turbines in the near future and in BECCS/CCU/lignin 
extraction in the longer run, which can be difficult to achieve if invested 
assets should have the time to recover costs. Therefore, it is important 
for decision-makers not only to consider the optimal choice for a 
selected target year, but also the transition pathway.

This shift in drivers is clear for the 2040a scenario, when the turbines 
operate at the minimal level for most hours of the year, using all the 
available energy for lignin extraction and carbon capture during this 
time. If the projected electricity prices for Year 2040 and beyond are 
realised, and the value of the green carbon is clearly higher than the 
value of generated electricity (for most hours of the year), several more- 
radical changes to the mill could become relevant but these were not 
available to the model mill within the present study. A few first steps 
could be to remove the lower operational limit on the back-pressure 
turbine (or exclude the turbine completely) and add an electric boiler 
or heat pump for steam supply, allowing for maximal lignin extraction 
together with full carbon capture from all the stacks. It should be noted 
that the tipping points between CO2 price and electricity price would 
differ if the steam is sourced through these alternative means, compared 
to those presented in section 3.4, where abundant low-pressure steam 
was assumed to be available.

Although the quantitative results presented in this work apply spe
cifically to the model mill, the general trends discussed in this section 
should apply also to chemical pulp mills with other specifications. For 
the case of integrated pulp and paper mills, adding carbon capture or 
lignin extraction technologies would not only reduce the electricity 
export but also require additional energy input, since those are typically 
net consumers of electricity. The additional energy could for example be 
supplied through an additional biomass boiler (with externally sourced 
biomass) or high-temperature heat pumps.

4.3. Demand for and potential supply of renewable transport fuels

To relate the modelled scenarios to the Swedish energy market, the 
potential supply levels of lignin-derived biofuels and e-fuels from the 
CO2 captured from the model mill are scaled to Sweden’s 20 largest pulp 
and paper mills (20,000 kt/year of CO2 i.e., 10-times that of the model 
mill [34]) and compared with the requirements for maritime fuels 
imposed by the FuelEU Maritime regulation. FuelEU Maritime mandates 
that the greenhouse gas intensity of the energy used on ships be reduced 
by 2 % from Year 2025, increasing to 80 % by Year 2050, relative to the 
Year 2020 average level [35]. (The emissions reduction quotas of the 
regulation are translated to demands for renewable fuels and applied to 
the maritime sector in Sweden, assuming that the overall energy de
mand for this sector remains at current levels, i.e., 28 TWh, derived from 
Ref. [36].) The comparison, illustrated in Fig. 6, shows that lignin-based 
biofuels (2.3 TWh) could theoretically supply the demand for sustain
able maritime fuels for Year 2030, as assumed in the formulation of the 
scenarios, but only a minor fraction of the demand for Year 2050. On the 
contrary, the potential for e-fuel production from pulp mill CO2 (68 
TWh) greatly exceeds the demand from the Swedish maritime sector. 
Although there undoubtedly exist sources of bio-fuels other than kraft 
lignin and there are demands other than for maritime fuels, the data 
support the idea that there is a point in time between Year 2030 and Year 
2050 when sustainably sourced biofuels will become insufficient to meet 
the demand of the transport sector and e-fuels will become a necessity.

The comparison above considers only the carbon component of 
electro-fuels, ignoring the hydrogen component. In the near future, CCU 
may be limited more by access to low-priced electricity for hydrogen 
production than by access to CO2, and therefore, the choice between 
utilisation or storage of captured carbon also heavily depends on the 
development of the electricity sector.

In the European context, there is greater demand for maritime fuels 
(500 TWh/year for all naval trips to/from EEA ports, derived from 
Ref. [37]) and relatively lower levels of available biogenic CO2 
(150–250 MtCO2 [38], corresponding to 600–1000 TWh). This means 
that meeting the entire current demand from the maritime sector with 
e-fuels derived from captured biogenic CO2 could require the capture of 
almost all biogenic CO2 emissions in Europe. Nevertheless, the Year 
2040 quota of 31 % should be well within reach, from a purely CO2 
availability perspective.

In addition to the FuelEU initiative, the demand for sustainable 
maritime fuel is affected by the development of the EU ETS-1, where the 
maritime sector is gradually included from Year 2024 and fully phased 
in by Year 2026 [39]. Fig. 7 shows the assumptions made regarding 
supply costs for the different fuel options stated above, with a range of 
ETS allowance prices added to the fossil option. According to recent 

Fig. 6. Renewable fuel demands for the maritime sector in Sweden, based on 
the emissions reduction quotas set by the FuelEU regulation, scaled to the 
current Swedish demand for maritime fuels. Estimated potentials for lignin 
biofuels and bio-based e-fuels are shown for comparison.
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projections for the development of the ETS price, prices of 150 €/t are 
likely to occur around Year 2030 [24] and prices well above 250 €/t are 
expected by Year 2040 [25] or shortly thereafter [26]. This suggests a 
timeline for when biofuels and e-fuels become competitive that is similar 
to the reasoning based on the FuelEU regulation.

However, the emissions allowance cap of the EU ETS-1 beyond Year 
2030 is not yet decided. If the EU decides to keep the current linear 
reduction pace (2.2 % per year [39]) also beyond Year 2030, the cap will 
reach zero in Year 2039, making the emissions reduction quotas 
redundant because the ETS policy imposes a tighter limit than the 
sector-specific emissions reduction quotas. In such a case, the scenarios 
for Year 2040 studied in the present work will be relevant already during 
the 2030’s.

4.4. Implications for policies aiming for negative emissions

Based on the results presented in Section 3.3, it could be argued that 
capturing CO2 and storing it, as in scenario 2040b, is the option in which 
the pulp mill can contribute the most to meeting the CO2 targets, as this 
delivers a net emissions reduction, which out-competes scenario 2040a 
and is on par with scenario 2040c, while also delivering electricity that 
can be used to decarbonise other sectors.

A problem that would emerge if the maritime sector, and other 
sectors with similar abatement costs, decide to adopt a strategy of 
compensating fossil emissions with negative emissions from BECCS, is 
that the potential for BECCS is limited. As argued previously [40], using 
BECCS to compensate for emissions that could have been mitigated 
through other measures risks undermining the possibility of compen
sating for residual emissions in even-harder-to-abate sectors, and would 
eventually prevent using BECCS to achieve overall net-negative 
emissions.

Because of the limited potential, the market price for captured CO2 
would likely rise to several hundred €/t if the negative emissions credits 
for BECCS are counted on a one-to-one basis as emissions avoidance and 
the ETS cap approaches zero. Such strong economic incentives for 
BECCS would likely lead to increased prices for biomass resources. Hu 

et al. [41] have studied the forest sector in the Nordic region in a sce
nario with a CO2 price of 300 €/t, finding that market prices for pulp
wood and residues increase, which in turn leads to increased harvest 
and/or import of wood. If the increased harvest (locally or at the source 
of import) leads to a depletion of the carbon stock in the forest, they 
argue, there is a risk of “carbon sequestration leakage”, which would 
counteract the purpose of a BECCS policy.

5. Conclusion

In the study presented in this paper, an optimisation model repre
senting a chemical pulp mill is used to investigate potential investments 
in technologies for additional electricity generation, lignin extraction 
and carbon capture under various scenarios where, over time, the values 
of the biogenic by-products of the mill increase compared with the 
reference scenario, while the electricity prices become more variable.

In the reference scenario, which represents the present market con
ditions, the model mill invests in a condensing turbine for increased 
electricity generation. In a scenario that should reflect Year 2030, the 
mill invests in both a lignin extraction plant and a condensing turbine. 
For the scenarios that should reflect Year 2040, new demands from hard- 
to-abate sectors and/or a policy regarding negative emissions drive the 
mill to prioritise increased carbon efficiency over electricity generation, 
shifting investments away from the condensing turbine to lignin 
extraction and carbon capture. In the scenario in which both lignin and 
CO2 are priced based on the demand for sustainable fuels, lignin 
extraction is favoured over carbon capture, although the technical lim
itations of lignin extraction motivate a combination of both technolo
gies. When instead the CO2 is valued by the demand for negative 
emissions, according to the price of emissions allowances in the EU ETS, 
lignin extraction cannot compete with carbon capture.

The share of green carbon atoms used for products can be improved 
with lignin extraction, albeit only to a certain level. For greater im
provements, and for the highest potential to reduce fossil emissions in 
other sectors, carbon capture is required. Carbon capture with storage 
has an advantage over utilisation when both the CO2 and electricity 
balances are considered, although promoting storage over utilisation 
may hinder decarbonisation of the economy as a whole.
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Appendix A. Pulp mill model

The reference chemical pulp mill used in this work is illustrated in Figure A1. It is a stand-alone mill with an annual capacity of 730,000 air-dry 
tonnes (ADT) of bleached softwood pulp. The model is based on the steady-state description in Åforsk Model Mills 2010 [4], which represented the 
best-available technology at the time of its publication.

Conversion from biomass to steam takes place in a recovery boiler, which combusts the black liquor, and in a separate bark boiler. Electricity is 
produced by two generators, one of which is connected to a back-pressure turbine and the other to a condensing turbine. The generated electricity and 
steam are supplied to industrial processes throughout the mill, which means that the mill is self-sufficient in terms of heat and is a net exporter of 
electricity. The lime kiln is fuelled with gasified bark, such that no externally supplied fuels are needed. 

Fig. 7. Assumed supply costs for fossil methanol, biodiesel and e-methanol, 
where the supply cost for fossil methanol increases with the EU ETS credit price.
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Fig. A1. Overview of the model pulp mill.

The mathematical representation of the model mill is presented in detail in our previous paper [15]. It is a linear programming (LP) model that 
gives the optimal material, steam, and electricity flows throughout the mill with hourly time resolution, to maximise the profits of the mill, given the 
prices of all the input and output commodities. In the present work, the model has been expanded with investment decisions, such that the condensing 
turbine, lignin extraction plant and carbon capture units are dimensioned endogenously within the model.

Equation (A1) gives the objective function, where TC is the total cost of the mill, Ip is the invested-in capacity of the process p, Euse
p,t is the electricity 

consumed in each process p, Egen
θ,t is the electricity generated in each turbine θ, Mext

p,t are the external supplies fed to any process, Mout
p,t are the product 

outputs of dry pulp, lignin, CO2 and bark, and cx are the prices associated with each variable I, E or M. 

min TC=
∑

Pinv

cinv
p Ip +

∑

T

[

cel
t

(
∑

P
Euse

p,t +
∑

Θ
Egen

θ,t

)

+
∑

P
cext

p Mext
p,t −

∑

Pout

cout
p Mout

p,t

]

(A1) 

In our previous work [29], additions were made to the model, so as to represent a lignin extraction process similar to LignoBoost [5] that is installed as 
an extra intermediate step within the evaporation plant (purple box in Fig. A1). Fig. A2 shows a schematic of the evaporation plant and recovery 
boiler, including the lignin extraction process.

Fig. A2. Schematic of the evaporation plant and recovery boiler, including the lignin extraction process.

In the present work, the model mill is further extended with a carbon capture module that is connected to the three flue gas stacks: the recovery 
boiler (RB), the bark boiler (BB), and the lime kiln (LK). A schematic of the carbon capture module is presented in Fig. A3 and a summary of the model 
nomenclature is given in Table A1. The module represents a conventional post-combustion, amine-based system with separate absorbers for each flue 
gas stack, but with a joint stripper and liquefaction unit. A study of the potential implementation of carbon capture at a Swedish pulp mill [42] has 
shown that with several stacks, a joint stripper and liquefaction unit is cost-optimal, while there are minor differences between having a large central 
absorber unit or one small absorber per stack. Similar conclusions have been reached for carbon capture in other sectors [43,44]. In the model, the 
invested capacity Ip of each absorber, as well as the stripper and liquefaction units are dimensioned separately. 
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Fig. A3. Schematic of the carbon capture module of the model mill.

Table A1 
Model nomenclature

INDICES

Symbol Unit Definition

t – time-steps
p – mill processes, including boilers and kilns
ϴ – turbines

EXOGENOUS VARIABLES

Symbol Unit Definition

cel
t €/MWh Electricity price at time step t

cext
p €/t Cost for external supply to process p

cinv
p €/(t/h) Investment cost for process p

cout
p €/t Selling price for output from process p

flm t/t Loading mass factor (absorbent to CO2 ratio)
r t/t CO2 to fuel ratio
TC € Total cost
Cabs

t,p t Hourly flow of CO2 to the absorber associated with process p

Cliq
t

t Hourly flow of CO2 to the liquefaction unit

Egen
θ,t MWh Hourly electricity generation in each turbine θ

Euse
p,t MWh Hourly electricity consumption in each process p

Ip t/h Invested-in capacity of each process p
Mext

p,t t Hourly external supply to process p
Min

p,t t Hourly material/absorbent input to process p
Mout

p,t t Hourly material/absorbent output from process p
Ms

p,t t Hourly storage level upstream to process p

The CO2 flow entering each absorber, Cabs
t,p , is restricted by the fuel input of the associated boiler or kiln p at each time-step t according to Equation 

(A2), where r is the ratio between the fuel input and CO2 output. 

Cabs
t,p ≤ r × Mt,p (A2) 

For each absorber (associated with process p), the amine flow, Min,abs
t,p , is proportional to the flow of CO2 entering the absorber at each time-step t, 

Cabs
t,p , according to Equation (A3), where flm is the specified loading mass factor for the solvent medium. 

Min,abs
t,p ≤ flm × Cabs

t,p (A3) 

The circulation of the solvent medium between the absorber and stripper is modelled as shown in Equations (A4) and (A5), where Ms
t are storage 

levels, Min
t and Mout

t are process inputs and outputs, and Mext
t are external supplies. The operation of the absorbers and the stripper is also restricted by 

the maximum and minimum operational limits (the model does not allow for a complete turn-off of any process). 

Ms,abs
t ≤Ms,abs

t− 1 + Mout,str
t −

∑

abs
Min,abs

t,p + Mext,abs
t,p ∀t ∈ T (A4) 

Ms,str
t ≤Ms,str

t− 1 +
∑

abs
Min,abs

t,p − Mout,str
t + Mext,str

t ∀t ∈ T (A5) 

The amount of CO2 that enters the liquefaction unit at each time-step, Cliq
t , is restricted by the stripper output, Mout,str

t , according to Equation (A6). 

Cliq
t ≤

1
flm

Mout,str
t (A6) 

Data and assumptions.
The process capacities, through-put times and capacities of the intermediate storage units of the conventional mill processes, boilers, and the back- 

pressure turbine are given exogenously to the model. For further details, see our previous publication [15].
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The capacities of the condensing turbine, lignin extraction plant, CO2 absorbers, CO2 stripper, and CO2 liquefaction are decided endogenously 
within the model. The investment cost assumptions for these units are presented in Table A2, where the total capital cost has been annualised based on 
the interest rate and an economic life-time. The assumptions made for the carbon capture units are based on the work of Onarheim et al. [11], whereas 
the total investment cost for the carbon capture plant is assumed to be split into one-third for the absorber and two-thirds for the stripper (for a 
more-detailed cost breakdown, see Biermann et al. [28]).

In reality, the investment costs depend strongly on the scale, while the model shows a linear relationship between unit size and investment cost. To 
ensure that minor investments in BECCS are directed to the lime kiln, the flue gases of which have the highest CO2 concentration, the investment cost 
for the recovery boiler absorber was set slightly higher than that for the lime kiln absorber (despite the fact that a full-sized investment in the recovery 
boiler would be less expensive per unit capacity according to the reference). For a discussion on the investment costs for the lignin extraction plant, the 
reader is directed to our previous paper [29].

Table A2 
Cost assumptions for investments.

Process Capital requirement (€/t/h CO2 capacity) 
(k€/t/h lignin capacity) 
(k€/MW turbine capacity)

Annualised investment cost (7.5 % interest rate, 20-year life-time) (k€)

Absorber recovery boiler 930 91
Absorber bark boiler 1050 103
Absorber lime kiln 920 90
Stripper (joint) 1940 190
CO2 Liquefaction 80 8
Lignin extraction 7000 690
Condensing turbine 1000 98

The technical parameters for the lignin extraction module were the same as in our previous work [29], and the minimum lignin content of the black 
liquor was set to correspond to 30 % lignin extraction. The technical parameters for the carbon capture were set according to Table A3. The loading 
mass factor is derived from a previous study [10], which describes a carbon capture process that uses monoethanolamine (MEA) as the solvent. The 
solvent could be replaced by a more-efficient alternative, such as AMP-PZ, which might reduce the operation and maintenance costs. Nonetheless, the 
MEA process was chosen because of its established position in the literature.

Finally, one definition and a few assumptions were made for the post-analysis. Carbon efficiency is defined as the share of input carbon atoms that 
leaves the mill in products or as captured CO2 (i.e., all carbon that is not directly emitted as CO2 from the mill to the atmosphere). The carbon contents 
of the different input and output streams to the mill were assumed according to Table A4.

Table A3 
Technical parameters for the carbon capture module.

Symbol Parameter Unit Value

r CO2/fuel ratio tCO2/tonne fuel Recovery boiler: 1.17 
Bark boiler: 1.85 
Lime kiln: 2.66

flm Loading mass factor tonne solvent/tCO2 5.13

Table A4 
Carbon contents of the different input and output streams to the 
mill.

Feedstock/product Carbon content (%)

Softwood, wood chips, bark 50
Pulp 42
Lignin 57
Carbon dioxide 27

Data availability

Data will be made available on request.
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