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ABSTRACT

Mitigation of global warming, energy security and industrial competitiveness urge the energy-intensive
pulp and paper industry (PPI) to transform energy use practices. This study investigates how the PPI has
responded to the need for the energy transition in the 2000s. Finland and Sweden as forerunners of
energy-efficient operation and decarbonization of the PPI are used as target countries. Understanding of
changes in energy consumption is complemented using decomposition analysis (Logarithmic Mean Divisia
Index Method) and the energy efficiency index approach. Analysis of companies’ investments in energy
technologies is used for explaining changes in energy production. Evidence of significant development
towards the more sustainable operation of the PPI was found. Energy consumption per produced unit has
decreased, i.e., energy efficiency has improved. Fossil fuels have been partially replaced with bio-based
alternatives. Thus, the CO, intensity has decreased substantially. The generation of renewable electricity
has increased in both countries. Examples of Finland and Sweden indicate that the PPI has great potential
to contribute to CO, emission reduction worldwide in the future as energy efficiency can be further
improved, and the share of fossil fuels can be decreased increasing the use of biofuels and self-generated

Pulp and paper industry

green electricity at least in kraft pulp mills.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The pulp and paper industry (PPI) presents an energy-intensive
sector, which accounted for approximately 6% of global industrial
energy consumption in 2017 (International Energy Agency (IEA)
2020a; International Energy Agency (IEA) 2020b). Regardless of a
continuous increase in renewable fuel use, pulp and paper mills
still rely on fossil fuels and emit a significant amount of both bio-
genic and fossil carbon dioxide (CO,). Fully decarbonizing industry
is crucial to stabilize climate and limit global warming well below
2 °C (Rissman et al., 2020). In line with the Paris Agreement’s tar-
get, the European Union (EU) aims to be climate-neutral by 2050
(European Commission, 2021a). The targets call the PPI to trans-
form toward carbon-negative operation. The transition is impor-
tant also for maintaining the competitiveness of the sector. Energy
prices have been increasing, and optimization of energy consump-
tion is needed in many mills (Johansson et al., 2011). The PPI is a
large energy producer as only part of the initial biomass is turned
into final products. Most side streams are effectively converted into

* Correspondence author.
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energy. This means that the PPI has good possibilities to increase
renewable energy production, which may play an important role in
the sustainable energy transition.

Finland and Sweden are the largest pulp producers in Europe
and surpassed only by Germany in paper production (FAO, 2019).
Both Finland and Sweden produced approximately 10.3 Mt of pa-
per in 2017, and pulp production was 111 Mt in Finland and
12.2 Mt in Sweden. The PPI in these countries has shown signif-
icant progress towards reducing the impact of climate change. Be-
tween 1973 and 1990, the Swedish PPI decreased its CO, emis-
sions by 80% while production increased by 18% by reducing oil
use (Lindmark et al., 2011). Switching fuel oil with internally pro-
duced biofuels started as a result of the oil crisis in 1973 and has
steadily continued motivated by market price changes and taxes
on fossil fuel use. In 2019, the remaining shares of fossil fuels in
the fuel mix were only 5% and 13% in the Swedish and Finnish
PPIs, respectively (Finnish Forest Industries, 2020a; Swedish Forest
Industries, 2020). For comparison, the global PPI covered 52% of
its fuel demand with oil, natural gas, and coal on average in 2018
(International Energy Agency (IEA) 2020b).

Finland and Sweden can be considered as forerunners
of energy-efficient operation and industrial decarbonization.
Stenqvist (2014) investigated energy trends and performance in

2352-5509/© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC BY license
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Nomenclature

ACT Activity

BECCS/U Bioenergy with carbon capture and storage or uti-
lization

CCs Carbon capture and storage

CO, Carbon dioxide

DS Dry solids

ECS Electricity certificate scheme

EDA Energy decomposition analysis

E Energy consumption

EE Energy efficiency

EED Energy efficiency directive

ETS Emission Trading System

EU European Union

FAO Forest and Agricultural Organization of United Na-
tions

I Specific energy consumption of sub-sector

i Sub-sector

IEA International Energy Agency

INT Intensity

LMDI Logarithmic mean divisia index

PFE Programme for Improving Energy Efficiency in
Energy-Intensive Industries

PPI Pulp and paper industry

P Production volume of grade

ref Reference

S Production share of sub-sector

SEC Specific energy consumption

STR Structure

T Year

Y Total production volume of sector

the Swedish PPI between 1984 and 2011 and found that energy
efficiency improvement led to the avoidance of 50 P] (40%) of
primary energy use. Koreneff et al. (2019) recently studied the
energy efficiency of the Finnish PPIL. The study proved that the
Finnish pulp and paper sector is competitive energy-wise, and its
energy consumption is lower than the EU average. The Finnish and
Swedish PPIs have higher energy efficiency in comparison with
other major pulp and paper producers (Fracaro et al.,, 2012). Sev-
eral studies, however, argue that there is still untapped energy ef-
ficiency improvement potential as well as CO, reduction opportu-
nities (Blomberg et al., 2012; Mollersten et al., 2003).

In addition to energy efficiency improvement and fuel switch-
ing, the PPl has shown interest in increasing on-site green elec-
tricity generation in the Swedish PPI (Ericsson et al.,, 2011). The
growing interest has manifested itself in the investments into the
recovery boiler technology with higher steam parameters and both
back-pressure and condensing turbines. To increase the share of re-
newable electricity in the energy mix, some pulp and paper com-
panies have even participated in wind power projects.

Both Finland and Sweden have ambitious climate policies,
which makes the PPI's energy transition particularly interesting in
those countries. Finland has stated a target to be carbon-neutral
by 2035 and carbon-negative soon after that (Ministry of Employ-
ment and the Economy, 2019). Sweden aims to be a net-zero emit-
ter by 2045 (IEA, 2019). Both countries have also created roadmaps
to the carbon-neutral operation of the PPI (Finnish Forest Indus-
tries, 2020b; The Swedish Forest Industries Federation, 2018). Ef-
fects of energy policy on the development of energy use of the
Swedish PPI have been intensively investigated (Bergquist and
Soderholm, 2016; Blomberg et al., 2012; Ericsson et al., 2011;
Gulbrandsen and Stenqvist, 2013; Henriksson et al., 2012;
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Henriksson and Lundmark, 2013; Ottosson and Magnusson, 2013;
Scordato et al., 2018). Many of these studies have found that na-
tional policy measures such as carbon tax, green electricity cer-
tificate scheme (ECS), which came into force in 2003, the pro-
gram for improving energy efficiency in energy-intensive indus-
tries, launched in 2005, as well as the EU’s measures, e.g., emission
trading system (ETS), have positively affected the energy efficiency
and CO, emissions of the Swedish PPL

This study investigates how the PPI has reacted to the need for
the energy transition in the 2000s. Even though several previous
studies have investigated energy use in the Swedish PPI, the ana-
lyzed years were between 1973 and 2011. Both Sweden and Fin-
land started decreasing their greenhouse gas emissions only af-
ter 2000 (Le Quéré et al., 2019). It is therefore important to find
out how the trends have developed since. Moreover, only a few
published works examined the Finnish PPI. This study aims at
a deeper understanding of the development of energy consump-
tion, energy production, and CO, emissions in the Finnish and
Swedish PPIs in the past 20 years analyzing energy trends. Sta-
tistical data shows the absolute changes but does not explain the
reasons behind them. This study uses energy decomposition anal-
ysis and the energy efficiency index method to enhance compre-
hension of changes in energy consumption. Awareness of changes
in energy production is improved by analyzing the development of
the used energy generation technologies, mainly recovery boilers.
In addition, energy and climate policies as major drivers for change
are included in the analysis. Energy transition in the Finnish and
Swedish PPIs has been a success so far and thus better understand-
ing of it may provide valuable insights to be learned by global pulp
and paper producers as well as other energy-intensive industries
and policymakers.

2. Methods and materials
2.2. Analysis of trends in energy consumption

Corresponding to current EU aims, both electricity and primary
energy consumption have decreased in the Finnish and Swedish
pulp and paper industries between 2002 and 2017 (Finnish Forest
Industries, 2020a; Swedish Forest Industries, 2020). Production vol-
ume and structure, and energy efficiency affect energy consump-
tion, but the magnitudes of those factors’ effects are unknown. En-
ergy decomposition analysis (EDA) is a widely used method for
studying the development of energy trends (Greening et al., 2007).
The method can be used to analyze the effect of different fac-
tors, such as activity (ACT), structure (STR), and energy efficiency
(INT), on the energy consumption of a considered sector. The ac-
tivity means the changes in total production volumes of the sector,
the structure describes how the production mix of the sector has
changed, and the energy efficiency expresses the changes in the
energy intensity.

Numerous decomposition analysis tools are available
(Ang, 1995), but currently, there is no standardized methodology
(Greening et al.,, 2007). The present study employs a Logarithmic
Mean Divisia Index Method (LMDI) presented by Ang (2005). The
method was used successfully by Stenqvist (Stenqvist, 2014) for
analyzing the energy trends in the Swedish PPI between 1984
and 2011. The LMDI has several advantages: it yields perfect
decomposition results without the residual term and is flexible
and easy to utilize. As in the study of Stenqvist, the use of phys-
ical indicators was chosen over monetary indicators as they are
more suitable for energy-intensive industries and easily enable
cross-country comparison. Strictly speaking, the decomposition
analysis can show the correlation but cannot show causality e.g.
both variables can have a third, common variable that causes the
changes, which means the cause and effect needs to be estab-
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Table 1
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Reference specific energy consumption values for different grades. Adapted from (Farla et al., 1997).

Product category

Electricity consumption [MWh/t]

Heat consumption [MWh/t]  Primary energy consumption [MWh/t]

Mechanical pulp 1.47
Chemical pulp 0.69
Recycled fiber input 0.39
Household and sanitary paper 0.67
Newsprint 0.39
Printing and writing paper 0.56
Wrapping and packaging paper and board 0.42
Other papers 0.50

—0.58 2.95
2.78 5.21
0.11 1.11
1.39 3.40
0.69 1.84
1.94 3.82
1.39 2.78
1.67 3.33

lished outside the decomposition analysis. The following equations
(Ang, 2005; Stenqvist, 2014) are used to investigate changes in
energy consumption.

ET —Et Yr
AEt,T(ACT)ZXi:mln (Yt) (1)
ET — Et S|
AE, =2 e M\ & 2
¢, T(STR) 2;: InET — InE¢ n (5{) (2)
ET —Et If
AE =2 e e AT
t,T(INT) Xl: InET — InE! n (ﬁ) (3)

In Eqs 1-3, El.T is energy consumption in sub-sector i in year
T, YTstands for total production volume of the sector in year T,
Sl.Tis production share of sub-sector in year T, IiT equals the spe-
cific energy consumption of sub-sector in year T, and t is T-1.
Statistical data on specific energy consumptions of sub-sectors is
not available, thus estimations are made by using weighting fac-
tors (Table 1). The Finnish and Swedish PPIs are divided into eight
groups: mechanical pulp that includes semi-chemical and chemi-
mechanical pulp, chemical pulp, recycled fiber, newsprint, printing
and writing papers, hygiene papers, wrapping and packaging pa-
pers, and other papers. Production volumes for each grade are pre-
sented in Appendix A. The changes are calculated year by year and
finally summed up over the studied period.

The improvement of energy efficiency has been considered the
most cost-effective way to reduce energy consumption and CO,
emissions (Worrell et al., 2009), and according to the EU Energy
Efficiency Directive (EED), energy efficiency needs to be priori-
tized to meet the new EU 2030 climate target (European Commis-
sion, 2021b). Comprehensive assessment of energy efficiency can
also highlight the saving potential or provide tools for evaluating
the effectiveness of energy policy measures (Fracaro et al., 2012).
Hence, the development of energy efficiency is analyzed in this

study.
Several indexes, such as economic, thermodynamic, and
physical-thermodynamic, have been developed for compar-

ing the energy efficiency of different types of energy users
(Patterson, 1996). In this study, the actual energy consump-
tion is compared with the reference consumption (Eq. (4)). The
total consumption of the sectors is a sum of different produc-
tion grades multiplied by their specific energy consumption,
and this is how the reference energy consumption is calcu-
lated in this study (Eq (5)). The same method was employed by
Fracaro et al. (2012) and Farla et al. (1997). Monetary indexes are
not used in this study because changes in prices, feedstock, and
sector structure can have a fierce effect on the validity of the
indexes (Blok and Nieuwlaar, 2017).
Eref

EE = E

(4)
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n
Eref = ZP:'SECi
i=1

(3)

In Eqs (4) and 5, EE is energy efficiency, E, stands for reference
energy consumption, E is total energy use, P; is production volume
of grade and SEG; is the specific energy consumption of grade. The
same product groups as in the decomposition analysis are used.

Both electricity and primary energy efficiencies are studied. The
conversion factors of 0.40 and 0.80 (Fracaro et al., 2012) for elec-
tricity and heat production are used to investigate the primary en-
ergy use. Mills’ primary energy consumption is defined as a sum
of used fuels, purchased electricity and heat, and other energy
sources. Sold energy is not subtracted from primary energy con-
sumption due to a lack of data. The reference-specific energy con-
sumption values are adapted from (Farla et al., 1997) and presented
in Table 1. The values evolve over time, but no fresher publications
present values for every grade. Moreover, in this study, the values
act as ratios between different grades, and thus the timelines of
the values do not significantly affect the validity.

2.3. Analysis of trends in energy production

Development of electricity production, fuel switching, and used
energy technologies are investigated in this study. Recovery boil-
ers are globally the most important biomass users for energy
(Kuparinen et al., 2019) and the major energy conversion de-
vices in both Finnish and Swedish PPIs, and thus their devel-
opment is considered in detail. The recovery boiler is an essen-
tial unit of the kraft (sulfate) pulp mills. In addition to produc-
ing steam, it regenerates the used cooking chemicals and mini-
mizes the waste streams. The capacity of the recovery boilers, as
well as the steam parameters, have significantly increased dur-
ing the last decades (Vakkilainen, 2019). The latest recovery boil-
ers typically operate within or above steam pressures of 100-
105 bar and temperature of 505 °C (Vakkilainen and Kivistd, 2014).
The increase in the steam parameters enables higher electricity
generation, but ash properties are limiting the growth of steam
temperature (Vakkilainen, 2014). The corrosive compounds, mainly
potassium and chlorine, cause challenges in the high temperatures.
Other measures such as increasing black liquor dry solids content,
flue gas heat recovery, preheating of combustion air and water, and
the use of condensing turbines lead also to improved electricity
production and energy efficiency (Vakkilainen and Kivisto, 2014).

A lime kiln is an essential device of the kraft pulp mill where
the calcining takes place to convert lime mud into burnt lime. The
lime kiln is typically the only user of fossil fuels in a modern kraft
pulp mill and thus its decarbonization has become an important
issue. Its operation requires high temperatures that are reached
by combusting fuels like oil and natural gas. Substituting fossil
fuels has been investigated widely, and several mills are already
combusting renewable alternatives e.g. wood residues, biogas, or



S. Lipidinen, K. Kuparinen, E. Sermyagina et al.

Table 2
Collected data and data sources.

Sustainable Production and Consumption 29 (2022) 421-431

Type of data

Source

Reference specific energy consumption values
Heat, electricity and fuel consumption

Electricity production

Production volumes

Specific energy consumptions and productions

Energy prices

Investments in greener energy production and consumption, and technology
development (recovery boilers, lime kilns, etc.)

Farla et al. (1997)

(Finnish Forest Industries 2020a; Statistics Finland 2020; Swedish Energy
Agency 2020; Swedish Forest Industries 2020)

(Finnish Forest Industries 2020a; Swedish Forest Industries 2020)

Food and Agriculture Organization of the United Nations (FAO) 2019
(Kdhkonen et al. (2019); Swedish Forest Industries 2020)

(Nordpool 2021; Statistics Finland 2020; Swedish Energy Agency 2020)
Collected from several sources: press releases, the environmental permits,
and the reports of pulp and paper companies. The most important source for
the Finnish mills was the environmental permit database (Regional State
Administrative Agency, 2021).

pitch oil (Francey et al.,, 2009; Kuparinen and Vakkilainen, 2017;
Manning and Tran, 2015).

2.4. Data on energy use in the Finnish and Swedish pulp and paper
industries

Collected data and data sources are presented in Table 2.
The availability of data limited the studied period to 2002-2017.
The analysis of energy data was complemented by reviewing in-
vestments in green energy production. The energy consumption
data includes several uncertainties and problems with quality. The
Finnish statistics do not separate the energy consumption of chem-
ical and mechanical forest industries. Thus, the electricity con-
sumption of sawnwood and wood-based panels was evaluated and
subtracted from the total consumption. All reported fuels were in-
cluded since the fuel consumption of the mechanical forest indus-
try is challenging to evaluate accurately, and its share is minor
in comparison with the chemical forest industry. Energy reporting
practices vary significantly between the mills and countries. Thus,
the comprehensive comparison of different energy users is a com-
plicated task. Moreover, available statistical data does not always
state precisely what kinds of assumptions were used or what was
included in the numbers. The availability and quality problems of
data in energy analysis were discussed also in the previous studies
(Farla and Blok, 2001). In this study, different data sources report
slightly different values, but the overall trends remain the same.

3. Results
3.1. Current state of energy consumption and production

Energy consumption and production were disaggregated to dif-
ferent mill types to improve understanding of the current state of
the Finnish and Swedish PPIs (Fig. 1). The mills are categorized ac-
cording to their major products, even though many mills produce
several additional commercial streams. Only electricity and fuels
consumption were included because differences in reporting be-
tween mills led to a lack of comparable values.

The mills producing chemical pulp account for the major share
of electricity production and biofuels use in both countries. Kraft
pulp mills convert approximately 50% of input wood to pulp and
the rest is typically used as a biofuel for energy generation. Kraft
pulp mills account for 86% and 91% of all produced electricity in
the Finnish and Swedish PPI, respectively. Production of market
mechanical pulp is the most electricity-intensive process. However,
these mills consume only a minor share of total consumption due
to low production volume.

Sweden has the least carbon-intensive PPl worldwide with a
fossil fuel use of only 0.1 MWh/t of product. Stand-alone paper
mills have the highest fossil fuel intensity in both countries. The
main reason for that is the lack of wood residues, which tends to
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favor the combustion of fossil fuels. Many Finnish stand-alone pa-
per mills have chosen to produce energy with their own boilers
combusting fossil fuels, which leads to high fossil fuel intensity.
Despite the low fossil fuel intensity, chemical pulp mills cover ap-
proximately 60% of total fossil fuel use in both countries. Sweden
still uses minor amounts of oil in lime kilns whereas some Finnish
chemical pulp mills combust peat in multifuel boilers in addition
to fossil fuel usage in the lime kilns. Fossil fuel use in chemical
pulp mills is almost five times higher in Finland than in Sweden.

3.2. Trends in energy consumption and production, and CO,
emissions

Energy use continued to develop towards more sustainable op-
eration in the Finnish and Swedish PPIs in the 2000s (Fig. 2). En-
ergy prices, presented in Fig. 3, play an important role in the de-
velopment of energy use. The Finnish values in 2005 are affected
by a long industrial strike. Another blip around 2009 for both Swe-
den and Finland is because of a production slump caused by the
economic downturn.

Electricity and primary energy consumption decreased in both
countries. The PPI's electricity consumption decreased by 12%
in Sweden and by 25% in Finland between 2002 and 2017,
and the primary energy consumption dropped by 11% and by
27% during the same years. Electricity consumption per ton
of paper decreased from 194 MWh/ton to 1.80 MWh/ton in
Finland and from 2.12 MWh/ton to 1.95 MWh/ton in Swe-
den. Primary energy consumption per ton of paper decreased
from 9.76 MWh/ton to 9.02 MWh/ton in Finland and from
9.57 MWh/ton to 8.91 MWh/ton in Sweden. Not only improved
energy efficiency but also changes in the volume and structure af-
fect the energy use. The role of different factors in the energy con-
sumption changes will be analyzed in Section 3.2.1.

Total fuel consumption decreased by 3% in Sweden and 20%
in Finland, and the share of biofuels increased from 87% to 96%
and from 72% to 85%. In both countries, fossil fuel consumption
reduced rapidly in the early 2000s, but the progress stagnated
around 2013. Fossil fuel prices play a key role in the stagnation.
The prices increased from the beginning of the 2000s to the eco-
nomic crisis around 2009. After the crisis, the increase continued.
The increase occurred worldwide but energy tax reform in Finland
in 2011 led to even higher growth. Between 2010 and 2012, fos-
sil fuel use decreased by 27% in the Finnish PPL. After peaking in
2012, the fuel prices started to decrease strongly. For example, the
oil price dropped by one-third in Finland from 2012 to 2016.

The decrease in fossil fuel use has led to 70% and 58% reduc-
tions in fossil CO, emissions in the Swedish and Finnish PPIs, re-
spectively. In 2002, the Finnish PPI emitted 410 kgCO,/ton of pa-
per whereas the number was 290 kgCO,/ton of paper in 2017. In
Sweden, amount of generated CO, per produced paper ton was as
low as 200 kgCO,/ton already in 2002, but it decreased notably be-
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Fig. 1. Energy balances for market mechanical pulp mills, market chemical pulp mills, integrated chemical pulp and paper mills, integrated mechanical pulp, and paper mills,
and stand-alone paper mills in the Finnish and Swedish PPIs: specific electricity production and consumption (A) and specific fuels consumption (B). The right axis presents
the share of each mill type in the total production and consumption (diamond symbols). In the case of integrates, the specific energy consumptions are calculated per ton
of all products. Values are from 2017 when possible. Data from (Kdhkonen et al., 2019; Swedish Forest Industries, 2020).
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Fig. 4. Results of decomposition analysis for electricity consumption (A) and primary energy consumption (B) between 2002 and 2017.

ing 60 kgCO,/ton in 2017. The values include only emissions from
fossil fuel combustion in the mills. The Swedish PPI reported the
lowest CO, emissions so far in 2014 (0.59 Mt). In Finland, the low-
est value was in 2017 (2.97 Mt) but the value was practically un-
changeable during the period of decreasing fossil fuel prices (2013-
2016). In Finland, CO, emissions have not decreased as much as
fossil fuel use because the share of natural gas has declined in the
fossil fuel mix. The measures implemented to reduce CO, emis-
sions in the Finnish and Swedish PPI are presented in more detail
in Section 3.2.3.

Finland and Sweden belong to the same electricity market area,
Nordpool, but due to limited border connection capacity, spot
prices have been higher in Finland than in Sweden (Ministry of
the Employment and the Economy, 2016). Moreover, the tax on
electricity for industrial users is only 0.05 cents/kWh in Sweden
whereas it has been 0.703 cents/kWh in Finland (Espensen et al.,
2014). The Finnish PPI has been producing notably more electric-
ity than the Swedish one, which can be explained at least partly
by higher electricity prices. Between 2002 and 2017, the electricity
production increased by 1.8 TWh (41%) in Sweden whereas in Fin-
land, the electricity production decreased by 1.2 TWh (—11%). The
electricity self-sufficiency increased from 45% to 54% in Finland
and from 19% to 30% in Sweden. The electricity prices increased
at the beginning of the 2000s due to electricity market reform
in 1996 and the introduction of EU ETS in 2005 (Ericsson et al.,
2011). It can be noted that electricity prices have affected the PPI's
electricity production in Sweden. Between 2002 and 2010 elec-
tricity prices increased by 106% (Nordpool, 2021), and electricity
production in mills increased on average by 3.3% per year dur-
ing the period. The electricity prices decreased by 45% from 2010
to 2017 and during those years the growth rate for electricity
production was only 0.4% per year. The increase in prices alone
does not explain the growth in electricity production. The trad-
able renewable electricity certificate system (TRECS) that was in-
troduced in 2003 has been a significant source of income for the
Swedish mills that produce renewable electricity. The Finnish PPI
has not been affected by the electricity price changes as strongly
as the Swedish one. One explanation is most probably the his-
torically high electricity production in Finland. The Swedish PPI
had a target to increase its electricity production by 2 TWh from
2007 to 2020 (Swedish Forest Industries, 2012). After the period
of stable electricity production, (Swedish Forest Industries 2020)
reported the annual electricity production of 6.6 TWh, which is
1.2 TWh more than in 2007. Thus, there has still been progress,
but the target seems to be unreachable. Despite the decrease in
electricity production in absolute terms in Finland, more electric-
ity is currently produced per produced ton. One important expla-
nation for that is a structural change. Capacity with a lower ten-
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dency to produce electricity, i.e. mechanical pulp and paper mills,
have been closed whereas kraft pulp production has increased.
In addition to structural changes, technology change has con-
tributed to the increase in electricity production in both countries
(Section 3.2.4).

3.2.1. Influence of volume, structure, and intensity on energy
consumption

Changes in volume, structure, and intensity have contributed to
changes in the energy consumption of the PPIs in Finland and Swe-
den, as Fig. 4 shows. From 2002 to 2017, electricity consumption
decreased in both Finnish and Swedish PPIs by 6.3 TWh and 2.7
TWh, respectively. A similar trend was observed in primary energy
consumption, which decreased 35.8 TWh and 11.3 TWh. Produc-
tion volume declined by 13% in Finland, which explains the large
drop in energy use. In Sweden, production increased by 1%.

The changes in the structure have slightly increased energy
consumption in all cases excluding the electricity consumption
in Finland. Between 2002 and 2017, the share of chemical pulp
in the total pulp mix increased from 61% to 72% in Finland. As
chemical pulping is a heat-intensive process and mechanical pulp-
ing relies mostly on electricity, the electricity intensity has de-
creased whereas the primary energy intensity has increased. Espe-
cially production of graphical papers has decreased notably in both
countries whereas production of chemical pulp has increased sig-
nificantly. In 2017, significantly more pulp was produced per ton
of paper than in 2002. This has increased the export of pulp but
also affected the energy demand by increasing the primary en-
ergy consumption. In addition, the energy intensity in Finland may
have decreased as some mills changed from producing printing
and writing paper to packaging materials. In Sweden, the most sig-
nificant decrease was in the production of newsprint, which con-
sumes less heat and electricity than the other paper grades. The
share of newsprint in total paper production decreased from 23%
to 10%. This change increased the electricity and primary energy
intensity.

Energy efficiency improvement has played a major role in both
countries. The decomposition analysis suggests that energy effi-
ciency improvement led to a 10% and 15% decrease in electricity
consumption between 2002 and 2017 in the Finnish and Swedish
PPIs, respectively. The improved efficiency saved 20% and 15% of
primary energy in Finland and Sweden.

3.2.2. Energy efficiency

Fig. 5 presents the development of energy efficiency in the
Finnish and Swedish PPIs. The results suggest that the electric-
ity efficiency has improved on average by 0.8% per year in the
Finnish PPI and 1.0% per year in the Swedish PPl The strike in
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Fig. 5. Energy efficiency development in the Finnish and Swedish PPIs. Statistics Finland (2020) data was needed for calculating primary energy use that covers the years
2007-2017 in Finland. Years before that are constructed using data from (Finnish Forest Industries 2020a).

2005 and the economic crisis around 2009 decreased the electric-
ity efficiency in Finland. Many mills were shut down or switched
to the part load, which reduced the overall efficiency. In 2016,
there was a major leap upward in the electricity efficiency of
the Finnish PPI, but the growth flattened only a year after that,
thus the leap can probably be explained by a statistical error.
Electricity efficiency has not followed energy prices as clearly as
fuels use. Between 2002 and 2009, the electricity efficiency of
the Swedish PPI improved 0.7% per year and between 2009 and
2017 twice that much, 1.4% per year. As electricity prices peaked
around 2010, the development can be considered somewhat un-
expected. However, especially large energy efficiency investments
take time, and thus the effect of energy prices is challenging to
assess.

The energy efficiency index method is less applicable for ana-
lyzing primary energy use. There are typically problems with data
quality and for example, mill-specific energy conversion factors
are unknown. Moreover, the used method considers only the in-
put energy, and therefore mills with excess energy have a lower
primary energy efficiency index. The produced energy should be
considered, but it was not possible due to a lack of data. The pri-
mary energy efficiency development in Sweden has fluctuated no-
tably. It was found that some mills have probably not reported
correctly all their values every year, which is the main expla-
nation for the fluctuation. Despite the data issues, it can be ar-
gued that the primary energy efficiency has increased in both
countries.

Voluntary energy efficiency improvement programs have played
a role in the energy efficiency improvement in both countries.
Sweden introduced the program for improving energy efficiency
(PFE) in 2005. The PFE offers electricity tax exemption to energy-
intensive industries that commit to improving their energy ef-
ficiency (Stenqvist, 2013). In 2007, participating companies cov-
ered 85% of the electricity demand of all eligible companies
(Stenqvist and Nilsson, 2012). Between 2004-2009, pulp and pa-
per industries reported an annual electricity saving of 670 GWh
(Ericsson et al., 2011), which is evidence of the success of the pro-
gram. The PFE ran for ten years, after which it was ended in 2014
because energy tax exemptions below the EU minimum were no
longer accepted by the EU. The Finnish PPI has been participating
in the voluntary Energy Efficiency Agreements program since 2008
(Energy efficiency Agreements 2020). All pulp and paper compa-
nies except one minor operator are involved in the program. Af-
ter the first period of the program (2008-2016), the PPI reported
a decrease of 5233 GWh in annual energy consumption (inc. heat,
electricity, and fuels) (Motiva, 2017).
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3.2.3. (O, reduction

Fossil CO, emissions decreased by 2.29 MtCO,/a and 144
MtCO,/a in the Finnish and Swedish PPIs from 2002 to 2017. De-
crease in energy demand, i.e. improved efficiency, mill closures,
etc., led to lower demand for fossil fuels, but also fuel switching
played an important role. Currently, the Swedish mills cover their
energy demand by combusting biomass or purchasing electricity.
In Finland, fossil fuels are used in energy production, but signif-
icantly less than at the beginning of the 2000s. The combustion
of peat in multifuel boilers decreased by 9.4 PJ (—54%) between
2002 and 2017, and many mills have stated an aim to increase
further the share of biomass. Natural gas is still used for steam
generation, but the use decreased by 29.4 P] (—69%). Switching
fuels in lime kilns has contributed to the CO, emissions reduc-
tion. The Swedish mills started to replace fossil fuels earlier than
the Finnish ones, and currently, most of the lime kilns in Sweden
combust biomass. In Finland, a notable number of mills still com-
bust oil or natural gas, but there has been significant progress dur-
ing the 2010s. Metsd fibre invested in biomass gasifiers. The Jout-
seno mill started to replace natural gas in the lime kiln in 2013
with producer gas, which was estimated to decrease CO, emis-
sions by 60,000 tCO,/a (Seppdld, 2010). The Aidnekoski mill does
not emit fossil CO, at all for it covers the fuel demand of the
lime kiln with its large gasifier (85 MW). Stora Enso has put ef-
forts into fuel switching in several mills. Sunila mill has combusted
lignin as the main fuel since 2015 (Regional State Administrative
Agency, 2014). Before the renovation, the lime kiln accounted for
85% of fossil CO, emissions in the mill. Enocell mill started to re-
place oil with sawdust in 2015. The estimated oil saving is 70-90
t/d (Stora Enso, 2017). Pitch oil (~119 GWh/a) is the main lime kiln
fuel in the Oulu mill (Regional State Administrative Agency, 2020).
Hydrogen (~51 GWh/a) from nearby chemical products facilities is
combusted as well. Varkaus mill has replaced the most (80 GWh/a)
of oil with producer gas since 2012 (Regional State Administra-
tive Agency, 2015). UPM has implemented decarbonizing measures
as well. Pietarsaari mill started decarbonization of the lime kiln
early introducing a gasifier (35 MW) in 1983, but currently, the
main fuel is pitch oil (Regional State Administrative Agency, 2017;
UPM, 2009).

3.2.4. Producing additional renewable energy

As important producers of kraft pulp, Finland and Sweden have
a large recovery boiler capacity. In 2017, the total capacity was
44,560 tds/d and 48,820 tds/d in Finland and Sweden. The average
Finnish boilers are newer and bigger than the Swedish ones. Cor-
responding to the higher electricity production, the Finnish boilers
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Fig. 6. Properties and development of the Swedish and Finnish recovery boilers: age (A), dry solids content (B), steam pressure (C), and steam temperature (D).

operate with higher steam parameters and dry solids contents. The
difference has been attributed to traditionally higher electricity
prices and therefore more willingness during the early 1990s to in-
vest in electricity generation in Finland. The development tenden-
cies of recovery boilers in Finland and Sweden (Fig. 6) provide an
illustrative example of ongoing technological change, which pro-
motes sustainable operation. The average capacity of the boilers
increased from 1214 tds/d to 1627 tds/d in Sweden and from 1706
tds/d to 2621 tds/d in Finland between 2002 and 2017. Steam pa-
rameters have increased as well. In Sweden, the average steam
temperature increased from 440 °C to 463 °C and steam pressure
from 51 bar to 69 bar. In Finland, the increases were from 481 °C
to 491 °C and from 83 bar to 91 bar. In addition to steam parame-
ters, a high dry solids content of black liquor (low amount of mois-
ture) enables increased steam production. The dry solids content
increased from 69% to 74% in Sweden and from 77% to 79% in Fin-
land.

The increase in the parameters somewhat correlates with the
age of recovery boiler. Old boilers with low parameters have been
stopped and renovated, and modern boilers have been built. How-
ever, as boilers of the same age operate with rather different pa-
rameters in Finland and Sweden, age of the boiler does not fully
explain the development, but also strategic decisions of companies
have played a role. Between 2002 and 2017, 11 recovery boilers
stopped operation in Sweden and 8 in Finland. For the stopped
boilers, average values for steam temperature, pressure and dry
solids content of black liquor were relatively low in comparison to
new mills: 448 °C, 55 bar, 68% in Sweden and 479 °C, 82 bar and
75% in Finland. However, the development of parameters was low
until 1990s after which there has been significant progress. New
boilers operate with high capacity and/or high steam parameters.
The recovery boiler in Ainekoski, which is the newest boiler in Fin-
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land, is the biggest in the northern hemisphere at 7200 tds/d and
can produce over 1 TWh/a of excess, sellable electricity (IRENA,
2018). Several recent Swedish recovery boilers have high pressures
and temperatures. Obbola, Ostrand, Iggesund, and Skoghall were
built between 2005 and 2015, and they all operate with pressures
higher than 100 bar and temperatures higher than 500 °C. In ad-
dition to new or renovated recovery boiler capacity, the Swedish
mills invested in new back-pressure turbines to increase electricity
production.

4. Discussion

The results of this study indicate that the Finnish and Swedish
PPIs have successfully evolved toward green and energy-efficient
operation in the 21st century. Significant progress was achieved
in energy efficiency, fuel switching, and renewable electricity pro-
duction, and hence in CO, emissions reduction. In addition to di-
rect emissions presented in this study, industry-related transporta-
tion and externally generated electricity causes emissions. Thus, to
achieve the actual deep decarbonization of the sector, those emis-
sions must be addressed as well. Moreover, the reduction of fos-
sil CO, emissions represents only one aspect of sustainable opera-
tion. A comprehensive analysis would require consideration of ad-
ditional perspectives such as other emissions, impacts on environ-
ment and human health, e.g. (Ahmed et al., 2021; Tun et al., 2021),
but this was outside the scope of this study.

Energy efficiency improvement in the Finnish and Swedish
PPIs indicates that the sector has untapped energy efficiency
improvement potential worldwide. Many previous studies have
found energy saving possibilities as well e.g. (Fleiter et al., 2012;
Klugman et al., 2007; Kong et al., 2013; Peng et al., 2015). Real-
izing the potential is a cost-effective way to reduce both energy
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use and CO, emissions, and thus governments should encourage
the PPI to improve energy efficiency. Examples of Finland and Swe-
den suggest that voluntary agreements on energy efficiency can be
successful. However, market-related public policy instruments can-
not overcome firm-specific factors barriers, such as lack of time or
awareness (Thollander and Ottosson, 2008). Even though the en-
ergy efficiency improvement in the Finnish and Swedish PPI was
notable, more efforts should be put on in the future as the EU EED
calls for saving of 1.5% in final energy consumption each year from
2024 to 2030 (European Commission, 2021b). The advanced decar-
bonization of the PPI requires fuel switching in addition to energy
efficiency improvement. Many Finnish and Swedish mills do not
need fossil fuels during normal operation, and thus the fossil-free
operation is technically feasible. The results suggest that fossil fuel
use has followed closely energy prices. Taxes on energy can be
an important driver for fuel switching, but governments must be
aware that too ambitious decarbonization may force companies to
move their production to countries with lower production costs,
which can lead to carbon leakage and an increase in global CO,
emissions. Finland and Sweden have maintained their position as
important pulp and paper producers despite the heavy taxation.
The PPI has the potential to produce significant amounts of green
electricity. The results provide evidence that national renewable
energy policies can produce an increase in industrial renewable en-
ergy production and consumption. The green electricity certificate
system together with increased electricity prices had a major role
in increased electricity production in the Swedish mills.

The CO, reduction potential can be roughly estimated by com-
paring the performance of Finland and Sweden to Europe. The
Confederation of European Paper Industries Confederation of Eu-
ropean Paper Industries (CEPI), 2019 representing 92% of the Eu-
ropean PPI emitted 32.2 MtCO, of direct fossil CO, emissions in
2017, which corresponds to emission intensity of 303 kgCO,/ton of
product (inc. paper and market pulp) Confederation of European
Paper Industries (CEPI), 2019. The emission intensity of the Finnish
and Swedish PPI was 132 kgCO,/ton of product in the same year. If
the CEPI countries could reach the same emission intensity as Fin-
land and Sweden, emissions of the EU27 including the UK would
decrease by 18.2 MtCO,/a. The estimate is rough and does not con-
sider important factors such as the effect of sector structure but it,
however, highlights the existing improvement potential.

Resource availability and sector structure affect the decar-
bonization possibilities of different countries. The models of the
Finnish and Swedish PPIs do not apply to every country but
show that substantial improvements in energy utilization can be
achieved. An example of a paper producer that differs drastically
from Finland and Sweden is the Netherlands that produces more
than 80% of paper from recycled fibers and meets the energy de-
mand by generating heat and electricity from natural gas, which
covers 97% of the fuel mix (Laurijssen et al., 2012). The recycling
rate of paper is high in Finland and Sweden as well, but as over
90% of the produced paper is exported, the recycled fibers can-
not play a major role. The business environment of the Finnish
and Swedish PPIs is relatively similar: both countries have abun-
dant biomass resources and comparable sector structures. The lack
of domestic fossil fuel resources has accelerated the transition to
renewable energy sources. The large production of kraft pulp pro-
vides a possibility to generate bioenergy. Despite the similarities,
there have been differences in the energy transition in the PPIs of
Finland and Sweden, which highlights the fact that every country
needs different solutions and policy measures for aiming towards a
more sustainable operation. Development and future decarboniza-
tion possibilities in other PPI countries should be addressed in fu-
ture studies.

Global annual demand for paper is expected to increase from
current 400 Mt to 700-900 Mt in 2050 (Moya and Pavel, 2018),
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and thus energy efficiency improvements as well as sustainable
energy sources are highly needed. Even though this study focused
on the energy utilization, the PPI has the potential to contribute
to the mitigation of CO, emissions not only by reducing its fos-
sil fuel consumption but also by producing biofuels and bioma-
terials that can substitute fossil-based alternatives and act as car-
bon storages. Furthermore, pulp mills are an attractive platform for
bioenergy with carbon capture and storage or utilization (BECCS/U)
and thus provide a possibility for negative CO, emissions. BECCS/U
could enable reaching a carbon-neutral PPI in the countries where
advanced decarbonization has already taken place. The production
of new bioproducts and BECCS/U can reduce CO, emissions sub-
stantially but as neither is yet widely practiced the actual impact
is still unclear. Hence, PPI's portfolio of tools for combatting cli-
mate change is large: energy efficiency improvement, fuel switch-
ing, production of green energy, biofuels and biomaterials as well
as carbon capture. However, the structure of the sector and energy
mix vary from the country to country, and thus needed tools for
decarbonization dependent on the location of the mill.

5. Conclusions

The PPI has responded to the need for energy transition by
improving energy efficiency, switching to bio-based fuels, and in-
creasing on-site renewable electricity production. The transition to-
wards more sustainable operation is important for achieving global
as well as regional CO, reduction targets and maintaining the com-
petitiveness of the sector. Finland and Sweden as forerunners of
decarbonizing the PPI have increased the share of biofuels in their
fuel mix to 85% and 96% by 2017 by improving energy efficiency
and replacing fossil fuels in the lime kilns and power boilers with
bio-based alternatives. Electricity and primary energy consumption
in the PPI decreased substantially in both countries between 2002
and 2017. Changes in volume and structure of the production af-
fected the energy consumption, but the energy efficiency improve-
ment was responsible for the largest saving. Production of green
electricity increased significantly in Sweden due to increased elec-
tricity prices and a renewable electricity certificate system.

The development of the Finnish and Swedish PPIs proves that
even though the PPI is energy-intensive, it can achieve low fossil
CO, emissions, at least in countries with vast forest resources. Fin-
land and Sweden have traditionally been efficient operators, but
they were still able to improve the efficiency of PPI substantially
in the 2000s, which indicates that also other PPI countries have
significant improvement potential. The decrease in CO, emissions
stagnated in both countries around 2013 due to low energy prices
despite the countries’ ambitious objectives to reach carbon neutral
operation. It is a question of future research to investigate how the
Finland and Sweden as well as other PPI producers can keep on
proceeding towards deep decarbonization maintaining their com-
petitiveness at the same time.
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Production volumes disaggregated by type of paper in the Finnish and Swedish pulp and paper industries between 2002 and 2017. Data from Food and Agriculture Organi-

zation of the United Nations (FAO) 2019.

Finland
Mechanical and Chemical Printing and Other Household and Wrapping and Recovered
Year semi-chemical pulp pulp writing papers Newsprint papers sanitary papers packaging papers paper
2002 4.59 7.14 8.08 1.01 0.35 0.15 3.20 0.70
2003 4.60 7.35 8.32 0.95 0.34 0.15 3.30 0.69
2004 4.83 7.78 9.47 0.72 0.32 0.18 3.35 0.74
2005 4.36 6.77 8.30 0.52 0.26 0.16 3.16 0.60
2006 5.17 7.95 9.21 0.58 0.34 0.20 3.86 0.73
2007 5.16 7.70 9.22 0.55 0.35 0.21 4.01 0.74
2008 4.47 7.16 8.33 0.50 0.35 0.17 3.78 0.72
2009 3.30 5.52 6.72 0.14 0.30 0.14 3.31 0.54
2010 3.78 6.73 7.27 0.20 0.36 0.15 3.78 0.58
2011 3.61 6.75 7.05 0.28 0.33 0.16 3.52 0.58
2012 341 6.83 6.37 0.25 0.47 0.15 3.61 0.57
2013 3.45 7.07 6.12 0.19 0.24 0.24 3.80 0.63
2014 3.46 7.01 5.81 0.28 0.25 0.25 3.82 0.61
2015 3.32 7.13 5.65 0.27 0.25 0.25 3.91 0.61
2016 3.46 7.46 521 0.30 0.24 0.24 4.15 0.55
2017 3.14 7.96 5.12 0.30 0.62 0.62 3.62 0.64
Sweden

Year Mechanical and Chemical Printing and Newsprint Other Household and Wrapping and Recovered

semi-chemical pulp pulp writing papers papers sanitary papers packaging papers paper
2002 3.30 8.05 2.81 242 0.11 0.30 5.08 1.47
2003 3.50 8.24 2.82 2.55 0.12 0.30 5.28 1.49
2004 3.69 8.42 3.03 2.65 0.13 0.31 5.47 1.50
2005 3.74 8.37 3.12 2.57 0.16 0.32 5.61 1.57
2006 3.77 8.64 3.41 2.54 0.14 0.32 5.66 1.53
2007 3.94 8.65 2.99 2.55 0.12 0.32 5.54 1.57
2008 3.83 8.24 3.26 2.56 0.12 0.33 5.39 2.02
2009 3.60 7.87 3.01 2.20 0.12 0.34 5.27 1.86
2010 3.82 8.05 3.26 2.26 0.10 0.35 5.45 1.84
2011 3.85 8.01 3.35 2.12 0.06 0.35 5.42 1.50
2012 3.85 8.19 343 2.01 0.06 0.36 5.55 1.33
2013 3.52 8.20 3.28 1.56 0.06 0.35 5.54 1.24
2014 3.26 8.28 3.07 1.26 0.06 0.35 5.68 1.16
2015 3.30 8.32 2.87 1.20 0.06 0.36 5.78 1.21
2016 3.28 8.54 2.59 1.02 0.06 0.36 6.07 1.16
2017 3.41 8.75 2.58 1.01 0.07 0.36 6.24 1.16
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