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Abstract
The objective of this paper is to analyse role of forest industry in meeting energy
and climate targets that aim to mitigating global change. Finland as an important
forest industry country with the ambitious target of becoming carbon neutral by
2035 is selected to a target county. This study aims to present a plausible
assessment of the future of the Finnish forest industry until 2035 based on
literature and a scenario building approach. The focus is on energy use and fossil
carbon dioxide (CO2) emissions. The results suggest that electricity consumption
will decrease, whereas electricity production will increase, which indicates that
forest industry can provide more renewable electricity to the grid. Heat consump-
tion may even increase as a result from building new biorefineries, but those
mills can most probably meet their heat demand by combusting biofuels. Changes
in forest industry’s direct fossil CO2 emissions can reduce Finnish fossil CO2

emissions 2─4% in comparison to 2018. Biofuels production is likely to rise,
but the extent remains to be seen. It is concluded that the Finnish forest industry
can contribute significantly to meeting national climate policy targets, and forest
industry in general can play a role in mitigating global change. Additionally, it
was found that development of the Finnish forest industry will probably be
limited by the requirement for sustainable wood harvesting, which may also be
a problem for other forest industry countries.

Keywords Forest industry . CO2 emissions . Energy use . Climate changemitigation . Climate
policy . Scenario building

Mitigation and Adaptation Strategies for Global Change (2021) 26: 9
https://doi.org/10.1007/s11027-021-09946-5

* Satu Lipiäinen
satu.lipiainen@lut.fi

1 Lappeenranta-Lahti University of Technology LUT, Yliopistonkatu 34, 53850 Lappeenranta, Finland

# The Author(s) 2021

http://crossmark.crossref.org/dialog/?doi=10.1007/s11027-021-09946-5&domain=pdf
http://orcid.org/0000-0002-1301-0510
https://orcid.org/0000-0002-7472-3522
mailto:satu.lipiainen@lut.fi


1 Introduction

Climate change is one of the greatest global challenges of the twenty-first century (Solnørdal
and Foss 2018), and mitigation of climate change–related threats requires a substantial reduc-
tion in global greenhouse gas (GHG) emissions. World leaders and international organizations
are leading efforts to promote a change towards more sustainable development, and the
European Union (EU), for example, has set demanding energy and climate targets for 2030.
Key EU objectives are a 40% reduction in GHG emissions compared to 1990, a 32% share for
renewable energy and a 32.5% energy efficiency improvement (EEI) (European Commission
n.d.). In line with EU policy, the Finnish government has included in its programme the
strategic objective of becoming a completely carbon neutral society by 2035 (Ministry of the
Environment 2020). Additionally, Finland aims to increase the share of renewable energy in
final energy consumption to 50% and to replace 40% of fossil transportation fuels with
renewable alternatives (Ministry of Economic Affairs and Employment 2017).

Industry is a major energy user and an emitter of fossil CO2. Energy efficiency improve-
ment and decarbonising different industrial sectors are crucial for meeting energy and climate
targets in global, EU and national levels (European Commission 2019). Forest industry,
especially pulp and paper industry, is an energy-intensive sector. Pulp and paper industry is
the world’s fourth largest industrial energy user and accounts for 2% of industrial direct CO2

emissions (Trudeau et al. 2011). Finnish forest industry has been promoting reduction of CO2

emissions, and majority (85%) of fuels used in Finnish forest industry are bio-based (Finnish
Forest Industries 2018). However, it still accounts for about 5% of total fossil CO2 emissions in
Finland (Statistics Finland 2019b; Energy Authority). If forest industry aims to reach carbon
neutrality, as Finnish forest industry does, fossil fuels must be replaced with bio-based
alternatives. Moreover, forest industry can contribute to emission reduction by production of
bio-based materials, fuels and renewable energy. In Finland, forest industry is the major player
in the industrial sector, which covered 47% (148 TWh) of final energy consumption in 2018
(Statistic Finland 2019a). At 22%, the share of total electricity consumption is also high
(Finnish Energy 2020). As the forest industry is both the main producer and consumer of
bioenergy (Finnish Forest Industry 2018), it can play an important role in meeting political
targets regarding the use of renewable energy.

Forecasting the future of forest industry is challenging because several drivers for change,
such as climate change, population growth, demographic changes, development of information
technology (IT), structural changes of global economy, growing energy demand and increas-
ing scarcity of biodiversity and resources, are affecting the business environment. Demands for
different products are changing, and continuing demands to reduce energy use and emissions
require existing mills to improve energy efficiency. Among the drivers for change, availability
of wood resources affects the development of forest industry in Finland. In 2018, 78.2 Mm3 of
roundwood was harvested for industrial and energy use (Natural Resource Institute Finland
(Luke) 2018), whereas the estimated sustainable annual harvesting rate is only 80.5 Mm3

(Natural Resource Institute Finland (Luke) 2020). Moreover, forests absorb CO2 and act as
carbon sinks (Siljander and Ekholm 2018). There have been a lot of discussions whether
forests must be protected instead of used by industrial and energy sector. This study assumes
that Finnish forest sector can continue harvesting as long as forests are sustainably managed
and annual harvesting rate does not surpass the growth rate.

Several studies have considered the future of the forest industry, of which most
focus primarily on production development (Buongiorno et al. 1998; Bolkesjo et al.
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2003; Buongiorno 1996; Johnston 2016) or innovative technologies and products
(Möllerstein et al. 2006; Kong et al. 2016; Hamaguchi et al. 2012; Hämäläinen et al. 2011).
A small number of studies considering future directions of the forest industry have taken energy
and climate issues into account. Johnsson et al. (2019), Fleiter et al. (2012) and Szabó et al.
(2009) evaluated energy saving and greenhouse gas mitigation potential. Nyström and
Cornland (2003) reviewed the potential role of the Swedish forest industry in reducing CO2

emissions, and Ericsson et al. (2011) studied the role of climate and energy policies in the
prospective development of the Swedish pulp and paper industry. The future of the Finnish
forest industry has been the subject of some recent studies and reports (Pöyry 2016; Koljonen
et al. 2019; Kivistö et al. 2013). However, the role of the Finnish forest industry in meeting EU
and national energy and climate policy targets that aims to mitigate global change remains
unclear.

Hurmekoski and Hetemäki (2013) evaluate several methods used for outlook studies in the
forest sector. Each method has benefits and weaknesses, and typically method selection
depends on the specific case studied. This study uses a scenario building approach because
it enables several alternative futures to be reviewed and consequently gives a broad view of
possible outcomes. None of the forecasts can describe the future perfectly, and the results
should therefore be considered indicative. The review period of this study is moderate, under
20 years, and the reviewed area is limited to Finland. Therefore, detailed assumptions and
some mill-by-mill analysis can be done.

The aim of this paper is to examine role of forest industry in mitigating global
change. Finland is chosen as a target country as it has been a forerunner in the
bioeconomy producing a large variation of bioproducts and having a renewable-based
fuel mix and sustainably used forest resources (Finnish Forest Industry 2010). The
main question is how energy use and fossil CO2 emissions in the Finnish forest
industry will develop to 2035. Role of Finnish forest industry in reducing energy
consumption, contributing to fossil CO2 emissions mitigation and producing renewable
energy is evaluated.

This paper consists of five sections. After this introduction, section 2 presents used
materials, describes the scenario building method and introduces assumptions and
initial values. Section 3 shows the results of scenario building presenting how
electricity and heat consumption, electricity production and CO2 emissions could
develop to 2035 and considers how forest industry can contribute to mitigation of
global change. Section 4 discusses about possible uncertainties and limitations, com-
pares the study to previous ones and provides future research topics. Finally, section 5
presents the conclusions of the results.

2 Methods and materials

The method employed in this study uses a scenario building approach to evaluate development
of energy use and fossil CO2 emissions in Finnish forest industry to 2035. Development of
wood use is included as availability and use of wood resources are an important issue.
Literature review is completed to find out what is the initial stage of Finnish forest industry
and what kinds of trends are affecting it. Previous studies investigating future of Finnish forest
industry and publications of forest industry companies are reviewed. Trends are used in
scenario building.
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2.1 Finnish forest industry: current situation and future

Finnish forest industry is a major producer of pulp, paper and mechanical forest industry
products (FAO 2019). In 2017, it produced 3.1 Mtons of mechanical pulp, 8.0 Mtons of
chemical pulp, 5.4 Mtons of printing and writing papers, 3.6 Mtons of packaging materials, 1.2
Mtons of other papers, 1.4 Mm3 of wood-based panels, 11.8 Mm3 of sawnwood, 0.4 Mtons of
solid biofuels and 0.2 Mtons of liquid biofuels. Total fuel use was 226 PJ and fossil fuel use 35
PJ (Statistics Finland 2019a). Approximately 2.6 Mtons of fossil CO2 was emitted (Energy
Authority 2019). Electricity consumption and production were 20 TWh and 10 TWh, respec-
tively (Finnish Forest Industries 2018). Historical development of Finnish forest industry is
presented in Appendix Fig. 3.

Previous studies (e.g. Hänninen et al. 2013; Pöyry 2016; Koljonen et al. 2019) have
investigated development of Finnish forest industry. The Finnish forest industry is going
through a structural change. Several printing and writing paper and mechanical pulp mills
were closed, and new packaging paper and chemical pulp mills were built in 2010s (Kähkönen
et al. 2019). The change is continuing, and many forest industry projects are in the design
phase. Major projects include three large pulp mills and several mills that would produce
advanced biofuels from wood. The total capacity of the planned pulp mills is high, approx-
imately 2.6 million tons per year (Metsä Fibre n.d.-b; Kaicell Fibers 2020; Boreal Bioref
2019). Fulfilment of all the project plans would increase chemical pulp production capacity by
almost 30%. Thus, if all these projects are realized, it is very likely that significant existing
capacity will be closed.

It is to be expected that new bioproducts, such as biofuels, nanocellulose, textile fibres,
intelligent packages, hemicellulose and lignin, will become increasingly important in the forest
industry product mix (Hurmekoski et al. 2018). In recent years, Finland has become a
forerunner in the field of integrated biotechnology in forest industry mills. For example, the
Sunila pulp mill produces 50,000 t/a of lignin, the Kaukas biorefinery produces 130,000 t/a of
biodiesel from tall oil, the Enocell mill produces dissolving pulp for textiles, and the large
Äänekoski pulp mill based biorefinery produces several bioproducts from its side streams
(Stora Enso n.d.-a, b; Metsä Fibre n.d.-a; UPM Biofuels 2020). Moreover, a mill in Kajaani
uses sawmill residues as a raw material for transportation fuel (St1 2019).

In addition to production changes, energy use and consequently CO2 emissions are likely to
change. The motivation of mills to implement energy savings and emission reductions can be
affected by political means such as CO2 taxes and emissions trading. In Finland, the use of coal
for energy production will be banned from May 2029 (Finnish Government 2019). Addition-
ally, there has been a lot of debate about banning peat combustion. Use of peat will probably
end during the 2030s due to high taxation (Wahlström et al. 2017). In addition to political
means, technological development, especially biomass-based carbon capture and storage or
utilization (BECCS, BECCU) technologies, may accelerate reductions in emissions in the
future forest industry (Kuparinen et al. 2019).

2.2 Choosing the scenarios, initial values and assumptions

The purpose of scenarios is to analyse possible futures. In this study, building the scenarios
starts with analysing the most crucial factors affecting the energy use and CO2 emissions.
Sector’s activity, structure and energy efficiency define sector’s energy consumption
(Stenqvist 2015), and therefore, those factors were identified as key variables.
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Based on literature, two main development paths for development of production were
identified. The first path follows current trends: decreasing grades (mechanical pulp, printing
and writing papers, wood-based panels) continue their decrease, whereas currently
increasing grades (chemical pulp, packaging and other papers, sawnwood,
bioproducts) will increase also in the future. The second one assumes that new
biorefinery projects will be realized, and therefore, pulp production is strongly in-
creasing as well as production of biofuels and new bioproducts.

As energy efficiency has an important impact on energy use, it is included in the scenarios.
Energy efficiency improvement is impossible to predict accurately as several factors such as
technology, operational modes, energy management and prevailing policies are affecting it. In
this study, the uncertainty is managed using two different energy efficiency improvement
rates. The two different development paths for production are combined with high and low
energy efficiency improvement rates forming four scenarios. These scenarios assume that
forest industry will be increasing. However, it is possible that factors such as tightening
competition about raw materials or changes in global competitiveness may weaken Finnish
forest industry. Therefore, scenario with decreasing production rates is created to complete
palette of scenarios. These five scenarios describe effect of different development paths of
production and energy efficiency on energy use of Finnish forest industry in many ways.

The state of forest industry in 2017 is used as a reference scenario. Development of forest
industry’s fossil CO2 emissions is not directly related to energy use because changes in energy
use may not lead to a change in fossil fuels use but to change in use of biofuels or purchased
energy. Thus, studying development of fossil CO2 emissions needs more assumptions. Those
and other assumptions are introduced in the following sections. The assumptions and initial
values are based on literature review and values presented in previous studies when applicable.

2.3 Production rates and wood consumption

Changes in production volume and structure have a major contribution to development of
energy use. Grade changes have an important impact, because specific energy consumption
varies between different grades. In this study, three possible development paths for production
rates are established to be able to consider alternative futures (Table 1). Production rates in
scenarios I─IV are own evaluations that are based on literature (e.g. Hänninen et al. 2013;
Pöyry 2016; Koljonen et al. 2019; FAO 2019). Production rates for scenarios I and II follow
current trends. No new pulp and paper mills are built in these scenarios, but renovations and
capacity increases are carried out in existing mills. Scenarios III and IV take into account
biorefinery projects that are currently in a design phase, which can be seen as a high growth
rate of chemical pulp. Paper industry is doing better than in scenarios I and II as well as
production of biofuels and new bioproducts. It is assumed that increasing competition about
wood leads to decrease in production of wood-based panels and sawnwood. In scenario V,
growth rates are chosen to predict decline in Finnish forest industry. Production of conven-
tional forest industry products is decreasing, but production of biofuels and new bioproducts is
slightly increasing. The model excludes replacement of old mills with new ones except in case
of chemical pulp mills. In this study, chemical pulp capacity is restricted to 10 million tons per
year due to wood availability and pulp demand issues. Building the new chemical pulp mills in
scenarios III and IV leads to decrease in old capacity.

In addition to production changes, changes in roundwood consumption are estimated. Used
specific wood consumption values for mechanical pulp, chemical pulp, sawnwood and wood-
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based panels are 1.10 tons/ton, 2.17 tons/ton, 1.15 tons/m3 and 1.22 tons/m3, respectively. It is
assumed that other products do not use roundwood as raw material. Values are calculated
using data provided by FAO (2019) and Natural Resource Institute Finland (Luke) (2019).

2.4 Energy use

According to Fracaro et al. (2012), average annual energy efficiency improvement (EEI) of the
Finnish chemical forest industry between 1979 and 2009 was 0.39% per year. As the value is
relatively low, it is used as lower energy efficiency improvement rate. The higher production
rate is set to be twice as high than the lower rate, 0.78%/a. In many cases, literature states
higher EEI rates. For example, Odyssee-Mure (2015) reports that industrial energy efficiency
improved 0.9%/a between 2007 and 2013. Therefore, both selected values are moderate to
avoid too optimistic results. The energy efficiency improvement term in the equation applies
only to old mills. Energy efficiency improvement of new mills is included using specific
energy consumption values (Table 2). Development of energy consumption is calculated using
Eq. (1).

Table 1 Growth rates of forest industry products in Finland until 2035 in the different scenarios

Scenarios I & II Scenarios III & IV Scenario V
Grade Unit Change Change Change

Mechanical pulp %/a −1.7 −2.0 −2.5
Chemical pulp %/a 0.5 1.2 −0.5
Other papers %/a 0.5 0.7 −0.5
Packaging paper %/a 0.3 0.5 −0.5
Printing & writing paper %/a −2.0 −1.5 −3.0
Wood-based panels %/a −0.2 −0.5 −2.0
Sawnwood %/a 0.3 −0.1 −2.0
Biofuels (s) %/a 1.0 3.0 0.5
Biofuels (l) %/a 5.0 11.0 2.0
New bioproducts 1000 tons 100 400 50

Table 2 Specific energy consumption values of old and new mills. Evaluated using data from Nature Resource
Institute Finland (Luke) (2019), Kähkönen et al. (2019) and Pöyry (2016)

SEC, electricity SEC, heat

Product Unit Old units New units Old units New units

Mechanical pulp MWh/t 1.92 1.60 0.17 −0.19
Chemical pulp MWh/t 0.67 0.53 3.19 2.83
Printing & writing paper MWh/t 0.82 0.61 1.37 1.21
Paperboard MWh/t 0.57 0.52 1.48 1.26
Other paper MWh/t 1.25 0.85 2.41 1.81
Sawnwood MWh/m3 0.08 0.08 0.31 0.31
Wood-based panels MWh/m3 0.16 0.16 0.61 0.60
Biofuels (s) MWh/t – 0.25 – 0.72
Biofuels (l) MWh/t – 1.33 – 1.47
New bioproducts MWh/t – 1.00 – 1.00
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E ¼ E0 þ 1−
ΔPx

Ptot;x

� �zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{Share o f old capacity

E0 1−εð Þ vx−v0ð Þ−E0

h izfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Energy efficiency improvement

þ ∑
n

i¼1
wn;iPn;i−wo;iPo;i
� �

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Structure and volume change

ð1Þ

where E is energy consumption of the Finnish forest industry in a certain year [GWh], E0 is initial
energy consumption in a reference year [GWh],ΔPx is new capacity in a certain year [tons],Ptot,x is
total capacity in a certain year [tons], ε is energy efficiency improvement [%/a], vx is the year
reviewed, v0 is a reference year, wn,i is specific energy consumption of new capacity of a certain
grade [GWh/ton],wo,i is specific energy consumption of old capacity of a certain grade [GWh/ton],
Pn,i is new capacity of a certain grade [tons], and Po,i is closed capacity of a certain grade [tons].

Specific energy consumption (SEC) values are chosen separately to old and new mills as it
is assumed that new mills are more energy efficient than older ones. The values are based on
previous studies. No specific old energy consumption values are presented for production of
biofuels or new bioproducts as it is assumed that mills producing those products will not be
closed during studied period.

Development of electricity production in the Finnish forest industry is estimated using the logic
presented in Eq. (1). It is assumed that the lion’s share of the electricity is generated by market
chemical pulp mills and integrates. Reference mills for new and old units are chosen based on
Finnish pulp and paper mill electricity production data (Table 3). All forest industry mills are
different with unique characteristics, and therefore, evaluating future electricity production using
reference mills is challenging. No data about annual energy production efficiency improvement
rates was available. However, the technology will most probably develop, and therefore, energy
production efficiency improvement rates are set to 0.10%/a and 0.20%/a.

2.5 Greenhouse gas emissions

This study considers only CO2 emissions from use of fossil fuels in forest industry mills.
Emissions of energy companies that locate in the same site and produce energy for the mills
are excluded, because typically their major task is to produce energy for external use, and
therefore, it is challenging to allocate emissions to forest industry and energy sector. Those
emissions that are produced when energy company produces energy for forest industry mill are
classified as indirect emissions. The amount of CO2 emitted is related to the energy consump-
tion and fuel mix.

CO2 ¼ ∑
n

i¼1
Pi � SECi � F � I ð2Þ

Table 3 Specific electricity production values of old and new capacity. Evaluations based on data from previous
study (Kivistö et al. 2013)

Electricity production (MWh/ton)

Type of
capacity

Market chemical pulp
mill

Integrated mechanical pulp and
paper mill

Integrated chemical pulp and
paper mill

New 1.38 0.58 1.27
Old 0.84 0.28 0.92
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where CO2 is total emissions of the forest industry [tCO2/a], Pi is annual production of a
certain product [tons/a], SECi is specific energy consumption of a certain product [GJ/ton], F is
share of fossil fuels [GJ/GJ], and I is CO2 intensity of the fossil fuels mix [CO2/GJ]. This study
considers only changes in amount of used fossil fuels as it is assumed that forest industry
companies aim to reduce use of fossil fuels and CO2 emissions significantly (e.g. UPM 2020).

For studying the future, the major sources of fossil CO2 emissions were identified. The
main fossil CO2 emitter in chemical pulp industry is the lime kiln, which typically uses natural
gas or oil as fuel, followed by fossil fuels use in mill boilers during start-ups, stoppages and
other exceptional situations (Kuparinen et al. 2019). Peat and coal are used in biomass boilers,
for increasing steam production and reaching full capacity when the biomass fuel is wet. Some
oil and gas are used to balance steam generation and to ensure steam supply during stoppages
in auxiliary boilers. Several mills use natural gas in drying devices. The forest industry does
not generate all the energy it needs, and it therefore causes also indirect CO2 emissions, which
are not included in this study.

Contributions of different fossil fuel sources to total emissions are evaluated to enable
studying the future CO2 emissions. The following assumptions have been made: an average
lime kiln emits 120 kgCO2/ton of pulp; average biomass boiler and recovery boiler start-up
and shut-down emit 20 kgCO2/ton of pulp and 10 kgCO2/ton of pulp, respectively; every pulp
mill has a recovery boiler; and 75% of the mills have a biomass boiler. Assumptions for CO2

emissions are adopted from Kuparinen et al. (2019). Calculations in this study do not consider
the impact of carbon capture technologies. Those technologies may have an important role in
the future, but previous studies (e.g. Teir et al. 2011) state that carbon capture will not be
feasible in Finnish forest industry before 2030 because of lack of financial incentives.
Therefore, it is assumed that CCS will not reach a significant role during studied period.

The starting point for calculations is based on fuels used in the Finnish forest industry in
2017 and their emission intensities (Table 4). With the assumptions above, it can be calculated
that use of oil and natural gas in lime kilns supports fuels of recovery and biomass boilers, and
incineration of peat and coal accounts for approximately 90% of Finnish forest industry CO2

emissions. The rest is emitted by auxiliary fuel oil and natural gas fired boilers, infrared dryers
in paper drying processes, as well as other minor sources.

Use of peat, coal and fossil fuels in lime kiln is the main variable in scenarios. Literature
review showed that burning coal will be banned, and use of peat will probably end during
2030s due to high taxation. Therefore, it is assumed that coal is not combusted in Finnish
forest industry after 2029. Scenarios II and IV assume that Finnish forest industry is willing to
invest in clean technology, and consequently both peat combustion and use of fossil fuels in
lime kilns will stop. In scenarios I and III, forest industry is assumed to be less innovative, 50%

Table 4 Emissions intensity and use of fuels in the Finnish forest industry (Fleiter et al. 2012; Alakangas et al.
2016; Energy Authority; Finnish Forest Industries 2018)

Fuel Emission intensity (tCO2/GJ) Use in 2017 (PJ/a)

Biofuels 0 206.1
Natural gas 0.056 14.7
Peat 0.106 8.8
Heavy fuel oil 0.078 6.1
Coal 0.094 2.8
Other 0.046 3.0
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and 75% of lime kilns use biofuels, and 50% and 75% of peat combustion is replaced. In
scenario V, it is assumed that forest industry is not willing to invest in new lime kilns, and the
share of bio-based fuels is 50%. However, peat use is assumed to end because energy use
probably decreases significantly as a result of declining production. There are no major
changes in use of start-up and shut-down fuels as they are only a minor user of fossil fuels
and they are relatively challenging to replace. Residual fossil fuels remain constant except in
scenario IV.

2.6 Scenarios

Five scenarios are created based on own evaluations and data found from literature. The
scenarios aim to estimate emissions and energy use of Finnish forest industry in 2035
considering changes in volume, structure, energy efficiency and fuel mix. Scenarios I─V
and reference scenario are presented in Table 5. In addition to CO2 emission sources listed in
the table, start-up and shut-down fuels are estimated to emit approximately 0.24 MtCO2 per
year. However, it is assumed that there will be no major changes in the use of those fuels
within the next 15 years.

3 Results

In all the scenarios studied, the structure of the Finnish forest industry will change in the future
(Fig. 1). The production volume change in the whole Finnish pulp and paper industry from
2018 to 2035 is −6.3% in scenarios I and II, 0.3% in scenarios III and IV and − 20.4% in
scenario V. Production volume changes in the mechanical forest industry in scenarios I and II,
in scenarios III and IV and in scenario V are 4.3%, −2.4% and − 29.1%, respectively. Even
though changes in total volume are moderate, the structure changes significantly. Conventional
bulk products such as printing and writing paper will likely make room for innovative high-
quality products. New bioproducts remain a minor forest industry product, but their production
grows in every scenario. There is a lot of uncertainty in the production volume of biofuels and
new bioproducts. New products should be profitable, and at the same time, they must meet
sustainability criteria. Industrial scale changes occur slowly, and therefore, production of
biofuels or new bioproducts may not meet the estimated production volumes.

Production changes estimated in this study will increase roundwood consumption in most
of the scenarios (Table 6). In addition to forest industry’s wood consumption, energy wood is
harvested. If wood imports and energy wood harvesting remain at the 2018 level, scenarios
I─IV will probably surpass the limit of sustainable harvesting. Achieving a balance between
increasing demand for wood and limited wood resources is an issue that Finland must solve.
Competition for raw material will lead to increasing prices, which will affect the competitive-
ness of Finnish mills.

Increasing wood use will lead to growth in the availability of wood residues that can be
used in energy production or for raw material. However, demand for wood residues is likely to
increase notably as biofuels production is growing and forest industry mills as well as other
actors have already stated aim of replacing fossil fuels with bio-based alternatives due to
factors such as increasing taxation of fossil fuels and desire to enhance corporate’s image.
Strategies of forest industry companies and policies regarding bioenergy and biofuels will play
a key role when decisions are made whether wood residues are used as raw material or energy.
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A trend that applies to every scenario is declining electricity consumption (Fig. 2a). A
decrease in electricity use can have several impacts. Firstly, combustion of fossil fuels may
decrease which would reduce forest industry’s CO2 emissions. Secondly, the electricity self-
sufficiency rate of mills will likely increase. Decreased electricity demand may also lead to
increase in the amount of bioelectricity available for sale on electricity markets. Thirdly, excess
electricity can offer mills opportunities. For example, carbon capture and power-to-x technol-
ogies are more attractive if there is available renewable electricity in the mills. Heat demand in
the different scenarios varies more than electricity demand (Fig. 2b). Scenario III predicts a
7.5% increase in heat use, whereas realization of scenario V will lead to a 22.4% decrease.
Savings in final energy use will probably lead to reduction of fossil fuels and/or purchased
energy. In such a case, the Finnish forest industry of the future will be more self-sufficient in
terms of energy, and its fuel mix will be even more dominated by biofuels.

The results suggest that electricity production by the forest industry will increase in the
future, with the exception of scenario V (Fig. 2c). Scenarios III and IV show that the
construction of large pulp mills will have an important role in increasing the amount of
electricity produced. Electricity self-sufficiency of new pulp mills can be over 200%, and
consequently there may be excess electricity in the mills. Oversupply of electricity may have
the same effects as a decrease in electricity consumption. However, changes in electricity

Table 6 Wood consumption and available wood residues in the Finnish forest industry

Year 2018 2035

Scenario Current Scenarios I & II Scenarios III & IV Scenarios V

Wood consumption [Mm3] 73.6 76.3 78.6 59.1
Wood residues [Mm3] 23.8 25.6 27.8 20.8

Fig. 1 Production changes in the Finnish forest industry from 2018 to 2035. Production of wood-based panels
and sawnwood are converted to tons using density of 0.6 ton/m3

Mitigation and Adaptation Strategies for Global Change (2021) 26: 9 Page 11 of 19 9



production and the energy balance of Finnish mills are dependent on strategic choices,
electricity prices, and competition for bio-based raw materials. A decrease in electricity
consumption may lead to a notable drop in electricity production if there is no profitable use
for the excess electricity. Also, decrease in heat consumption may reduce amount of electricity
produced in combined heat and power plants.

Even though energy consumption may decrease and the availability of biomass
from Finnish mills’ own operations increases, which should help reach the target of a
CO2 emissions-free forest industry, some technical barriers may cause challenges; for
example, fossil fuels used as supporting fuels during start-ups and other exceptional
situations may be difficult to replace. Many mills would be forced to make significant
and expensive modifications to their energy systems if all fossil fuel were to be
replaced with renewable alternatives, which may discourage especially companies that
cannot meet additional renewable energy demand using internal wood residues and
side streams.

The results of the scenario analysis suggest that the forest industry’s CO2 emissions will
decrease by 43% (scenario I) to 86% (scenario IV) by 2035, in comparison to 2017 (Fig. 2d).
Replacing fossil fuels in lime kilns with bio-based alternatives and ending incineration of peat
and coal will make a major contribution to CO2 emissions reduction. Savings in electricity and
heat consumption will facilitate reduction of emissions that originate from energy production.
In scenarios III and IV, energy consumption rises due to increasing production, and therefore,

Fig. 2 Finnish forest industry development from 2017 to 2035: a electricity consumption, b heat consumption, c
total energy consumption and d CO2 emissions
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emissions mitigation is more challenging; however, the adoption of bio-based technologies
may enable significant reductions.

Even though energy consumption reductions and availability of own biomass in mills ease
reaching emission-free forest industry, total elimination of fossil CO2 emissions will need
significant additional actions. Emerging technologies provide tools for moving forward on the
path towards carbon neutrality, but the attractiveness of these technologies depends, among
other factors, on costs and policies. Moreover, a decrease in overall energy consumption may
not lead to a reduction in fossil fuels use but to a reduction in purchased energy, and a
significant increase in electricity production might make reducing fossil fuels use even more
challenging.

On the other hand, such a change would result in a significantly larger decrease in CO2

emissions. It should be noted that the use of carbon capture technologies was excluded from
the scenarios. Such technology has high CO2 reduction potential, but its widespread adoption
by 2035 is uncertain. Adoption of bioenergy with carbon capture and storage technologies
(BECCS) can provide opportunity to transform pulp and paper industry carbon neutral or even
negative emitter (Kuparinen et al. 2019). As future forest industry in Finland emits relatively
low amounts of fossil CO2 emissions, BECCS could enable reaching the carbon neutrality.
Moreover, printing and writing paper production capacity and mechanical pulp production will
probably lead to the closure of mills with the lowest competitiveness. In many cases, these
mills have lower energy efficiency than average. Furthermore, integrated mechanical pulp and
paper mills and stand-alone paper mills are typically dependent on fossil fuels. Therefore, such
closures can facilitate a reduction in total CO2 emissions.

Changes in energy consumption of the Finnish forest industry until 2035 result mainly from
production volume and mix changes (Table 7). Structural changes affect the ratio of heat and
electricity needed. Especially changes in production mix of pulp affect the energy use.
Chemical pulp is a heat-intensive product, whereas mechanical pulping requires a lot of

Table 7 Energy saving resulting from production changes and energy efficiency improvement from 2017 to
2035

Scenario Mechanical
pulp

Chemical
pulp

Packaging
& other
papers

Printing
& writing
paper

Mechanical
forest
industry

Biofuels &
other new
bioproducts

Energy
efficiency

Total

Heat (2017=45,074 GWh)
I −0.3% 4.8% 1.0% −4.9% 0.4% 1.0% −6.2% −4.2%
II −0.3% 4.8% 1.0% −4.9% 0.4% 1.0% −12.0% −10.0%
III −0.4% 12.4% 1.5% −3.8% −0.3% 3.9% −5.8% 7.5%
IV −0.4% 12.4% 1.5% −3.8% −0.3% 3.9% −11.3% 2.1%
V −0.5% −4.7% −1.4% −6.8% −2.9% 0.4% −6.5% −22.4%
Electricity (2017=19,624 GWh)
I −8.6% 2.1% 1.0% −6.7% 0.2% 2.0% −6.4% −16.3%
II −8.6% 2.1% 1.0% −6.7% 0.2% 2.0% −12.3% −22.3%
III −10.0% 5.6% 1.5% −5.2% −0.2% 7.7% −6.0% −6.6%
IV −10.0% 5.6% 1.5% −5.2% −0.2% 7.7% −11.6% −12.2%
V −12.0% −2.3% −1.5% −9.3% −1.6% 0.7% −6.7% −32.8%
Total energy (2017=64,698 GWh)
I −2.8% 4.0% 1.0% −5.4% 0.3% 1.3% −6.2% −7.9%
II −2.8% 4.0% 1.0% −5.4% 0.3% 1.3% −12.1% −13.7%
III −3.3% 10.3% 1.5% −4.2% −0.3% 5.0% −5.9% 3.3%
IV −3.3% 10.3% 1.5% −4.2% −0.3% 5.0% −11.3% −2.2%
V −4.0% −4.0% −1.4% −7.6% −2.5% 0.5% −6.6% −25.5%
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electricity. Pulping is becoming more heat-intensive. The expected decrease in printing and
writing paper production will leads to notable heat and electricity savings, whereas production
of biofuels and new bioproducts may increase the energy use significantly. Energy efficiency
improvement will make an important contribution to energy saving in every scenario.

The forest industry can play an important role in meeting Finland’s climate and energy
policy targets. The results suggest that final energy consumption in the forest industry will
decrease. As bioenergy becomes even more predominant form of energy, the forest industry
will probably incinerate fewer fossil fuels, which will lead to lower emissions. CO2 emissions
in Fig. 2d are equal to a 2.0─4.0% decrease in Finland’s total emissions. Moreover, the results
suggest that while the forest industry’s electricity consumption will decrease, electricity
production may increase. Thus, mills may have excess electricity, which can be sold on
electricity markets and increase the amount of renewable electricity used in the economy as
a whole. The forest industry may also become an important producer of advanced biofuels,
which will enable Finland to meet its targets regarding the share of renewables in transporta-
tion fuels. Additionally, new bioproducts may serve as substitutes for fossil-based materials
such as plastics.

4 Discussion

Some megatrends are clearly discernible and already affect social, economic and industrial
developments worldwide. The size of the impact of these developments is unknown, and only
rough estimates can be made. Unexpected developments can appear suddenly and require
forecasts to be updated. For example, changes in the global economy have profound effects on
the Finnish forest industry, and the economic crisis of 2008─2009 caused several unit closures
in Finland. Most future studies done before the crisis were unable to account for such a sudden
and dramatic change in economic activity. Within the context of this study, possible political
actions by EU in the energy and climate sector could change the Finnish forest industry
dramatically, which may affect the validity of the scenarios developed. Moreover, the Finnish
forest industry is in transition. Many conventional products have lost their overwhelmingly
dominant position and new innovations and product groups are emerging. The forest
industry’s transformation towards a biorefineries concept with innovative products in addition
to the core products of sawn goods, pulp and paper has been expected for a number of years.
Currently, however, the Finnish forest industry is still predominantly focused on the produc-
tion of conventional products with few new products being produced in commercial volumes.
Pressure to produce more sustainable products and fuels may accelerate the transformation, but
far-reaching change will probably still take time. At the moment, it is impossible to predict
with certainty which of the new innovations will break through to become high volume
products.

The results suggest that forest industry can contribute to climate change mitigation. Some
previous studies (e.g. Lundmark et al. 2014) as well argue that forest sector can participate on
CO2 reduction. This study focused on energy-related aspects, whereas many previous studies
have concentrated as well on strengthening forests’ carbon sinks and evaluating what is the
role of substituting fossil-based materials with wood-based alternatives. Notably, Siljander and
Ekholm (2018) claim that using forests as a carbon sink would be a more cost-effective way to
reduce emissions than using them as a bioenergy source, but they also agree that wood-based
products can be useful for mitigating climate change. Exact role of forests as a sink, energy
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source and raw material is unclear, and future studies probably will shed more light on this
question.

This study is limited to investigate how production, energy use, energy production
and direct fossil CO2 emissions could develop in the future. The main limitation is
that the study does not estimate indirect changes, i.e. how much increasing renewable
electricity production can decrease fossil CO2 emissions of the energy sector or what
is the role of new biofuels and bioproducts in reducing fossil-based material use.
Moreover, the impact of forest industry on forests as a carbon sinks is out of focus.
The study is limited to Finland. However, forest industry is a globally important
sector, and many studied trends apply also for other countries’ forest industry. The
findings can be used for those countries where applicable. In addition, as the forest
industry currently produces 5% of Finnish fossil CO2 emissions, reaching national
emissions reduction targets requires major reductions in other sectors. In Finland,
energy sector, industry and traffic are the main emitters (Statistic Finland 2019a).
Metal industry, chemical industry and pulp and paper industry are the major players
in terms of CO2 emissions. To meet Finnish climate and energy targets, other sectors
should be studied as well. Further studies are needed to cover these limitations.

5 Conclusion

This study investigated development of Finnish forest industry’s energy use and fossil
CO2 emissions to 2035 using five scenarios and assessed how possible changes would
affect the attainment of climate and energy targets that aim to mitigate global change.
Forest industry has the opportunity to promote low-carbon society and bioeconomy as
it is a major user and producer of bioenergy, biofuels and bioproducts. Impact of
bioproducts on reduction of national fossil CO2 emissions was out of the focus of this
study. Forest industry is an energy-intensive sector, and when there are fossil fuels in
fuel mix, a significant amount of fossil CO2 emissions can be emitted. Finnish forest
industry has been a forerunner in decarbonizing the forest sector, but it still has
potential to reduce fossil CO2 emissions notably. The reduction requires replacements
of peat and coal in power boilers, and oil and natural gas in lime kilns with renewable
alternatives. The scenario analysis results indicate that the drop in fossil CO2 emissions
from changes in the forest industry could lead to a 2─4% reduction in Finland’s total
emissions compared to 2018. Possible carbon capture (BECCS) was not included in the
scenarios due to current lack of incentives. The CO2 reduction potential may therefore
be notably higher. If new biorefinery projects are realized, production of renewable
electricity will probably increase notably. Energy efficiency improvement and changes
in production mix decrease forest industry’s electricity consumption, and consequently
a larger share of produced electricity can be sold to the grid. The role of the Finnish
forest industry in advanced biofuels supply is still unclear. The industry already
produces some biofuels, and their production is likely to increase in the future, but
the extent remains to be seen. The results suggest that wood resources are a limiting
factor for Finnish forest industry. Four of the scenarios indicate that domestic round-
wood consumption could approach or surpass the limit of sustainable harvesting
especially if harvesting of energy wood remains at the 2018 level. Moreover, debate
about forests protection creates uncertainties for forest industry.
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