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Bioenergy Production and Utilization in Different
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In the continual desire to reduce the environmental footprints of human
activities, research efforts to provide cleaner energy is increasingly
becoming vital. The effect of climate change on present and future
existence, sustainable processes, and utilizations of renewable resources
have been active topics within international discourse. In order to reduce
the greenhouse gases emissions from traditional materials and processes,
there has been a shift to more environmental friendly alternatives. The
conversion of biomass to bioenergy, including biofuels has been
considered to contribute to the future of climate change mitigation,
although there are concerns about carbon balance from forest utilization.
Bioenergy accounts for more than one-third of all energy used in Sweden
and biomass has provided about 60% of the fuel for district heating. Apart
from heat and electricity supply, the transport sector, with about 30% of
global energy use, has a significant role in a sustainable bioenergy
system. This review presents the state of the art in the Swedish bioenergy
sector based on literature and Swedish Energy Agency’s current statistics.
The review also discusses the overall bioenergy production and utilization
in different sectors in Sweden. The current potential, challenges, and
environmental considerations of bioenergy production are also discussed.
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INTRODUCTION

Bioenergy is an important part of the energy economy, accounting for about 70%
of all renewable energy supplies (Reid et al. 2020). The world’s bioenergy sector has been
growing steadily over time. According to the International Energy Agency (IEA),
bioenergy is projected to grow by 37 GW over the period 2018 to 2023 to reach 158 GW.
This projected growth is 10% lower than the deployment over the 2012 to 2017 period
(IEA 2018). Global additions remain relatively stable at between 5 GW and 8 GW per year
throughout the forecast period, with China, the Asia-Pacific region, and Brazil making key
contributions (IEA 2018). In the European Union (EU), the United Kingdom and The
Netherlands are major markets for bioenergy. In a bid to mitigate climate change, while
providing energy for an increasingly growing population, the EU has set objectives to
ensure an increase in share of renewable sources of energy generation in Europe. The target
is to reach 10% and 14% of renewable energy in the transport sector by 2020 and 2030
respectively (Jastad et al. 2020). This will result in a 20% reduction in greenhouse gas
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(GHG) emissions by 2020, as well reductions in the overall dependency on fossil fuels
(Lund 2007; Buonocore et al. 2012). These measures will intensify further, with the EU’s
intention of being climate-neutral by 2050. Although renewable energy is important going
forward in meeting the EU’s objectives, the renewable energy supply chain alone cannot
meet the world’s energy requirements (Swedish Energy Agency, SEA 2009).
Consequently, local efforts should ensure that energy production and use have a reduced
impact on global climate. Sweden’s efforts on energy research and development (R&D)
has been an important contributor to the growth of the economy. Originally, the aim of the
R&D programme was to reduce national dependency on imported oil. However, over the
last three decades, energy efficiency and renewable energy have been the subject of many
research efforts (SEA 2009). In 2009, the Swedish government introduced a cohesive
climate and energy policy, which targeted a 40% reduction in climate gas emissions and
an energy supply consisting of at least 50% renewable energy. The vision was to achieve
zero net emissions of GHGs by 2050 (in line with EU aspirations) and target a fossil-free
vehicle fleet by 2030. In addition, the use of fossil fuels for heating is planned to be phased
out by 2020 and efforts on renewable energy production, including bioenergy, intensified
(SEA 2009). Subsequently, the share of energy from renewable sources was increased to
55% in 2017 compared to 38% in 1999 (SEA 2019). To mitigate the effect of climate
change and other environmental concerns, as well as increase energy security, it is
important to increase the share of bioenergy in the energy system (Buonocore et al. 2012).

Bioenergy generation in Sweden has steadily grown over the past few decades, with
a significant increase in production between 2005 and 2017. Supported by strong
legislative driving forces, the Swedish energy sector has become a vehicle for a fossil-free
market approach in bioenergy production and utilizations. The bioenergy generated is
utilized in a variety of sectors including transport, industry, and district heating, with the
industry and district heating being the biggest sectors. The transport sector mainly utilized
biofuel products such as bioethanol, biodiesel, and biogas. Borjesson et al. (2015) analyzed
the future of bioenergy in Sweden and its effect on the reduction of CO2 and other GHGs.
The analysis was based on the bottom-up, optimized MARKet and AlLlocation
(MARKAL) model, which included a comprehensive representation of the national energy
system. According to their results, the total bioenergy use will be significantly increased
by 63% by 2050 compared to 2010. On the other hand, the CO2 emission will reduce by
80% by 2050. The largest increase will occur in the transport sector, which is anticipated
to account for 43% of the total primary bioenergy use by 2050.

In line with this projected increase and a production target to meet the bioenergy
needs in Sweden, it is imperative to have a sustainable supply of materials for bioenergy
production. Biomass for energy production can be obtained from different bio-based
materials, as well as municipal biodegradable waste. Various lignocellulosic materials
including forest biomass (logging residues and sawmill side streams) and agriculture
biomass (non-food energy crops and food residues) are predominately explored for
bioenergy production. However, forest biomass remains the oldest source for bioenergy
production (Bjorheden 2017). Forest biomass, energy crops, and agricultural residues are
the main biomass types available in Sweden. More than half the land area of Sweden, about
57% or 23 million hectares is covered in forest, making forest biomass a sustainable base
for a substantial increase in bioenergy production. The Swedish agricultural sector also
contributes to biomass production, not only with residues but especially in energy crops to
supplement forest-based biomass.
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There are several studies on Swedish bioenergy production focused on raw
materials including energy crops (Nordborg et al. 2018a, b), agricultural residues
(Waldenstrom et al. 2016; Bentsen et al. 2018), forest biomass (Bryngemark 2019), stump
harvesting (Persson and Egnell 2018), and marine biomass (Hackl et al. 2018; Wollak et
al. 2018). Some studies have addressed certain developments in the bioenergy sectors
concerning district heating (Amiri and Weinberger 2018; Sernhed et al. 2018; Brinkley
2018), biofuels for transport (Ouraich et al. 2018; Mutter 2019), energy policies (Borjesson
et al. 2015; Hansen and Berlina 2018), and climate impacts of bioenergy production and
consumption (Ortiz et al. 2016; Hammar et al. 2019; Schmidt et al. 2019). One of the major
considerations in forest biomass utilization is the increasing demand for bioenergy, and
this is expected to result in conflict with other economic interests. The aim of this study is
to review and characterize bioenergy production and utilization in different sectors in
Sweden. The prospects and challenges in the bioenergy sector for forest raw materials are
also discussed.

BIOMASS AVAILABILITY

Forest Biomass

Forest biomass is a renewable component of the natural carbon cycle, thus
representing an important factor in national, regional, and local supply of raw materials.
Forest biomass includes energy crops, woody stems, and other parts of the tree, which are
regarded as logging residues. Apart from the traditional use of wood, forest biomass is used
as fuel for heating and power generation, and in the production of liquid and gaseous
biofuels (Lundmark et al. 2015). Recycled waste wood, sawmill residues, and woody
pellets are classified as secondary forest biomass, which is also used as fuel (Ericsson et
al. 2004). Forest biomass is one of the most important sources of bioenergy, accounting
for approximately half of the EU’s total renewable energy consumption (Jonsson et al.
2018). However, about 35% of the annual forest harvest in Sweden is left in the forest as
residues. This represents about 138 TWh of bioenergy, which will eventually decompose
and release COzinto the atmosphere (IRENA 2019b). In recent years, the demand for forest
fuel has declined, partly due to mild winters and consequently lower than usual fuel
demands from heating plants (Nilsson 2016). It is expected that demand for forest fuel in
Sweden will increase by 30 TWh in 2030, and an additional 35 to 40 TWh in 2050
(Borjesson et al. 2017). This is comparable to current annual biomass use at 130 TWh. In
2005, forest fuel accounted for about 20 TWh of biofuel use, from which logging residues
accounted for about 5 to 6 TWh (Anon 2006). According to de Jong et al. (2012), about
6% of biofuel used in Sweden is processed from logging residues. It is estimated that about
60 TWh of potential energy will be generated annually from logging residues in the 2020s;
however, this estimate can be reduced by about 25% due to ecological limitations (Fridh
and Christiansen 2015).

The supply of wood-based materials to the energy sector is an important contributor
to sustainable energy security and meeting the targets of a fossil-free economy in Sweden.
Table 1 presents the production, export, and import data of wood-based materials in
Sweden between 2014 and 2018. Wood residues during the last decade have become the
leading raw material in bioenergy sector. However, much still depends on the importation
of this material. The import of wood residues increased to 816,261 m® in 2018 compared
t0 676,270 m3 in 2014.
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Table 1. Wood Based Materials for Energy Sector: Production, Export and Import
in Sweden compared with Europe between 2014 and 2018. Table republished
from FAO (2019) with permission from FAO

Wood Value Region | 2014 2015 2016 2017 2018
materials (m3)
Wood Production | Sweden 8,600,000 10,175,000 | 8,799,000 9,151,000 9,151,000
residues Europe 72,784,087 | 74,152,848 | 60,091,158 | 61,283,124 | 62,563,494
(m?)
Export Sweden 71,450 121,672 97,222 59,490 69,221
Europe 8,460,800 7,916,958 6,303,226 5,660,178 5,671,641
Import Sweden 676,270 667,410 957,274 780,793 816,261
Europe 11,170,023 | 10,383,364 | 7,648,161 6,201,983 7,593,094
Wood Production | Sweden 1,577,000 1,660,000 1,738,000 1,741,000 1,835,000
pellets Europe 15,240,295 | 16,415,888 | 16,976,197 | 18,999,782 | 20,567,938
(tons)
Export Sweden 252,790 245,000 228,316 199,650 154,276
Europe 8,109,078 8,556,760 8,530,329 10,079,348 | 11,067,620
Import Sweden 521,630 354,942 267,977 272,260 379,955
Europe 12,364,143 | 13,680,839 | 13,972,453 | 15,437,745 | 17,332,175
Wood Production | Sweden 500 500 500 1,000 1,000
charcoal Europe | 578,340 609,966 670,630 711,377 713,613
(tons)
Export Sweden 1,820 1,975 1,478 1,756 1,542
Europe 438,647 510,900 609,411 650,203 716,254
Import Sweden 39,150 24,761 35,893 31,363 28,346
Europe 991,485 1,044,261 1,029,125 1,059,961 1,183,205
Wood chips | Production | Sweden 10,300,000 | 9,965,000 11,344,000 | 11,368,000 | 11,368,000
and Europe 73,005,261 | 73,142,932 | 80,650,004 | 84,120,280 | 86,459,020
particles
(m®)
Export Sweden 161,540 206,751 266,115 259,372 226,994
Europe 12,294,801 | 11,579,166 | 12,407,301 | 14,604,806 | 15,762,715
Import Sweden 1,132,260 1,082,911 1,530,204 1,988,728 2,112,059
Europe 14,049,682 | 13,222,143 | 14,902,805 | 16,435,815 | 17,120,249
Wood fuel Production | Sweden - - - - -
(all species, Europe - - - - -
m?3)
Export Sweden 14,850 62,918 26,544 - -
Europe 8,263,712 8,376,396 7,821,308 - -
Import Sweden 377,470 271,830 188,183 - -
Europe 5,895,892 5,063,152 4,902,525 - -
Recovered | Production | Sweden - - - 1,502,000 1,502,000
waste Europe - - - 26,166,537 | 26,357,139
wood (tons)
Export Sweden - - - - -
Europe - - - 1,943,946 2,025,765
Import Sweden - - - - -
Europe - - - 3,035,327 2,918,729

In the European market, there has been a relatively steady decline in import and
export of wood residues, whilst the production has been unstable but currently at
62,563,494 m®in 2018. The domestic production of wood residues also increased to
9,151,000 m? in 2018 from 8,600,000 in 2014. Solid fuels from forest biomass such as
wood pellets have established a strong hold in the Swedish bioenergy sector. The
production of wood pellets increased annually, reaching 1.835 million tons in 2018 from
1.577 million tons in 2014. Wood charcoal also contributes to the bioenergy sector in terms
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of utilization, but wood charcoal is mostly imported to Sweden, with imports reaching
28,346 tons in 2018. Wood chips and particles also have big potential for the energy sector,
with a stable production of wood chips and particles for some time. In 2011, the production
of wood chips reached an all-time high of 16 million m3. Thereafter, production decreased
annually due to competition from other sectors, especially from wood-based panels, which
use these materials in its production. In 2017, IKEA started a new particleboard production
plant in Sweden, thereby putting further restraint on the availability of wood chips and
particles for bioenergy production. The wood chips production appears to be levelling-off
at 11,368,000 in 2018. However, the situation in Europe has been unaffected by market
forces, with a significant increase in wood chips production from 73 million m?® in 2014 to
86.4 million m?® in 2018.

Energy Crops and Agricultural Residues

Energy crops cultivated on agricultural and/or marginal land are herbaceous or
woody crops. Stands of woody crops are usually referred to as short rotation coppice
plantations. Traditionally, the herbaceous crops are grown for food or fodder production.
Short rotation woody crops (SRWC) have the potential to provide a sustainable source of
biomass, especially on contaminated land of limited use (Djomo et al. 2011). Energy crops
are useful for energy generation and biogas production. To ensure bioenergy supply
sustainability, the realizable energy from biomass must be greater than the energy used in
production and transport (Bentsen et al. 2016). The potential of energy crops for biogas
production varies from region to region. Some of the criteria used to compare this potential
include land area for agriculture, arable land and arable land per capita. Sweden’s potential
for energy crop was estimated as 0.36 ha arable land per capita, which is lower than the
European average of 0.41 (Holm-Nielsen and Oleskowicz-Popiel 2007). However, there is
considerable potential to generate biogas from energy crops in Sweden, which can surpass
4 TWh in the midterm. It was assumed that 25% of the energy crops can be used for biogas
generation out of 10% available arable land (Holm-Nielsen and Oleskowicz-Popiel
2007). Energy crops are also useful in crop rotation to improve soil quality on fallow land
(Lonngvist et al. 2013).

Agricultural residues cover both primary residues, i.e. harvesting residues and
secondary residues (Rettenmaier et al. 2010). Currently, agricultural residues are also used
for bioenergy generation, as well as biofuel production. The bioenergy production from
agricultural biomass is estimated at 6 to 8 TWh by 2020, comprising about 1% of total
energy supply (Waldenstrom et al. 2016). The potential for agricultural residues in the
bioenergy system is due to the versatility of bioenergy, compared to other renewable
sources. To meet the target of sustainable energy for all, about 13 to 30 EJ yr? of
agricultural residues must be used by 2030. This target requires that the share of renewable
energy is doubled in the global energy assessment before 2030 by extensive utilization of
agricultural residues (Bentsen et al. 2016). Currently, the biomass potential of primary
agricultural residues is approximately 3.7 billion metric tons of dry matter annually, which
corresponds to approximately 65 EJ yrt. This represents the global theoretically potential
of cereals and sugar cane, which accounts for 80% of the total residue production (Bentsen
et al. 2016). Despite the potential of agricultural residues, a certain share must be recycled
to the ecosystem to avoid loss of soil nutrients. Biomass residues are important ecosystem
components, and their extraction should comply with ecological restrictions (Manolis et
al. 2019).
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CURRENT BIOENERGY SITUATION IN SWEDEN

Traditionally, energy use in Sweden is largely based on renewables and nuclear
energy, which is about two-third of the primary energy supply (IEA Bionergy 2018). Fossil
fuels including oil products, coal, natural gas, and peat make up about 30% of the energy
supply (Fig. 1). The use of nuclear power increased since the oil crises of 1973. However,
the disasters at Three Mile Island (1979) and Chernobyl (1986), and the zero nuclear power
target by 2010 resulted in increased searches for alternative energy sources (Bentsen et al.
2016). The use of fossil oil in the Swedish energy supplies is currently about 24% compared
to 75% in 1970. This significant decline could be due to utilization of alternative energy
source for residential heating, which was almost totally dependent on fossil oil. The total
primary energy supply of Sweden in 2016 amounted to 2,061 petajoule (PJ) with an export
surplus of electricity of 42 PJ. In 2017, about 66% of total renewable resources was used
in electricity generation.

= Oil products
= Coal products
= Natural gas

g Peat products

2% = Renewable energy

0% = Nuclear energy

Fig. 1. Total primary energy supply in Sweden. Figure republished from IEA Bioenergy (2018)
with permission from the International Energy Agency

In Sweden, the bioenergy sector covers biomass utilization for energy generation
and production of biofuels including biogas, biodiesel, and bioethanol. The bioenergy
sector also covers bioenergy use in different sectors, including residential and services,
industrial, and transportation sectors. According to the Swedish Commission on Oil
Independence, it was predicted that Sweden will be using 228 TWh of bioenergy annually
by 2050 (Anon 2006). The Swedish bioenergy sector uses different biomass including solid
and liquid biofuels, wood fuel, vegetable and animal oils, biogas, and municipal
biodegradable waste for energy generation. The use of biomass varies among different
sectors as illustrated in Fig. 2. The total use of biomass for energy generation shows an
increasing trend from 52 TWh in 1983 to 143 TWh in 2017. Industry and district heating
were the largest sectors in biomass utilization for energy, and they utilized 56 and 38 TWh,
respectively, of biomass energy in 2017. In the industrial sector, pulp and paper mill was
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the largest user of biomass for energy with a final energy use of 49.7 TWh in 2017, sharing
about 88% of total biomass use. Wood products industry shared 9% while non-metallic
mineral, food and beverage, and chemical engineering industries shared 1% of biomass
use, respectively (Fig. 3). The district heating sector showed a significant increment from
2 to 38 TWh from 1983 to 2017. District heating has been the driving force for use of
primary forest fuel in Sweden. The use of biomass for energy in the residential and services
sector may decrease by 10% by 2030. This decrease may be caused by increased demand
for heat pumps and use of energy efficient buildings (Borjesson et al. 2017). The amount
of biomass fuel used for electricity production increased from 2 to 15 TWh from 1983 to
2017. The amount of electricity production by biomass increased from 4 TWh in 2003 to
11 TWh in 2010, but it decreased to 5 TWh in 2018 (SEA 2019) owing to the use of
alternative sources of renewable energy. The transport sector has also been growing since
the year 2002 (Fig. 2). In 2017, about 39% of biomass resources i.e. biofuels was used in
the transport sector (SEA 2019).
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Fig. 2. Use of biomass in different sectors for energy generation (1983 to 2017). Figure
republished from SEA (2019) with permission from the Swedish Energy Agency

In the Swedish bioenergy sector, the total biomass energy generated from different
biomass increased significantly during the last decade (Fig. 4). Undensified wood fuel and
black liquor were the largest contributors with 55,059 and 44,181 GWh respectively in
2017 (SEA 2019). Biodiesel and municipal biodegradable waste also contributed largely
to bioenergy production.
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Fig. 3. Use of biomass for energy in the industrial sector (TWh). Figure republished from SEA
(2019) with permission from the Swedish Energy Agency
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Fig. 4. Use of biomass by fuel category, GWh. Figure republished from SEA (2019) with

permission from the Swedish Energy Agency

Figure 5 shows the total energy use by energy carrier in Sweden from 1970 to 2017.
Electrical energy consumption, with a share of 33%, has been inconsistent since 1970,
whilst energy consumption by district heating has been steady at 50 TWh since 2012. The
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Swedish district heating system has adapted to several challenges including market,
feedstock, distribution network, and climate benefits (Werner 2017). The consumption of
biomass energy showed a linear trend, reaching 89 TWh in 2017 compared to 45 TWh in
1970, thereby accounting to 23% of energy generation. The consumption of petroleum
products was reduced to 87 TWh in 2017 from 247 TWh in 1970, and it also shared 23%
in the energy sector.

23% = Coal and coke, incl. coke
oven and blast furnace gases

Petroleum products

- | Natural gas, gasworks gas
4%

= Other fuels

g

13%

= District heating

23%
= Electricity

2% 204

Fig. 5. Sweden's total final energy use, per energy carrier 2017. Figure republished from SEA
(2019) with permission from the Swedish Energy Agency

According to SEA (2019), the final biomass energy use in the residential and
services sector has been relatively steady for about five decades (1970 to 2017), ranging
between 12 to 14 TWh of biomass energy. In the industrial sector, the final energy use by
biomass showed an annual fluctuation between 32.7 to 56.1 TWh during the same period.
In the transport sector, the final energy use by biofuels ranged from 0 to 19.1 TWh during
the period 1996 to 2017 (SEA 2019).

BIOFUELS IN SWEDEN

Biofuels constitute the different fuels produced from conventional processes using
biomass. First generation biofuels were produced from existing agricultural crops
including sugars, grains, and oilseeds, which are used for food, feed, and industrial
purposes (Bentsen et al. 2016). In Sweden, the main biofuels produced include bioethanol,
biodiesel including fatty acid methyl esters (FAME), hydrotreated vegetable oils (HVO),
and biogas. In addition, dimethyl ether (DME) and ethyl tert-butyl ether (ETBE, an
ethanol-based octane increasing additive for gasoline) are used in minimal volumes (Grahn
and Hansson 2015). Since 2000, biofuel consumption in Sweden has increased
significantly. Whilst bioethanol and biodiesel consumption has saturated in recent years,
the production and consumption of biogas and HVO has increased (Martin et al. 2020).
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About 47% of the bioethanol production was used in the manufacture of low blend fuel,
while about 90% of the biodiesel in the transport sector was also based on low blend
formulations, 70% of which consisted of FAME. The share of biogas of the total gas use
for vehicles amounted to about 60% (Grahn and Hansson 2015).

Due to the availability of raw materials for production, liquid biofuels such as
bioethanol and HVO are important drivers for a fossil-free road transport in Sweden
Bryngemark 2019). To promote the consumption of these biofuels, different tax exemption
rates are applied by the Swedish government, which depends on the type of biofuel
(bioethanol, FAME, or HVO), and on the content of the biofuel mixture (Climate Chance
2018). Consequently, HVO100 is totally exempt from both carbon tax and energy tax, and
its price remains competitive with that of fossil diesel. The consumption of HVO increased
significantly between 2015 and 2017, and it had a share of about 73% of liquid biofuel
shipments, making HVO the third most consumed fuel in Sweden, following petrol and
diesel (Climate Chance 2018). There is a huge potential for these liquid biofuels to replace
fossil-based fuels in all types of internal combustion engines that traditionally use gasoline,
diesel, or kerosene (IRENA 2019a). According to the renewable energy roadmap, the use
of liquid biofuels in freight and shipping have the potential to reduce GHG emission by
80% and increase the market share of transport energy use to 10% by 2030.
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Fig. 6. Biofuels used in the transport sector in Sweden. Figure republished from SEA (2019) with
permission from the Swedish Energy Agency

There has been an increased utilization of biofuels, and especially biodiesel, over
the past few decades (SEA 2018). These fuels have been mostly used in the transport sector,
and amounted to about 19.1 TWh in 2017, which corresponded to about 19% of the
transport sector’s energy use. According to the International Renewable Energy Agency
(IRENA), the use of biofuels in road transport, aviation or shipping has the potential to
significantly reduce emission of GHGs (IRENA 2019a). In 2019, Scandinavian Airlines
(SAS) announced they were using biofuels derived from forest residues and the camelina
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plant (Camelina sativa), which can be cultivated on marginal land (SAS 2019). Figure 6
shows the trend in the total amount of biofuels used in Swedish transport sector during the
last two decades (SEA 2019), though the announcement by SAS related to using aviation
biofuel will see a further increase in the coming years. SAS plans to substitute the current
volume of aviation fuel for biofuel by 2030. The plant is expected to start operation by the
end of 2022 with an initial annual capacity of 300,000 m® (SAS 2019).

Biodiesel

Biodiesel represents a range of biofuels produced from vegetable oil or animal fat,
which consists of long-chain alkyl (methyl, ethyl, or propyl) esters. Basically biodiesel is
made by the chemical reaction of lipids including soybean oil and animal fat with alcohol
to produce fatty acid esters. In Sweden, biodiesel components such as FAME, HVO, and
DME are often blended with fossil diesel in a low blend, but they can also be high blends
that have more or less pure biodiesel (Hult and Mendoza 2014). FAME is produced by the
esterification of vegetable oils using methanol as a catalyst, HVO is produced by the
reaction of fatty acids with hydrogen, whilst DME is a synthetic gaseous diesel fuel that is
produced by the dehydration of methanol. HVO is readily used in Sweden and the
feedstock used for production are crude tall oil, vegetable, or animal waste oil,
slaughterhouse waste, palm oil, animal fats, etc., although palm oil and animal fats are no
longer in use due to EU regulations (SEA 2019). Recently, other materials including
rapeseed, palm fatty acid distillate (PFAD), and maize are being used for HVO production.
HVO can be used in high concentration in diesel engines, or even in pure form (HVO100).
Traditionally, biodiesels have been produced from vegetable sources, i.e., first generation
biodiesels resulting in competition with the food production sector (Grippi et al. 2020).
Consequently, the potential of processing lignocellulosic biomass and residues to FAME
has been exploited (Hult and Mendoza 2014). Biodiesel can also be produced from tall oil,
which is processed from black liquor.

Bioethanol

Bioethanol is produced by the fermentation of simple sugars in food crops, biomass
and lignocellulosic feedstock. The main sources of raw materials for bioethanol production
in Sweden are wheat, maize, barley, triticale, sugar cane, sugar beet, etc. The production
process depends on feedstock but it generally involves pretreatment of the raw materials,
distillation, conversion, and product purification. Bioethanol is usually blended with
gasoline in varying contents from 5 to 100%, representing blends of anhydrous ethanol in
gasoline; however, the most common blends are E5, E10, and E85 (Busic¢ et al. 2018). In
Sweden, all 95-octane fuel is E5, and it is used in conventional gasoline engines. E85 is
also widely available owing to its ability to run flexible-fuel vehicles. Although many
countries are now producing E10 for light-duty vehicles, there has been no recent market
development from E5 to E10 in Sweden (Ekbom 2018). A blend of 95% ethanol and 5%
of the ignition improver ED95, which was developed by Sekab with the aim of improving
ignition in modified diesel engines, has been used in Sweden since 1985. In addition E100
is used to a limited extent. Bioethanol consumption in Sweden has been on a decline
compared to other transport biofuels, decreasing from 2.4 TWh in 2011 to 1.1 TWh in 2017
(SEA 2019). According to World Data Atlas, ethanol consumption in Sweden was about
5,500 barrels per day, which was higher than the daily production of 3,160 barrels per day
in 2016 (Knoema 2019). Most of the ethanol used in Sweden is imported, with United
Kingdom and Ukraine currently providing a larger share of the import (SEA 2019). The
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production of ethanol and its derivatives for transport vehicles have been relatively
unstable in many countries due to several factors including feedstock, fluctuating prices,
competition with other biofuels, and more significantly government policies. In 2016, the
global ethanol production was 100.2 billion litres, and this is expected to increase to 134.5
billion litres by 2024 (Busi¢ et al. 2018). Ethanol production from lignocellulosic biomass
such as straw and logging residues have greater potential to reduce GHG emissions and the
risk associated with land use changes (Bdrjesson et al. 2012).

Biogas

Biogas is produced by the decomposition of organic matter including
lignocellulosic biomass in the absence of oxygen. Biogas can also be produced together
with hydrogen from renewable electricity in a power-to-gas process (IRENA 2018). In
Europe, Sweden has the highest biogas share in natural gas use at more than 23%, driven
by government incentives in the last couple of years.
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Fig. 7. Production of biogas by facilities. Figure republished from SEA (2019) with permission
from the Swedish Energy Agency

In 2015, biogas production in Sweden was approximately 7,009 TJ of primary
energy, which represented 195 million m® natural gas equivalent (Scarlat et al. 2018).
Biogas has a greater potential to reduce GHG by 60 to 80% when used as a vehicle fuel
compared to gasoline or diesel. The production of biogas generates liquid residues that can
be used in other aspects such as fertilizer applications. Using liquid residues as organic
fertilizer can contribute to methane (CHa) reduction, which invariably reduces the overall
GHG emissions (IRENA 2019a). Figure 7 shows the production of biogas, from different
facilities in Sweden from 2005 to 2017 (SEA 2019). Various raw materials including
animal and vegetable byproducts, household and industrial waste, as well as energy crops
can be used in biogas production. Lonngvist et al. (2013; 2015) reviewed the Swedish
biomass potential for biogas production and they found that the demand for biogas in
transport has increased, requiring supplementation with fossil gas. Conventionally, biogas
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is usually upgraded by blending with natural gas, which is then supplied to the natural gas
grid. This upgrading has been necessitated by a shift from heat and electricity production
due to emerging opportunities in transport sector and advancement in technology. The
biomethane thus produced can be used as vehicle fuel, for electricity generation, or energy
supply for district heating or cooling (IRENA 2018). The use of biomethane as transport
fuel has been promoted by Swedish government incentives for use in both public and
private vehicles.

CURRENT BIOFUEL SITUATION IN SWEDEN

In recent years, there has been a series of recommendations by the Swedish
government toward biofuel production and market. The Swedish policy framework has
been to reduce fossil dependence and GHG emissions in the transport sector (Martin et al.
2020). The recommendations are based on a long-term priority for the transportation sector.
Consequently, the Swedish vehicle fleet was proposed to be independent of fossil fuels by
2030. The recommendation also proposes a longer-term vision for 2050, whereby Sweden
would have a sustainable resource base and energy security with zero GHG emissions
(Holmgren 2012). In line with this advocacy, the Swedish biofuel market has been
promoted by several incentives, amongst which are exemption from carbon and energy tax,
and the continuous blending of biofuel with fossil fuel. The carbon tax has contributed
significantly to the promotion of bioenergy in Sweden by making biofuel more competitive
with fossil fuel (IRENA 2019b). These measures have led to developments of new biofuel
grades in the Swedish market. For example, the introduction of the pump law in 2006,
which requires some filling stations to also provide at least one biofuel option (Holmgren
2012), resulted in the installation of biofuel grade E85. Ethanol E85 was initially
introduced to Sweden in 1994 at Ornskéldsvik, where it was used to fuel some imported
flexifuel cars. Although at that time, E85 was processed from corncobs and sugarcane, the
goal in Sweden was to produce it from forest residues, a process which had been long
developed at the biofuel plant in Ornskoldsvik.

In Sweden, the Norwegian utility company Statkraft has developed a method to
produce biodiesel from biomass including wood chips and organic waste on marginal land.
The process is based on hydrothermal liquefaction and produces a second-generation
biofuel, which is carbon neutral. Statkraft formed a joint venture called Silva Green Fuel
AS with the Swedish forestry group Sodra in 2015. The collaboration was aimed at
establishing a €50 to 70 million plant in Tofte, with a capacity of 100 to 150 million litres
of biofuel annually. There have also been other developments in the Swedish biofuel
industry. Setra Group AB plans to install a new plant to produce pyrolysis oil by a
liquefaction process. The plant is expected to produce about 25,000 tons of pyrolysis oil
annually, which will be refined into biofuel by Preem. Parallel to this, Preem, RenFuel, and
Rottneros are planning to establish a new biofuel plant at the pulp mill in Vallvik, with an
annual production capacity of 25,000 to 30,000 tons of lignin. This collaboration will
project Preem as the pioneer biofuel producer in Sweden using black liquor derived-lignin.
Together with Lignolproduktion AB and other probable plants to be installed, the target is
to produce an annual capacity of 300,000 to 500,000 tons of lignin.

According to the Swedish Association of bioenergies (Svebio), the biofuel industry
encountered a period of stagnant growth and development. Within this period, only three
new ethanol production centres were built by St1, Agroetanol, and Sekab. Bakery waste is
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currently being used by Stl and Agroetanol for fermentation into ethanol, while Sekab
processes wood sugar into biochemicals and biojet (Ekbom 2018). In addition, two new
FAME biodiesel units were developed by Perstorp, and some biogas production units by
different companies including E.ON, Swedish Biogas, and Strangnas (Climate Chance
2018). However, waves of pilot and commercial projects for HVO biodiesel production
have also been recorded. For example, the Swedish oil company Preem plans a 600%
increase in its production capacity to 1.3 million m3 by 2023. Similarly, St1 plans operation
of a 200 kiloton plant for HYO100 by 2020. These projects demonstrate the expansion of
the HVO market, and the erosion of the monopoly by major biofuel companies such as
Neste, which currently produces about 2.5 million tons and represents more than 50% of
world capacity (Climate Chance 2018). In 2018, SunPine invested SEK 250 million in a
new production plant for tall diesel fuel. The new line, which is planned to start operation
in 2020, is expected to increase capacity by 50%. Crude tall oil (CTO) has been used to
produce diesel fuel since 2006 when the process technology was developed. The company
is owned by Preem, Sveaskog, S6dra, and Kiram AB, and operates a €23 million plant in
Pited. The commercial process involves sulphuric acid esterification with CTO and
biomethanol, which builds up the CTO diesel components. Thereafter, the component is
distilled into the main product CTO and the by-product, pitch fuel. The CTO is then
upgraded to a high-quality diesel fuel whilst the pitch fuel is used as a green fuel oil. It is
planned to extract other beneficial substances from the oil including resin acids and sterols
in the future. Given the right conditions, SunPine could meet 14% of all renewable diesel
requirements in Sweden by 2030 (SunPine 2018).

Sweden is one of the highest consumers of biofuel in Europe (about 32%),
primarily due to the general acceptance of E85, and generation of heat and electricity.
However, the availability of E85 is being threatened due to its low energy efficiency. This
has led to the introduction of other biofuel options in the market with advanced energy and
environment profile. In 2018, Circle K launched miles 95 bio, which contains 15%
renewable content in gasoline. The product contains a fossil-based gasoline blended with
a mixture of 5% ethanol and about 10% HVO gasoline, which is 100% renewable.
According to Circle K, the product has the potential to reduce friction and clean diesel
engines, thus reducing fuel consumption. The product also reduces GHG emissions by
12.3% compared to fossil fuel (Bioenergy International 2018). The Nordic ecolabelled
Preem evolution diesel plus from pine oil also contains at least 50% renewable raw material
with a contribution of 89% reduction in GHG emissions (Preem 2018). Biofuels may
become much more expensive from 2021 when Sweden’s exemption from EU rules
expires, which offers relief in carbon and energy taxes on high blend biofuels. This is
expected to cause a decline in demand and force local traffic in Sweden to abandon
biofuels. The aim is to support Sweden’s goal of CO2 emission reduction in the transport
sector by 70% by 2030 (Teknikens Varld 2019). The Swedish biofuel market is
experiencing some rapid changes, although there has been no viable developments in low
blend ethanol fuel, coupled with a stagnant development in some biodiesel grades (Ekbom
2018). Since the approval of HVO100 for most cars and heavy-duty trucks, biofuel
companies are now producing more HVO100 biodiesel. Furthermore, electric-charged
vehicles are increasingly becoming popular with a target of 200,000 cars and 5000 charging
points by the end of 2020.
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COMPETITION FOR RAW MATERIALS WITH INCREASED BIOENERGY
DEMAND

Bioenergy plays a significant role in reducing carbon emissions, especially in the
transport sector. Biofuels from forest raw materials are important to attain the renewable
energy targets in the transport sector (Bryngemark 2019). However, there are several
industries including furniture and biochemicals that compete with the bioenergy sector for
raw materials (Reid et al. 2020). Within the bioenergy sector, the heat and power sector
also utilize forest raw materials and compete with the biofuel sector. In Sweden, material
or energy use of biomass is determined by market actors, and this largely depends on price
and availability. The model has consequently favored the principle of cascading, where
material use is prioritized prior to energy use (IRENA 2019a). For example, wood residues,
which have potential to be burnt for energy, also are important raw materials for the
particleboard, biochemical, and biofuel industries. In Sweden, the availability of wood raw
materials amongst other factors has affected the wood-based panel industry due to growing
competition with the bioenergy sector (Kumar et al. 2020). In the Swedish forest model,
the production of particleboard and fibreboard ceases due to increased prices of raw
materials (Bryngemark 2019). Apart from the panel industry, there is a continuous effort
to increase the use of forest biomass for biochemical purposes, thereby putting further
strain in the bioenergy sector. Forest biomass can be converted into a variety of green
biochemical products including basic constituents such as lignin, celluloses, and enzymes.
In an effort to increase biomass utilization potential and mitigate the effect of competition,
some Swedish companies have established integrated facilities for producing biochemicals
and biofuel. Domsj6 Fabriker, which primarily produces ethanol and celluloses from forest
biomass also produces biogas as a major product (Kumar et al. 2020). Sekab refines ethanol
from cellulose-based biomass into different biochemicals, chemical products, and vehicle
fuels. Sodra Cell Véro, which is one of Sweden’s largest forest industry sites, operates a
bio-combinate plant that produces sawn wood, pulp, pellets, tall oil, heat, and electricity.
The site plans to take a biochemical approach in the future to start producing methanol and
lignin.

Other materials used in the bioenergy industry also have applications in the
biochemical industry, e.g. black liquor and bioethanol. Black liquor is a residual product
from the kraft pulp mill containing varying contents of organic and inorganic materials,
depending on mill type and raw materials used. The organic content of black liquor
comprises dissolved lignin, hemicelluloses, soap, and other organics, whilst the inorganics
mainly comprise paper making chemicals (Pettersson et al. 2012). Black liquor has been
used in the pulp industry for energy generation since the mid-1930s. However, research
and development in byproducts processing has resulted in alternative methods of extraction
or isolation of the liquor components. This option is increasingly becoming popular with
regard to lignin processing in biorefinery and biofuel for diesel engines. However biofuel
processing still depends on the market value of the synthetic gas and other fuels produced,
compared to the energy value from conventional processing of the liquor (Ekbom et al.
2003). The development of black liquor-derived biodiesel fuels could reduce CO:2
emissions by 5.7 million tons. This figure represented 12% of the annual Swedish
production levels in 2000 and could contribute significantly to the required savings on
GHGs emissions (Ekbom et al. 2003). Within the biorefinery concept, a range of
biochemicals can be derived from controlled processing of black liquor. Black liquor
derived-lignin can be used in value-added applications such as in platform phenolic
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chemical products (Naron et al. 2017). High levels of organic acids such as formic and
lactic acids can be processed from black liquor by partial wet oxidation reaction with
catalysts including iron activated carbon (Fe/AC), Fe/AC with hydrogen peroxide and iron
(1) sulphate (Mishra et al. 1995; Muddassar et al. 2015).

Crude tall oil (CTO), which is an important chemical by-product in a kraft mill, is
obtained from black liquor by thermal acidification of rosin soap. Tall oil rosins obtained
after fractional distillation of CTO has been used to produce various chemicals including
adhesives, rubbers, cement binder, and emulsifiers. In addition, tall oil has been used to
improve the water resistance of cellulosic fibres and as a hydrophobic agent in
manufacturing medium density fibreboard panels (Hosseinpourpia et al. 2019). In
bioenergy, tall oil can be used to produce biodiesel by esterification and distillation.
Different methods have been described for producing biodiesel from tall oil using catalysts.
Some of the methods include high temperature esterification of tall oil fatty acids with
methanol (White et al. 2011) and use of HCIl-methanol (Demirbas 2008). In other studies,
Kocik et al. (2017) screened solid catalysts for esterification of tall oil fatty acids with
methanol, whilst Mikulec et al. (2012) processed diesel oil components from tall oil using
atmospheric gas oil on zeolite catalysts.

Bioethanol, which is widely used as a transport fuel, has been a base chemical for
many consumer products for more than a century. It is produced from biomass fermentation
and has been used in products including cosmetics, household products, food additives,
alcoholic beverages, and hand sanitizers. The competition for this material in the
biochemical and bioenergy industries continues to affect the market prices of the products
and influence global demand. In the outbreak of the corona virus pandemic (COVID-19),
the production of ethanol fuel dropped due to the slump in gasoline demand and rise in the
demand of hand sanitizers. Fuel demand dropped worldwide by about 30% due to
movement restrictions to limit the spread of the virus (Reuters 2020). Subsequently, the
rise in global demand of hand sanitizers caused many fuel ethanol companies to produce
sanitizers or provide industrial ethyl alcohol to support hand sanitizer production
companies. In Sweden, Sekab and other biochemical companies redirected their
productions to hand sanitizers to manage the crisis. These companies originally did not
have permit to produce sanitizers due to strict EU regulations. It is likely that some
companies will stay in the hand sanitizer business even after ethanol fuel demand recovers
due to a return of about 5% of income (Kimani 2020).

The use of forest biomass presents several advantages to both panel and bioenergy
sectors from the environmental point of view. In terms of emission control, the
development of wood panel products utilizing wood residues has helped to reduce carbon
dioxide footprint up to about 80% (Reid et al. 2020). Increasing the use of wood residues
in composite materials could significantly improve global carbon balance (IRENA 2019b).
Similarly, production of biofuels has contributed directly to GHG emissions reduction of
about 30-90% compared to fossil fuels (Kimani 2020).

ENVIRONMENTAL CONSIDERATIONS

The interest in renewable energy has been increased due to depletion of fossil
reserves and the associated environmental concerns of climate change (Rubin et al. 1992).
In the search for a sustainable source of renewable energy, there has been an increased
interest in forest resources. Forests are renewable components of natural carbon and are
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becoming increasingly important sources of future energy supplies (Cintas et al. 2017). In
Sweden, forest utilization is based on productive and environmental objectives. Whilst the
productive objective deals with sustainable management of forests, the environmental
objective focuses on securing biodiversity and genetic variation (IRENA 2019b).
According to the Swedish Environmental Protection Agency, the environmental objectives
for bioenergy from forests in Sweden should be focused on reduced climate impact, natural
acidification only, zero eutrophication, sustainable forests, and non-toxic environment.
Swedish forests provided about 60% of bioenergy supplies in 2016. Although biomass
extraction and carbon uptake are quite high, there is a potential for forest bioenergy to
increase. However, large-scale depletion of forest resources is neither sustainable nor
carbon neutral (Egnell et al. 2018). Biomass plants tend to release more GHG than fossil-
powered plants per MWh; therefore, net emissions from bioenergy could exceed that from
fossil oils (Booth 2018). Logging activities cause forest soils to release stored carbon and
rotting of roots, which releases CO.. In addition, combustion of forest residues increases
CO2 emissions, as the carbon stored in biomass is released into the atmosphere (Egnell et
al. 2018). The removal of forest biomass, which was traditionally left in the forest after
logging operations, affects functioning forest ecosystems. Forest residues are needed to
support biodiversity by providing habitats for both fauna and flora species. It is stated that
forest residue removal has the potential to reduce growth rate in future tree generations as
the residues contain more nutrients than stems (IRENA 2019b). There is also an increased
risk of available mercury in soil water after clear felling, thereby affecting water quality
(Johansson and Ranius 2019). However, other studies have reported rapid carbon benefits
from forest harvesting based on various assumptions. Some of the assumptions relate to
increased forest planting after harvest and that burning sustainable forest residues can
reduce CO2 emissions as long as the carbon stocks are increasing (Booth 2018).

Other environmental concerns with the increasing bioenergy needs are land use and
GHG emissions (Zhou et al. 2015). Bioenergy production also has a negative effect on
water quality, biodiversity, and soil organic carbon. However, these effects depend on
several factors including biomass types and land location (Wu et al. 2018). Land
transitions from native grassland to first generation energy crops or short rotation woody
crops (SRWC) can result in significant increases in GHG emissions. Consequently, an
evaluation of the energy crop types and management practices is vital when considering
the mitigation of COzemissions (Wu et al. 2018). Furthermore the production and
utilization of biofuels also cause a shift in the ecosystem balance. For example, biogas has
about 12 times more eutrophication potential than fossil fuels, although this effect can be
controlled by feedstock types and improved production techniques (Whiting and Azapagic
2014).

Apart from environmental concerns, bioenergy also affects food security and
supply. As a result, the EU has supported plans for second generation biofuels, by
restricting the use of agricultural products in biofuel production (Climate Chance 2018).
Currently many biofuels are produced from agricultural products, but the EU is promoting
more use of biomass residues. Consequently the Swedish biofuel industry relies on biomass
residues for biofuel production, of which an example is the production of HVO100 from
renewable material residues. The industry also uses SRWC for energy generation. SRWC
such as willow do not compete with agricultural crops, and they can be grown on marginal
land to increase bioenergy production (Hammar et al. 2014). SRWC yielded more energy
and reduced GHGs emissions up to about 90 to 99% compared to coal (Djomo et al. 2011).
In a related study, the production and use of willow reduced GHGs emission by about 25

Amiandamhen et al. (2020). “Bioenergy in Sweden,” BioResources 15(4), Pg #s to be added. 17



PEER-REVIEWED REVIEW ARTICLE b | oresources.com

to 103% compared to fossil fuels; however the gains in reduction potential may be due to
changes in soil organic carbon (Hammar et al. 2014). It is important to address the
economic and ecological factors that affect the bioenergy potential of SRWC to fully
exploit their environmental benefits.

CONCLUSIONS

Bioenergy provides about a third of Sweden’s energy needs, and about half of this
energy is used in the forest products industry. The bioenergy sector will continue to play
an active role toward meeting the target of a fossil-free society. However, government
policies and biomass availability remain the determining factors for a sustainable transition
to a bio-based economy. The bioenergy sector in Sweden has developed over the years,
and some of the criteria used to evaluate its potentials and market include energy security,
reduced carbon footprint, innovation and creation of new value chains.

Forest biomass including recovered wood and energy crops are important sources
of sustainable bioenergy and biofuels. Currently about 90% of recovered wood is used for
energy generation; however, recent policies focus more on secondary and tertiary uses of
wood. Although the shift to bioenergy is a way of reducing human dependence on fossil
fuels and mitigate climate change impacts, clear felling of forests and excessive
exploitation of forest biomass for bioenergy production has been challenged due to
environmental concerns. The main environmental considerations with bioenergy are land
use and GHG emissions. The amount of GHG emissions from burning of forest biomass
has been argued to be more than that from burning conventional fossil-based fuels. In
addition, land transitions to support short rotation coppice may result in increased GHG
emissions.

In Sweden, the main biofuels used in the transport sector include bioethanol, HVO,
and biogas, and recently more biofuel derivatives are being developed. Carbon accounting
related to biofuel consumption will be vital in the years to come. If Sweden wants to
demonstrate the sustainability of its biofuel strategy, changes to raw materials supply and
relocation of production will be essential for emission reduction. Currently, this strategy
appears to be a temporary solution, which only applies locally. The future development of
this trend and the global applicability of the strategy will determine whether Sweden will
be the future example for fossil-free road transport.
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