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Abstract: The pulp and paper industry (PPI) has several opportunities to contribute to meeting
prevailing climate targets. It can cut its own CO2 emissions, which currently account for 2% of
global industrial fossil CO2 emissions, and it has an opportunity to produce renewable energy,
fuels, and materials for other sectors. The purpose of this study is to improve understanding of the
decarbonization prospects of the PPI. The study provides insights on the magnitude of needed annual
renewal rates for several possible net-zero target years of industrial fossil CO2 emissions in the PPI
and discusses decarbonization opportunities, namely, energy and material efficiency improvement,
fuel switching, electrification, renewable energy production, carbon capture, and new products. The
effects of climate policies on the decarbonization opportunities are critically evaluated to provide
an overview of the current and future business environment of the European PPI. The focus is on
Europe, but other regions are analyzed briefly to widen the view. The analysis shows that there are
no major technical barriers to the fossil-free operation of the PPI, but the sector renovates slowly, and
many new opportunities are not implemented on a large scale due to immature technology, poor
economic feasibility, or unclear political environment.

Keywords: energy transition; pulp and paper industry; climate policy; bioenergy; CO2 emissions;
BECCS; biofuels; energy efficiency

1. Introduction

Industrial energy consumption accounts for nearly 40% of total global energy con-
sumption [1]. The energy use of industry is dominated by fossil fuels, and direct industrial
CO2 emissions were 8.7 GtCO2 in 2020, which represents 26% of global emissions. Industry
has been considered as one of the most challenging sectors to decarbonize. The facilities
have typically long lifetimes, and many technologies needed for decarbonization are still
in the development phase. The demand for industrial products is expected to rise in the
future, which may increase CO2 emissions [2]. In addition to CO2 emission reductions, it is
expected that the industrial sector renovates by creating new products, services, additional
markets, jobs, and new business models as well as shifts toward a circular and sustainable
economy. Political guidance will play a central role in meeting the expectations.

Limitation of global warming to 1.5 ◦C requires rapid cuts in greenhouse gas emissions
(GHG). The Intergovernmental Panel on Climate Change (IPPC) estimates remaining carbon
budget at roughly 400–800 GtCO2, and with the current annual emissions of 42 GtCO2, the
budget will be surpassed in 10–19 years [3]. The European Union (EU) aims to be the first
climate-neutral continent by 2050 [4]. In 2021, the EU tightened its 2030 CO2 emissions
reduction target significantly: the cut must be 55% instead of 40% in comparison with 1990
levels [4,5]. The new target includes improvements in land use, land use change, and the
forestry (LULUCF) sector. Other targets were tightened as well to achieve the ambitious
CO2 emissions reduction goal. A binding target for the share of renewable energy in the
energy mix in 2030 increased from 32% to 40%, and the energy efficiency improvement (EEI)
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should deliver 36–39% lower energy consumption by 2030 in comparison with expected
levels. Additionally, a proposed revision of the Energy Efficiency Directive (EED) suggests
tightened requirements for annual energy savings: for 2024–2030, the annual EEI should
be increased from 0.8% to 1.5% [6]. Moreover, the EU aims to cut CO2 emissions by
strengthening natural carbon sinks: 310 MtCO2/a should be absorbed and stored by 2030.

The ambitious EU policies affect the PPI that is the fourth largest industrial energy user
and the fifth largest CO2 emitter after the steel and iron, cement, chemicals and petrochem-
icals, and aluminum sectors [7]. Unlike other industrial sectors, the PPI uses significant
amounts of renewable energy: nearly 60% of all used fuels were bio-based in 2019 [8].
However, there is still 1.3 EJ of gas, 1.1 EJ of coal, and 0.2 EJ of oil in the PPI’s fuel mix
globally [8]. The PPI has notable potential to contribute to the emissions reduction. Many
studies claim the sector can significantly improve its energy efficiency [9–12]. Substantial
amounts of fossil fuels in processes and energy production can be replaced with bio-based
alternatives [13,14]. Recent publications suggest that pulp mills may provide a platform for
negative emissions using bioenergy carbon capture and storage or utilization (BECCS/U)
technologies [15,16]. Due to the availability of wood residues and excess energy, many
mills can produce biomaterials and biofuels or e-fuels that are highly needed in sectors that
are difficult to electrify [17].

The aim of this study is to improve the understanding of the decarbonization prospects
of the European PPI and critically evaluate the effects of various policies of the upcoming
EU Green Deal on business environment and decarbonization opportunities for the PPI.
The study considers the following issues: (1) a required investment rate (the approximate
renewal rate) for several possible net-zero target years of industrial CO2 emissions in the
PPI, (2) opportunities to cut CO2 emissions within the PPI and changes caused by possible
incentives to create negative emissions to outline what should be changed from a policy
point of view to enable an efficient decarbonization of the PPI, and (3) differences between
developing countries and Organization for Economic Co-operation and Development
(OECD) countries. The studied decarbonization prospects focus on industrial operations of
the European PPI, leaving, for example, offsite electricity production, transport, and forest
management outside the scope. It is expected that the energy and transport sectors will
decarbonize in the future, and harvesting of forest by the PPI does not surpass the annual
growth rate.

2. Materials and Methods

Evaluation of development opportunities requires understanding of the current state.
This section briefly introduces the current state of the European PPI, presents the methods
utilized in this study, and introduces the used data sources and background assumptions.

2.1. Energy Consumption and CO2 Emissions in the European Pulp and Paper Industry

The current status of the European PPI is presented in Table 1. The presented values
were based on the Confederation of European Paper Industries (CEPI) database presenting
the situation in 2020 [18]. The data covered ~91% of European pulp and paper production,
and thus, the values were scaled to cover the whole of Europe.

Table 1. Current status of the European pulp and paper industry. Data from CEPI [18].

Market Pulp
Production
(Mtpulp/a)

Paper/Board
Production
(Mtpaper/a)

Electricity Consump-
tion/Production/Sale

(TWh/a)

Fossil
Fuels 1

(PJ/a)

Biofuels
(PJ/a)

Fossil/Biogenic
CO2 Emissions 2

(MtCO2/a)

7 98 104/56/−13 491 829 34/92
1 87% natural gas, 7% coal, 4% fuel oil, and 2% other fossil fuels. 2 Fossil emissions include industrial CO2
emissions. Biogenic CO2 emissions are estimated utilizing fuel mix and emission intensity of 112 kgCO2/GJ
for biofuels.
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The European Commission has created a reference scenario for reflecting the devel-
opment of the EU energy system, transport, and GHG emissions [19]. The scenario took
into account the EU-level policies adopted until the end of 2019, member state projections,
national contributions, and planned policies, as well as fuel prices, macro-economics, and
technology trends. As a large and energy-intensive sector, the PPI was included in the Eu-
ropean Commission’s future projections. Figure 1 presents the current state and expected
development of energy use in the European PPI. The scenario claimed that the role of
electricity in the energy mix would increase. The already low use of solid and liquid fossil
fuels would be practically phased out. The use of bioenergy for energy decreased as a result
of EEI, and natural gas was expected to remain in the energy mix. The scenario assumed
that technologies for emission abatement, i.e., carbon capture technologies, were difficult
to adopt. The projection expected that fossil fuel use in the mill sites would decrease by
44%, which led to a significant reduction in direct fossil CO2 emissions. Despite that, the
PPI can, and needs to, do more.
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Figure 1. Energy use in the European pulp and paper industry in 2015 and 2050. Data from European
Commission [19].

It should be noted that the scenario was published in 2021. The geopolitical situation
in Europe changed in 2022, which has significantly affected the energy prices and energy
supply security. The changes in the business environment could lead to rapid development,
for example, to an accelerated reduction of fossil fuels.

2.2. Evaluation of the Future Prospects of CO2 Emissions

The business environment has a significant effect on the operation of an industrial
sector, and therefore, a brief review was conducted to provide insights on expected and
ongoing future trends. The European Emission Trading System (EU ETS) is one of the
most important measures for CO2 emissions reduction in Europe, and it thus affects the
business environment of the PPI. Hence, the effect of the EU ETS on the PPI was looked
at in this study. The participants of the ETS pay for the emitted fossil CO2 emissions. In
its first 15 years (2005–2020), the EU ETS did not exceed a carbon price of EUR 30/tCO2,
but at the beginning of 2022, the price was almost EUR 100/tCO2 [20]. In this study, the
effect of the high carbon price (EUR 100/tCO2) on different pulp and paper mill types was
calculated. Data on fossil CO2 emissions and production volumes of different mill types
from every Finnish and Swedish mill were collected during previous studies [21–23] and
were used in this study as an illustrative example of the differences between mill types. The
mills were grouped based on their main products. The costs of the EU ETS were divided
by production volumes to receive the effect of ETS on the production cost of pulp and
paper. The structure of the Finnish and Swedish PPI is not similar to the European PPI.
Many European countries focus on paper production, whereas Finland and Sweden are
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important pulp producers. However, the data on the Finnish and Swedish mills provided a
good approximation of the differences between the mill types.

A required renewal rate was calculated for the European PPI within several net-zero
target years to evaluate the magnitude of needed annual changes. The key assumption
was that new or renovated capacity does not emit any fossil CO2. The renewal rate was
calculated for constant production volumes. Both production volumes and CO2 emissions
were based on the 2019 levels presented in Table 1. Therefore, it was calculated how much
existing capacity needed to be replaced annually in order to proceed from 2019 fossil
CO2 emission level to a PPI that did not emit direct fossil CO2 emissions in the mills.
The calculations and assumptions were rough but provided indicative insights on the
magnitude of needed renewal rates.

In addition to discussion on changes in business environment and needed renewal
rates, this study looked at the future opportunities of the PPI. The potentials of different
development paths were evaluated based on previous studies and current volume and
structure of the production in the European PPI. The political environment will play a
major role in the development of the PPI, and thus, the expected effects and importance
of prevailing and upcoming policy measures were discussed. The study highlighted the
improvement potential and outlined what should be changed from a policy point of view
to enable an efficient decarbonization of the PPI. The study utilized data on the Finnish
and Swedish forest industries gathered during the authors’ previous studies [21–23] as
illustrative examples on the ongoing industrial development. Finland and Sweden have
been forerunners in energy-efficient operation and decarbonization of the PPI, and thus, the
countries provide interesting insights. However, it was not expected that the European PPI
would follow the same pathways as the Finnish and Swedish ones, because the structure of
the PPI varies significantly within the countries.

Reduction of energy consumption was evaluated taking into account energy efficiency
improvement and changes in production mix. This was estimated using production vol-
umes from the Food and Agriculture Organization of the United Nations (FAO) [24] and
specific energy consumption (SEC) values provided by Farla et al. [25]. Although the
SEC values (Table 2) were estimated already in 1997 and energy efficiency has improved
since then, the values illustrate differences between pulp and paper grades and can there-
fore be used for estimating changes in energy consumption caused by the changes in
production mix.

Table 2. Examples of the energy consumptions of different products. Data from Farla et al. [25].

Paper Grade Electricity
(MWh/t)

Heat Pulp Grade Electricity
(MWh/t)

Heat
(GJ/t) (GJ/t)

Newsprint 0.39 2.5 Mechanical pulp 1.47 −2.1
Printing and writing 0.56 7.0 Chemical pulp 0.69 10.0
Packaging materials 0.42 5.0 Recycled fiber input 0.39 0.4

Hygiene papers 0.42 5.0
Other papers 0.5 6.0

Opportunities for fuel switching and electrification were investigated by mapping
how the PPI uses fossil fuels at the moment and how those fuels could be replaced by
fossil-free energy sources. In addition to fossil fuels in energy production, PPI processes
that combust fuels were discussed as well. Lime kiln is the most significant emission
source in the sulphate (kraft) pulp mill. Finland and Sweden have been forerunners in fuel
switching in lime kilns, and therefore, the fuel use in the lime kilns in Finland was studied
by collecting data from environmental reports and permits [26] mapping how mills have
succeeded in fuel switching.

Opportunities to provide additional CO2 savings were considered looking at increased
renewable electricity production and novel opportunities. A literature survey was con-
ducted to improve understanding of the opportunities. A simplified mass and energy



Energies 2023, 16, 746 5 of 18

balance for a typical kraft pulp mill was constructed to illustrate the potential of a pulp mill
as a producer of bio-based side streams, renewable electricity, and CO2. The mill balance
was based on a mill model used in previous studies [27,28]. Based on the collected data,
the potential, the effects of new processes on the mills, and the magnitudes of possible CO2
savings were estimated.

2.3. Distribution and Progress of the CO2 Emissions in the Global Pulp and Paper Industry

The European PPI covers only approximately one-fourth of the global pulp and paper
production, and therefore, it is important to briefly widen the perspective of this study
to other PPI countries. A geographical distribution of fossil and biogenic CO2 emissions
originating from global pulp and paper production was evaluated to understand the role
of different regions in CO2 emissions generation. The expected progress is discussed by
comparing the development of the PPI in the OECD countries and developing countries.

CO2 emissions were estimated for all continents that produce pulp and paper (Europe,
North America, South America, Australia, Asia, and Africa). In this study, the continents
were compared, but it should be noted that there were differences also within the countries
located on the same continent. Data on CO2 emissions were collected, but to the authors’
knowledge, no comprehensive statistics on regional emissions or fuel use of the PPI exist,
and especially biogenic CO2 emissions are poorly reported. Thus, when the emission data
were not available, the CO2 emissions were estimated by the authors.

Due to variation in data availability, two main approaches were used for estimating
the CO2 emissions of the regions. In the first approach, the emissions were calculated by
multiplying fuel use by CO2 emission intensity of the fuel (Equation (1)).

CO2 emission 1 =
n

∑
i=1

Fi Ii (1)

where Fi stands for fuel consumption by fuel type (GJ), and Ii is the CO2 emission intensity
of a certain fuel (kgCO2/GJ). The second approach utilized production volumes of the
regions and specific CO2 emissions of products (Equation (2)).

CO2 emission 2 =
n

∑
i=1

Piii (2)

where Pi stands for production volume (tons), and ii is the specific fossil CO2 emissions of
the product (kgCO2/ton).

CO2 emission intensities were adopted from a comprehensive fuel properties database
provided by the Statistic Finland [29]. Production volumes were collected from FAO [24],
and reports on energy use and emissions [18,30–33] were utilized. Data on the use of biofu-
els were poorly available, and thus, assumptions were needed to calculate the consumption
of biofuels to be able to estimate the emissions. Moreover, the calcination process in kraft
pulp mills generates biogenic CO2 emissions. Due to the lack of data, the biogenic CO2
emissions from calcination were calculated using production volumes and an average value
for the emissions. The following assumptions were used:

• Pulp production generates approximately 19 GJ/ADt of black liquor and 0.7–3 GJ/ADt
of wood residues, which are typically combusted to energy [34].

• The calcination process in chemical pulp mills produces about 196 kgCO2/ADt of
biogenic CO2 [35].

The total fuel use provided by the International Energy Agency (IEA) [1] was utilized
to estimate global fossil and biogenic CO2 emissions of the PPI. The overall emissions were
used to evaluate the validity of the regional values.
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3. Results and Discussion

This section presents future prospects for the European PPI. Expected changes in the
business environment are reviewed, and the magnitude of the required annual renewal
rate is evaluated. The section presents the possible development pathways and measures
for CO2 emissions reduction. The study discusses how the current political environment
guides the sector’s transformation and points out what should be changed in a policy point
of view to enable an efficient decarbonization. Finally, the section highlights differences in
progress on the decarbonization of the OECD and developing countries.

3.1. Future Prospects of CO2 Emissions

The business environment of the PPI is continuously changing. Prices on CO2 emis-
sions and energy are increasing, demand for products is changing, and competition on
biomass may grow. The reaching of net-zero industrial emissions depends on the business
environment, and even if the environment would be suitable, significant renovations are
needed to achieve a fossil CO2-neutral sector.

3.1.1. Changes in the Business Environment

The demand for different products is changing, which forces mills to modify their
product portfolio. The need for packaging materials is increasing, for example, due to grow-
ing global markets and the need to substitute plastic packages, whereas digitalization has
led to a notably decreasing demand for graphic papers in the OECD countries. In addition
to traditional products, the demand for several kinds of novel wood-based solutions such
as textiles is increasing.

Increasing prices for energy and especially CO2 will force mills to change their energy
use practices. The effect of high ETS prices on the pulp and paper mills is presented in
Figure 2. The effect varies notably within the mills. The variation can be caused by several
factors, such as energy efficiency, integration rate of the mills, implemented decarbonization
actions, or the energy supply strategy. However, clear differences between mill types can
be seen.

Energies 2023, 16, x FOR PEER REVIEW 6 of 19 
 

 

biogenic CO2 emissions from calcination were calculated using production volumes and 
an average value for the emissions. The following assumptions were used: 
• Pulp production generates approximately 19 GJ/ADt of black liquor and 0.7‒3 

GJ/ADt of wood residues, which are typically combusted to energy [34]. 
• The calcination process in chemical pulp mills produces about 196 kgCO2/ADt of 

biogenic CO2 [35]. 
The total fuel use provided by the International Energy Agency (IEA) [1] was utilized 

to estimate global fossil and biogenic CO2 emissions of the PPI. The overall emissions were 
used to evaluate the validity of the regional values. 

3. Results and Discussion 
This section presents future prospects for the European PPI. Expected changes in the 

business environment are reviewed, and the magnitude of the required annual renewal 
rate is evaluated. The section presents the possible development pathways and measures 
for CO2 emissions reduction. The study discusses how the current political environment 
guides the sector’s transformation and points out what should be changed in a policy 
point of view to enable an efficient decarbonization. Finally, the section highlights 
differences in progress on the decarbonization of the OECD and developing countries. 

3.1. Future Prospects of CO2 Emissions 
The business environment of the PPI is continuously changing. Prices on CO2 

emissions and energy are increasing, demand for products is changing, and competition 
on biomass may grow. The reaching of net-zero industrial emissions depends on the 
business environment, and even if the environment would be suitable, significant 
renovations are needed to achieve a fossil CO2-neutral sector. 

3.1.1. Changes in the Business Environment 
The demand for different products is changing, which forces mills to modify their 

product portfolio. The need for packaging materials is increasing, for example, due to 
growing global markets and the need to substitute plastic packages, whereas 
digitalization has led to a notably decreasing demand for graphic papers in the OECD 
countries. In addition to traditional products, the demand for several kinds of novel 
wood-based solutions such as textiles is increasing. 

Increasing prices for energy and especially CO2 will force mills to change their energy 
use practices. The effect of high ETS prices on the pulp and paper mills is presented in 
Figure 2. The effect varies notably within the mills. The variation can be caused by several 
factors, such as energy efficiency, integration rate of the mills, implemented 
decarbonization actions, or the energy supply strategy. However, clear differences 
between mill types can be seen.  

 

0

10

20

30

40

50

60

70

80

90

100

0

200

400

600

800

1000

In
cr

ea
se

 in
 c

os
ts

 [E
U

R
/t]

Sp
ec

ifi
c 

C
O

2
em

is
si

on
s 

[k
gC

O
2/t

]

Specific fossil CO2 emissions [kgCO2/t]

Cost increase [e/t], ETS price 100e/tCO2]

AVG increse in costs [e/t]

Cost increase [EUR/t], when ETS price is EUR 100/tCO2

Average increase in costs [EUR/t]

Market 
mechanical 
pulp mills

Stand-alone 
paper mills

Integrated 
chemical pulp 

and paper mills

Integrated 
mechanical pulp and 

paper mills

Specific fossil CO2 emissions [kgCO2/t]

Market 
chemical pulp 

mills

Figure 2. Impact of high EU ETS carbon prices (EUR 100/tCO2) on the production costs of different
mill types.

Stand-alone paper mills do not have large bio-based side streams that could be com-
busted to energy, and therefore, those mills typically utilize fossil fuel for both energy
production and paper drying. Thus, stand-alone paper mills have the greatest pressure to
cut emissions. Applying a bubble policy [36], which allows even increasing the emissions in
some facilities as long as total emissions are reducing, could be the most cost-effective way
toward a low-carbon sector. That is because, for example, the mills with access to bio-based
waste streams may have better opportunities to replace fossil fuels by intensifying the use
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of biomass. Chemical pulp mills represent mill types that can already meet most of their
energy demand by bio-based fuels. If a chemical pulp mill is integrated with a paper mill,
the energy consumption of the unit increases, and current mills typically require fossil
fuels in addition to biofuels. The direct effect of EU ETS is low in the case of mechanical
pulp mills because most of those mills cover their energy demand largely by purchasing
electricity. However, the EU ETS affects indirectly also the prices of purchased electricity
and the costs of transportation.

The production costs of pulp and paper vary significantly, and typically, those costs are
not publicly available. RISI [37] presents that the production cost for paper in Europe could
be around EUR 500/ton, and hence, the EU ETS can increase the costs notably in some mills.
It should be noted that at the moment, energy-intensive industries receive a significant
amount of free emission allowances to secure competitiveness, which may change in the
future. Moreover, the high EU ETS prices can increase competition on biomass that does
not belong to the EU ETS. The EU ETS is not the only factor affecting the energy use of the
PPI at the moment. The prices for fossil fuels are expected to rise. Electricity prices are
currently unusually high, but future development remains to be seen.

In addition to the EU ETS, other factors may influence the availability of bio-based raw
materials. Ambitious targets for saving and restoring biodiversity may affect the markets
for raw materials. The EU has published a biodiversity strategy, which expands protected
land and sea areas to 30% in Europe [38]. Moreover, there is a target to cut a significant
amount of CO2 emissions by strengthening natural carbon sinks. The targets have led to
discussions on the acceptable harvesting rates.

3.1.2. Required Investment Rates for Net-Zero Target Years of Industrial CO2 Emissions

The required renewal rates for different net-zero target years in the European PPI
were calculated assuming that the new-built or renewed capacity is fossil-free. The results
presented in Table 3 show that decarbonization of the sector within the next 10–20 years
requires large annual investments. Reaching carbon neutrality by 2050 requires moderate
but continuous annual improvements. The energy efficiency of existing technologies and
processes increases continuously, and new opportunities come into the markets. Thus,
the sector has an opportunity to move toward significantly more sustainable operation.
Despite that, it should be noted that the pulp and paper mills have long lifetimes, and the
renovation rate is slow. A typical technical lifetime of a mill is between 30 and 50 years,
and thus, the renewal rate in Europe is roughly 2–3% of the capacity per year. The fossil
CO2 emission reduction within the PPI cannot be considered as a straightforward task. The
annual renewal rates will vary depending for example on the global economy. In addition,
some CO2 sources are significantly easier to eliminate than others; for example, switching
to electric dryers does not require large changes in the mills, whereas renewal of the energy
system of a whole mill is a huge investment. The following sections will evaluate the
decarbonization opportunities and potential.

Table 3. Required renewal rates for achieving carbon neutrality in different net-zero target years.

Net-Zero Target Year 2030 2040 2050

Required renewal rate 9.1% 4.8% 3.2%

3.2. Reduction of Energy Consumption

The lion’s share of the CO2 emissions of the PPI industry originates from energy
production, and therefore, a decrease in energy consumption is key in emissions reduction.
The energy consumption of the sector depends strongly on the production volume and
mix. Energy can be saved by EEI, for example, by recovering waste heat and by material
efficiency improvement, but also the production mix and volume of the sector affect the
energy consumption.
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3.2.1. Changes in Production Volume and Mix

The total production volume in the European PPI has been rather stable during the last
10 years, but the structure has changed (Figure 3). The share of wrapping and packaging
materials in paper production increased from 40% to 59% between 2000 and 2020, and the
share of graphic papers dropped from 49% to 28%. It can be expected that the trend will
continue. Typically, the production of packaging materials consumes around 20% to 30%
less energy per ton than the production of graphic papers. Thus, the structural change
has an effect on the energy consumption. If the total production volume is kept constant,
and the share of packaging materials increases to 75% by 2050, the expected annual heat
and electricity savings due to changes in the production mix is roughly 4%. Increased
utilization of recycled fibers in paper production has enabled lower energy consumption in
the European PPI, but the recycling rate is already high, and no major savings are expected
due to increased recycling rates [39].
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Figure 3. Development of pulp and paper production in the European pulp and paper industry. Data
from FAO [24].

The structural changes of the PPI are not limited to changes between conventional
pulp and paper grades. The sector has become interested in widening its product portfolio,
which may affect notably the energy consumption of the whole sector. For example, if the
sector starts to produce hydrogen-based products, the energy consumption of the PPI will
increase notably. One illustrative example of the ongoing transition is the UPM Leuna
biorefinery in Germany [40]. The plant will start to produce wood-based chemicals in 2023.
If the biorefinery is statistically included in the PPI, the energy consumption of the sector
will increase, whereas energy demand in the chemical sector decreases as the biorefinery
replaces current production. This highlights the challenge of setting energy savings targets
for sectors. The possible future products will be discussed in Section 3.4.

3.2.2. Energy Efficiency Improvement

The EEI has been considered the most cost-effective way to reduce energy use and
related CO2 emissions [41]. Several studies have investigated energy savings potential
through EEI measures, and for example, Moya and Pavel [42] suggest that the European
PPI can cut its energy consumption cost effectively by 14% (~190 PJ) between 2015 and
2050, and the CEPI [43] claims that EEI can lead to a 7 MtCO2/a emission reduction by
2050. In addition to allowing the reduction of fossil fuel use, the EEI may enable the
use of generated biomass elsewhere. Table 4 presents the development of specific energy
consumption in the Finnish PPI, which illustrates the continuous EEI. In spite of the EEI,
high-quality requirements may increase the consumption, as in the case of mechanical pulp.
Updating the existing mills to operate with the currently best available technologies can cut
energy demand notably, but emerging technologies are expected to enable even larger cuts;
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for example, the use of deep eutectic solvent may reduce the primary energy demand of
pulping by 40% [44]. However, the adoption of new technologies that significantly change
the pulping or paper-making processes may be difficult and slow due to concerns about
the effects on the operation.

Table 4. An example of development of specific energy consumptions. Estimates were created for the
Finnish pulp and paper industry based on Carlson and Heikkinen, and Pöyry [45,46].

Type of Energy Year Chemical Pulp Mechanical Pulp Paper and
Paperboard

Heat (GJ/t)

1970 14.2 0.1 6.7
1995 12.4 −1.5 6.0
2015 11.1 −1.6 4.6
2035 9.0 −2.3 4.2

Electricity
(kWh/t)

1970 717 1630 746
1995 682 2320 711
2015 671 2361 606
2035 536 2164 557

A proposed revision of the EED calls for increasing the annual energy savings require-
ment for 2024–2030 from 0.8% to 1.5% [6]. As a large energy user, the PPI must significantly
contribute to the energy savings. The authors’ previous study shows that the Finnish and
Swedish PPIs managed to substantially improve their energy efficiency between 2002 and
2017 [21], but the improvement pace did not meet the requirements of the EED. Thus, the
improvement pace must be accelerated, and the need applies most probably also to other
PPI countries. The EEI can lead to notable savings in energy costs in energy-intensive indus-
tries, and therefore, it has been discussed if there is a real need to support the industrial EEI
by policy incentives or if market forces can drive the change toward energy savings [47].
However, barriers to EEI, such as technical risks or a lack of access to capital, are hindering
even the adoption of cost-effective measures [48]. Thus, political stimulation is needed for
overcoming the barriers.

3.3. Fuel Switching and Electrification

In the PPI, fossil fuels are used in steam production and pulping (lime kilns) and
papermaking (dryers) processes. All fossil fuels are technically possible to replace with
biofuels or electricity [49], but the likelihood to reach net-zero emissions depends on the
mill type. Modern chemical pulp mills can already achieve fossil carbon-free operation [50],
and consequently, it is realistic to expect that new-build mills do not need fossil fuels during
normal operation. Decarbonization of stand-alone paper mills is more challenging because
the energy production relies on fossil fuels instead of biomass, which is a dominating fuel
in the pulp mills. Currently, electricity and steam are produced in boilers that combust
mainly natural gas, but also some amounts of coal-fired boilers are used.

The pulp and paper-making processes are technically possible to decarbonize. Electricity-
based paper dryers are already used in some mills, and further electrification of the dryers
could reduce annual emissions by 1–2 MtCO2 in Europe [51]. Some mills have also stated
an aim to combust hydrogen in dryers [52]. Recent studies suggest that also lime kilns
can be electrified using electric gas-plasma technology in the future [53], which may be
an interesting opportunity especially for mills that have no excess biomass. In addition,
indirect electrification, i.e., the use of renewable hydrogen or hydrocarbon, is a possible but
currently costly and rather inefficient opportunity to decarbonize the lime kilns. So far, the
use of biofuels has been a leading solution as many pulp mills have bio-based residues that
can be combusted in lime kilns.

Production of pulp consumes approximately 250 kg/ADt of lime (CaO) [35], and
the production of lime requires 6–10 GJ/kgCaO of heat [54]. The European PPI produces
annually 32 Mt of kraft pulp, and mills combust mainly natural gas in the lime kilns, which
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means that annual fossil CO2 emissions are around 3–4 MtCO2 or roughly 10% of total
industrial fossil CO2 emissions of the sector. At the moment, Finland and Sweden have
been leading the decarbonization of their lime kilns (Figure 4) [21]. Thus, switching to
biofuels is feasible, but it comes with some economical and technical challenges, especially
in cases of retrofits. Biofuels have different properties, for example, lower heating value
than conventionally used oil and natural gas, which make it difficult to operate existing
lime kilns without supporting fossil fuels. It can be expected that new-build lime kilns
use biofuels or other renewable alternatives. Moreover, the availability of biomass varies
within the mills, which affects the feasibility to use biofuel for decarbonizing the lime kilns.
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The estimate for the CO2 emission reduction potential of energy efficiency improve-
ment was at 7 MtCO2/a. In addition, changes in production mix may lead to lower
energy consumptions and therefore lower emissions, but the total fossil CO2 emission
reduction due to energy savings is estimated to remain below 10 MtCO2/a. It was esti-
mated that the emission reduction potential of dryers and lime kilns are 1–2 MtCO2/a
and 3–4 MtCO2/a, and thus, the decarbonization of processes can lead to an emission
reduction of 4–6 MtCO2/a. As the European PPI currently emits 34 MtCO2/a, the decar-
bonization of energy production plays the largest role in the reaching carbon-neutral PPI.
As the PPI has access to wood residues and most of the energy supply is already covered
using renewables, in the near future, electrification will not play as significant a role in
the PPI as in other industrial sectors such as the steel industry. Even though part of the
energy demand can be covered by the intensified use of current biofuels, biomass can be
considered as a limited resource, and therefore, electricity-based solutions are also needed.
High-temperature heat pumps have been seen as a significant part of the future energy
supply in the PPI [55]. Increasing competition for renewable electricity and rising prices
may be a matter of concern. Obrist et al. [55] claim that the Swiss paper industry that does
not produce any chemical pulp can reach net-zero emissions by 2050, but this would lead to
an 8–15% increase in paper production costs. Moreover, the re-structuring of energy supply
and processes requires significant modifications in the mills. In the long-term future, the
role of electricity may increase in the PPI as the increasing share of bio-based residues may
be utilized as products. Even though the direct use of electricity is the best solution in terms
of efficiency, it is possible that hydrogen will play a role in industrial energy systems as a
storage for renewable energy.

3.4. Opportunities to Provide Additional CO2 Savings

The PPI has access to sustainably harvested biomass. The raw materials cannot be
fully converted to pulp and paper, and therefore, large bio-based side streams enable the
sector to contribute to the decarbonization of other sectors by producing renewable energy,
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fuels, and products and capturing biogenic carbon. Hence, in addition to targeting the
cut of industrial emissions, the PPI’s potential to provide additional CO2 savings must
be exploited.

3.4.1. Additional Renewable Electricity Production

The PPI can increase its renewable electricity production. A recovery boiler is most
importantly a process component that regenerates used cooking chemicals in a kraft pulp
mill, but it is additionally a large steam and electricity producer. The most important
criterion for a recovery boiler has been high availability. Later, the mitigation of air emis-
sions became an issue. Currently, the increasing production of renewable electricity is a
key trend. An increase in steam parameters and black liquor dry solids contents and heat
recovery from flue gases as well as improved preheating of both water and air can lead to
notable growth in the electricity generation. According to Vakkilainen et al. [56], electricity
generation in modern recovery boilers increased by 20% within 10 years, and thus, veritable
opportunities for higher electricity production exist. Sweden is an example of a country
which has notably increased electricity generation in the PPI [21]. The most important
reasons behind the shift are an increase in the electricity price due to an electricity market
reformation as well as an introduction of the EU ETS and a green electricity certificate
system that supports the production of renewable electricity [57]. Thus, future energy
markets as well as incentives for renewable electricity production most probably affect the
development of electricity production in the PPI.

Table 5 presents recovery boiler parameters for an average European mill and for a
modern mill. Based on rough calculations presented by Valmet [58], it can be estimated
that if all European recovery boilers operated as modern boilers, renewable electricity
production could increase by roughly 7 TWh. If the electricity is used for replacing current
European electricity production with an emission intensity of 296 gCO2/kWh [59], an
annual savings of approximately 2 MtCO2 could be achieved. It is noteworthy that the
additional energy production in the PPI conflicts with the energy efficiency target that aims
to limit energy consumption to a certain value; i.e., in spite of the increased production of
excess energy, the input energy to the mill might not change.

Table 5. Recovery boiler parameters: a European average and a modern mill.

Recovery Boiler Black Liquor Dry
Solid Content

Steam Pressure and
Temperature

Steam Generation per
Input Dry Solids

European avg 1 77% 86 bar/486 ◦C 3.64 kgsteam/kgds
Modern 2 83% 110 bar/515 ◦C 4.35 kgsteam/kgds

1 Estimated using collected recovery boiler data. 2 Estimated based on [58].

Despite the potential to increase renewable electricity production, alternative routes
could lead to reduced generation. Processing of biomass to high-value products decreases
available combustible material. For example, lignin separation has become an attractive
option as lignin can be used as a versatile raw material or biofuel. Separating 30% of
the lignin in black liquor decreases the electricity production in the recovery boiler by
approximately 29% [60]. In addition, possible electrification may have an effect on onsite
electricity production; i.e., if electricity is used for heating purposes, production of electricity
in combined heat and power (CHP) units decreases.

3.4.2. Renewable Fuels and Materials

The PPI can play a notable role in creating bioeconomy. Its side streams can be utilized
in the production of biofuels (e.g., biogas and biodiesel) and bioproducts (e.g., textile fibers,
fertilizers, and lignin derivatives). As an example, Figure 5 presents a simplified balance
and opportunities of a northern stand-alone mill producing 600,000 ADt/a of softwood
pulp. The mill generates approximately 340 kg/ADt and 760 kg/ADt of wood residues
and dissolved lignin, which indicates the potential for enlarging the product portfolio to
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new bioproducts. In spite of several opportunities and existing pilot plants, the number
of large-scale retrofits in mills is low even though many technologies are available [17].
Releasing the potential of PPI as a producer of new products requires a stable and consistent
political framework including, for example, ambitious targets for bioenergy use or quota
obligations [61]. Additionally, the PPI should have clear future prospects for affordable raw
materials. Currently, the role of biomass in the EU’s decarbonization strategies is slightly
unclear, and the role of forests as carbon sinks as well as possible competition on biomass
with other sector creates uncertainties.
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Figure 5. A northern stand-alone mill producing 600,000 ADt/a of softwood pulp and its
future opportunities.

3.4.3. Carbon Capture and Production of E-Fuels

Pulp mills have a unique opportunity to turn to carbon sinks using BECCS/U [16].
Achieving a carbon-neutral society might not be possible without carbon capture technolo-
gies [62], but there has been little progress on CCS and especially BECCS. The possibilities
of BECCS in the PPI were already discussed at the beginning of the 21st century [63],
and Jönsson et al. [64] estimated that the European PPI has a large potential to capture
CO2 (60 MtCO2/a). Post-combustion carbon capture using monoethanolamine (MEA) is
a commercially available process and thus the most studied option for pulp mills [64–67].
The process consumes approximately 3.8 GJ/tCO2 and 0.1 MWh/tCO2, of heat and electric-
ity [68], which means capturing 60 MtCO2/a would lead to additional heat and electricity
consumption of 228 PJ/a and 6 TWh/a. In addition to the effects on energy balance, ques-
tions on storage sites, transportation, utilization, and economic feasibility exist. Several
previous studies underline a lack of economic incentives and clear policy framework, and
they call for recognizing negative CO2 emissions and crediting all removed CO2 emissions
apart from the origin [65,69–73]. BECCS will not be adopted in mills without clear incen-
tives. Santos et al. [74] suggest that a negative CO2 credit of 42 e/tCO2 could overcome the
costs of carbon capture via calcium looping, and Onarheim et al. [65] claim that a negative
emissions credit of 60–80 e/tCO2 is needed to make BECCS attractive for the mills.

Captured CO2 can be combined with hydrogen (H2) to produce e-fuels such as
methane, methanol, gasoline, and ethanol [75]. E-fuels may play a versatile role in the
future energy system: they can substitute fossil fuels in energy production as well as in
the chemicals industry, balance intermittent renewable energy production by providing
energy storage and flexible load, and decrease the need for electricity grid reinforcement
by acting as an energy carrier [76]. The production of e-fuels consumes a lot of electric-
ity. For methane, methanol, and dimethyl ether, the electricity-to-fuel efficiencies are in
the range of 30–75% (1.33–3.33 MWhel/MWhfuel), and the production requires roughly
0.21–0.28 tCO2/MWhfuel [77]. As the PPI is a stationary producer of both biogenic CO2 and
renewable electricity, and the mills have an opportunity to utilize side streams of e-fuel
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processes (oxygen and heat), the mills are interesting platforms for e-fuels production. If
currently produced excess electricity in the mills (13 TWh) was converted to e-fuels, the
production would yield as 3.9–9.8 TWhfuel, and the production would bind 0.8–2.7 MtCO2.
The biogenic CO2 from the European PPI facilitates a production of 290–390 TWhfuel, but
the electricity consumption would be 390–1300 TWh. This would account for a fraction of
the demand; for comparison, the European transport sector alone consumed 4889 TWh of
energy in 2017 [78].

A political framework for e-fuels is still incomplete, but current proposals do not
support the use of bioenergy for the production of renewable e-fuels [79,80]. Therefore,
pulp mills would need to purchase renewable electricity that is of non-biological origin.
This, along with other rules, makes the business environment complicated for pulp mill
operators and decreases the attractiveness to invest. Moreover, the requirement to use
variable renewable electricity instead of continuously produced bioelectricity may crucially
decrease the profitability of the e-fuels production due to lower operational hours. At the
moment, there are no requirements for the origin of CO2, and therefore, the PPI does not
benefit from its biogenic emissions. Under the current constraints, e-fuels production does
not seem attractive in the European PPI mills even though the platform for production
could be suitable. Furthermore, it should be noted that carbon capture and especially the
production of e-fuels conflict with the energy efficiency improvement target due to the high
energy intensity.

3.5. Progress in Developing vs. OECD Countries

The geographical distribution of CO2 emissions and production volumes of the global
PPI are presented in Figure 6. The combustion of fossil fuels in the PPI produces annually
approximately 194 MtCO2, and the combustion- and process-based biogenic CO2 emissions
are approximately 357 MtCO2 per year. The production mix and volume are important
factors when decarbonization in a certain region is considered. Pulp mills can cover their
energy demand by their own wood residues, whereas stand-alone paper mills typically
rely on fossil fuels. Therefore, decarbonization can be considered easier in pulp producer
regions, for example, South America, and challenging in paper producer countries such as
China. In addition to production-related factors, national resources such as the availability
of biomass or fossil fuels affect the fuel mix in the PPI. For example, natural gas is the main
fossil fuel in Europe and North America, whereas energy production in the Chinese PPI
relies on coal. Most of the virgin pulp mills are located in forested countries, and those
countries are also the largest users of biomass as fuel.
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According to Kuparinen [16], mills in the OECD countries are more eager to adopt
new technologies and change their business than mills in developing countries, which has
been seen as innovative products such as lignin-based solutions. However, conditions for
novel energy-intensive technologies, for example, the production of hydrogen and carbon
capture processes, might be more attractive in developing countries. In southern countries,
for example, in South America, the stand-alone pulp mills may have an excess of heat and
electricity that cannot be sold due to limited access to the electric grid, whereas in northern
countries, pulp mills are typically integrated into paper-making, or the mills can sell energy
to the electricity grid and district heating network. Political environment varies between
regions as well, and often the OECD countries have a higher pressure to decrease CO2
emissions (e.g., the EU ETS), which also affects the progress of the PPI.

4. Conclusions

The pulp and paper industry has several opportunities to decarbonize its own opera-
tion and contribute to the emissions reduction in other sectors. The sector has no crucial
barriers to reaching net-zero industrial emissions, but achieving that potential requires
significant changes. In the European PPI, the theoretical annual capacity renewal rate
of 3.2% would be needed to eliminate industrial fossil CO2 emissions by 2050 even if all
new-build capacity was fossil-free. The prospects for and the progress of decarbonization
vary within the mill types as well as the regions. Kraft pulp mills have good premises
to achieve carbon neutrality or even act as carbon sinks. Stand-alone paper mills that
cover their energy demand combusting fossil fuels need the significant changes of energy
supply. Decarbonization pathways will vary within the regions due to different production
volumes, mill types, available resources, used fuels, and prevailing trends.

The opportunities of the PPI in CO2 emissions reduction are versatile but also over-
lapping; i.e., it must be decided how valuable biomass should be utilized in the future. In
the near future, the PPI can intensify the energy use of bio-based waste streams, which
facilitates the transition toward fossil fuel-free mills together with the energy efficiency
improvement and electrification of processes and energy production. In the long-term
future, the residues of the PPI industry may play a key role in the bioeconomy that aims
to eliminate fossil raw materials, which might increase the role of the electrification of
the sector. The technologies for the production of novel renewable products are mostly
available, but the number of implemented projects is low due to poor economic feasibility
and because the continuously changing business environment is not attractive for investors,
and some policies are hindering the enlargement of the product portfolio (e.g., the produc-
tion of e-fuels). To advance, the role of bioeconomy and e-fuels in the sustainable transition
needs to be clarified, and the role of the PPI should not be underestimated, as there will be
a huge need for renewable materials.
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