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PREFACE

This report covers a part of a project carried out within the collaborative research program

Renewable transportation fuels and systems (Fornybara drivmedel och system), Project no. 46980-
1, Sustainable HVO production potential and environmental impact. The project is financed by the
Swedish Energy Agency and f3 — Swedish Knowledge Centre for Renewable Transportation Fuels.

The Swedish Energy Agency is a government agency subordinate to the Ministry of Infrastructure.
The Swedish Energy Agency is leading the energy transition into a modern and sustainable, fossil
free welfare society and supports research on renewable energy sources, the energy system, and
future transportation fuels production and use.

3 Swedish Knowledge Centre for Renewable Transportation Fuels is a networking organization
which focuses on development of environmentally, economically and socially sustainable
renewable fuels. The f3 centre is financed jointly by the centre partners and the region of Véstra
Gotaland. Chalmers Industriteknik functions as the host of the f3 organization (see
https://f3centre.se/en/about-f3/).

The project group consisted of research groups from the Swedish University of Agricultural
Sciences and IVL Swedish Environmental Research Institute. A reference group with
representatives from the Swedish and international HVO markets have also participated in the
project.

This report presents the results from the first part of the project Sustainable HVO production
potential and environmental impact, where the potential of domestic feedstock for HVO production
in Sweden was assessed.

This report should be cited as:

Karlsson, H. et al. (2020). HVO Produced from Swedish Raw Materials - Current and Future
Potentials. Report No. FDOS 07:2020. Available at https://f3centre.se/en/renewable-transportation-
fuels-and-systems/
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EXECUTIVE SUMMARY

The demand for hydrotreated vegetable oil (HVO) has increased in recent years and it is now the
dominant liquid biofuel on the Swedish market. However, only 5% of the 14 TWh HVO sold in
Sweden in 2018 was produced from domestic raw material.

The project Sustainable HVO production potential and environmental impact addresses the
possibilities to increase the use of domestic raw materials for HVO production in Sweden. This
report presents the first part of the project, where the current (year 2020) and future (year 2050)
potential supply of domestic feedstock for HVO production in Sweden was assessed. The
assessment included raw materials already used today, such as tall oil (a residue from the pulp and
paper industry) and used cooking oil, as well as raw materials and technologies with future
potential (such as microbial oils or microalgae). The focus was on the Swedish potential to supply
renewable oils and fats that can be produced under Nordic conditions. The theoretical, ecological,
and technical potential of all raw materials identified was estimated, based on data from the
literature or estimates from relevant actors. The economic potential was also assessed for some of
the raw materials.

The results indicated that lignocellulosic materials such as forest residues have high future potential
for HVO production (economic potential of 7.07 TWh per year in total by 2050). However,
lignocellulosic materials require processing into oils and the option considered in this report
(oleaginous yeast) is currently not an established technology, which means that further assessments
of its technical and economic potential are needed.

The results also showed that the domestic supply of waste and residual oils, such as used cooking
oil from households and restaurants, slaughterhouse waste fats etc., have relatively low potential
(technical potential of 0.13 TWh per year by 2020, and 0.54 TWh per year by 2050).

Increasing the output of oilseed crops by growing rapeseed on fallow land or the low-input crop
camelina (Camelina sativa) on marginal land or as a cover crop was also considered. Using
marginal land and growing camelina as cover crop were found to have relatively low potential
(technical potential of 0.37 TWh per year (by year 2020) and 0.40 TWh per year (by year 2050),
respectively), while the future potential for growing rapeseed on fallow land was higher (technical
potential of 0.94 TWh per year by 2020, and 2.70 TWh per year by 2050).

Oilseed crops, grown as cover crops or on marginal land, are interesting despite their relatively low
potential, since they are exempted from the cap on food and feed crops in the EU Renewable
Energy Directive. Therefore, demand for these might increase in the future.

Based on the results of this study and on potential relevance to the Swedish and Nordic HVO
industry, two different feedstock alternatives will be investigated during the next stage of this
project. These investigations will include environmental life cycle assessment and techno-
economic assessment.
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SAMMANFATTNING

De senaste aren har efterfragan pa hydrerad vegetabilisk olja (HVO) okat och &r nu det
dominerande biodrivmedlet pa den svenska marknaden. Trots detta var endast 5 procent av de
14 TWh HVO som saldes pa den svenska marknaden 2018 producerad av inhemska ravaror.

Den hér studien ingar i ett stérre projekt, som undersoker méjligheterna att 6ka anvandningen av
inhemsk ravara for HVO-produktion i Sverige. Syftet med den har studien var att undersoka den
potentiella tillgangen pa inhemsk ravara for HVO-produktion, idag (ar 2020) och i framtiden (ar
2050). Potentialbeddmningen inkluderade ravaror som redan anvands idag, som tallolja och anvand
matolja, liksom ravaror med potential att anvéandas i framtiden, som oljor framstallda med hjélp av
jastsvampar och alger. Studien fokuserade pa ravarupotentialen i Sverige, och inkluderade darmed
endast de ravaror som kan produceras under nordiska foérhallanden. For alla identifierade ravaror
bedoémdes den teoretiska, ekologiska och tekniska potentialen baserat pa data fran publicerad
litteratur eller uppskattningar fran relevanta aktorer. Den ekonomiska potentialen bedomdes ocksa
for de ravaror dar det var mojligt.

Resultaten indikerar att ramaterial baserade pa lignocellulosa, som skogsrester (grenar, toppar och
stubbar), har en hog framtida potential som ravara for HVO-produktion (ekonomisk potential ar
2050: 7,07 TWh per ar (ar 2050)). Lignocellulosa maste dock omvandlas till olja for att kunna
anvandas i HVO-produktion, och det alternativ som studerades i denna studie (oljejast) &r &nnu inte
en etablerad teknik. Darmed behdvs ytterligare forskning for att kunna faststélla den tekniska och
ekonomiska potentialen for dessa ravaror. Den inhemska tillgangen pa anvand matolja fran hushall
och restauranger och fett fran slakteriavfall bedémdes ha en relativt liten potential (teknisk
potential; 0,13 TWh per ar (ar 2020) respektive 0,53 TWh per ar (ar 2050)).

Majligheten att 6ka produktionen av oljegrédor genom att antingen odla raps pa mark som for
narvarande &r i trada, eller att odla oljedadra (lat. Camelina sativa) pa marginalmarker eller som
mellangrdda inkluderades ocksa i studien. Oljedadra som mellangroda och pa marginalmarker hade
bada relativt l1ag potential (teknisk potential: 0.37 TWh (ar 2020) respektive 0,40 TWh per ar (ar
2050)), medan potentialen for att odla raps pa mark som nu &r i trada var hogre (teknisk potential:
2,96 TWh per ar (ar 2050)).

Trots den relativt laga potentialen ar odling av oljevéxter som mellangrodor och pa marginalmarker
intressanta da de &r livsmedelsgrodor som kan undantas fran begransningen om anvandningen av
livsmedelsgrodor for biobransleproduktion i EU:s fornybartdirektiv. Darmed kan efterfragan pa
dessa grodor komma att 6ka i framtiden.

Denna rapport redovisar en del av ett langre projekt som fortsattningsvis kommer att fokusera pa
tva potentiella rvaror. Baserat pa resultaten i denna rapport och relevansen for den nordiska HVO-
industrin kommer tva ravaror att valjas ut for att sedan analyseras med hjalp av livscykelanalys och
teknoekonomisk analys.
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1 INTRODUCTION

The demand for hydrotreated vegetable oil (HVO) has increased in recent years and it is now the
dominant biofuel on the Swedish market used in the transport sector (Swedish Energy Agency,
2019). HVO has a chemical composition similar to diesel and can therefore be used as a drop-in
blend or up to 100% pure fuel without engine adaptations. In comparison to other renewable fuels
such as rapeseed methyl-ester (RME), HVO is a stable fuel that can be stored for a longer period
(Hartikka et al., 2013).

HVO offers a great potential to contribute to a renewable transport system with significant
reductions of greenhouse gas (GHG) emissions. This potential, however, depends to a great extent
on the type and origin of the raw material that the fuel is produced from. HVO is produced from a
variety of raw materials, including palm fatty acid distillate (PFAD), slaughterhouse waste, tall oil,
technical corn oil, palm oil and rapeseed oil (Swedish Energy Agency, 2019). Many of these raw
materials are residual products, which means that their supply is limited or constrained.

In addition to that, almost 96% of the raw material used for HVO production in Sweden is imported
(Swedish Energy Agency, 2019). In 2018, the raw materials used for producing the 14 TWh of
HVO sold on the Swedish market originated from many different countries, with Indonesia being
the largest supplier (34%), followed by Malaysia (11%), Germany (9%) and USA (7%). In the
same year, only 5% of the raw materials used were of Swedish origin, with tall oil, a residue from
the pulp and paper industry, being the dominant source. The current potential for HVO from
Swedish tall oil has, however, already been reached (Peck et al., 2016).

Apart from availability, the adoption of certain feedstock for HVO production may also be
influenced by regulatory requirements and compliance to national and international frameworks.
One such framework is the updated Renewable Energy Directive (RED II) (European Parliament,
2018). RED Il includes sustainability and GHG emissions savings criteria for biofuels, bioliquids
and biomass fuels®. Biofuels, bioliquids and biomass fuels need to fulfil these sustainability criteria
to be considered to contribute to the national and EU targets for renewable energy specified in the
directive, and to be eligible for financial support. Specifically, for the transport sector outlined in
Avrticle 25 (1): “each Member State shall set an obligation on fuel suppliers to ensure that the share
of renewable energy within the final consumption of energy in the transport sector is at least 14 %
by 2030 (minimum share)”.

Based on the above, a need to increase understanding on the supply potential of domestic raw
materials for HVO production is identified (focusing on raw materials that contribute to the
national and international targets) along with the need for alternative raw materials that increase
opportunities for a domestic, continuous, and sustainable HVO supply.

The work presented in this report deals mainly with the first part, investigating the potential supply
of domestic raw materials for production of HVO. The assessment covered raw materials already
used today (year 2020), such as tall oil and used cooking oil, as well as raw materials and

1 Biomass fuels refer to gaseous and solid fuels produced from biomass; biofuels refer to liquid fuel for
transport produced from biomass; bioliquids refer to liquid fuel for energy purposes other than for transport,
including electricity and heating and cooling, produced from biomass
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technologies that could be used in the future (year 2050). The focus was on using renewable oil and
fats in existing plants in Sweden for production of HVO.
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2 AIM OF THE STUDY

The aim of the present study was to identify and assess the potential of different domestic raw
materials for HVO production in Sweden, expressed as TWh of HVO per year. The focus was on
the Swedish supply potential of renewable raw materials that can be produced under Nordic
conditions, i.e. raw materials grown or harvested on agricultural or forest land in Sweden, or raw
materials in the form of co-products, residues or wastes from Swedish industries or households.
Imported feedstock were not included. The theoretical, ecological, and technical potentials were
estimated for all raw materials identified, while the economic potential was assessed when
possible. The potentials were assessed for a short-term perspective (year 2020) and a long-term
perspective (year 2050).

Relevant restrictions and classification of the different raw materials according to the updated
Renewable Energy Directive (REDII) were considered and presented in a qualitative manner as it is
expected to influence the level of utilization of different feedstocks.

Based on the outcome of this assessment, two identified raw materials will be selected and studied
in the next step of this project, where life cycle assessment and techno-economic assessment will
be performed.
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3 METHOD

A literature review was performed to identify relevant raw materials and conversion pathways for
HVO production and to collect background data for assessing the supply potential for each raw
material. The study includes raw materials currently used for HVO production and raw materials
that could potentially be used in the future as shown in Figure 1.

INDUSTRIAL, AGRICULTURALAND MARGINAL/ AEAF:\:([:)UULLL[J)E?L COVER ALGAE
FORESTRY RESIDUES ABANDONED LAND CROPS
FALLOW
Used . ¢
cooking Tall oil ores Poplar Camelina Willow Rapeseed Camelina Microalgae
oil residues

Waste P _ |
animal Straw . . . W"_'_‘?W— 1

fats

Conversion by
oleaginous
yeast

Microbial
oil

A 4 A 4 J A 4 4

HYDROTREATMENT OF OILS TO PRODUCE HVO

Figure 1. lllustration of the raw materials assessed in this study. Grey boxes indicate that the
technology is currently not available but is expected to be in 2050.

The supply potential for each raw material was estimated following the framework of Egnell &
Borjesson (2012) (see section 3.1). An additional aspect considered when the different raw
materials were evaluated, was their classification and associated utilization restrictions as defined
in the updated Renewable Energy Directive (RED II) (see section 3.2).

3.1 ASSESSMENT OF RAW MATERIAL SUPPLY POTENTIAL

The supply potential of a specific raw material varies depending on restrictions or limitations that
can be applied to it. The highest form of potential is the theoretical potential which is commonly
described as the theoretical availability when no restrictions are applied (Egnell & Bdrjesson, 2012;
BEE, 2011).

The theoretical potential is based on existing available biomass resource, e.g. extraction of forest
residues, or estimates from available land, e.g. crops grown on agricultural land currently unused.
The theoretical potential has in turn limitations that can be divided in different categories:

e Social; could be due to public opinions on for example energy forest grown on agricultural
land that alters the landscape view.
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e Environmental; could be due to increased pressure on forest or agricultural land that affects
future productivity negatively or increases environmental burdens.

e Technical limitations due to available technology, which can result in restrictions due to
high costs and low profitability.

e Economic; raw material prices and production costs are limiting factors highly interlinked
with technical developments.

e Market-associated; the market also considers policies, prices and subsidies for alternative
energy carriers possibly affecting investments within the bioenergy sector.

The market potential is also referred to as the implementation potential, since it describes the
‘actual potential’ by considering all other limitations to the theoretically available potential (Egnell
& Borjesson, 2012; BEE, 2011).

The assessment performed in this work was based on the framework presented in Egnell &
Borjesson (2012) (Figure 2), which considers theoretical, social, ecological, technical, economic
and market potentials. However, since the background data were collected from several sources,
the definition of different types of potential may have varied slightly from those in the original data
sources. The focus in this work was on the theoretical, ecological, and technical potentials, while
the economic potential was assessed when data was available, and the market and social
restrictions excluded.

Theoretical

Figure 2. Potential assessment framework applied which considers different restrictions based on
Egnell & Borjesson (2012). Potentials marked with green background (theoretical, ecological,
technical) where included for all raw materials studied. The economic potential light green
background) was included when possible, while social and market potentials (white background) were
excluded.
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The biomass supply potential can also be assessed based on different time perspectives, and in this
work a short-term perspective (defined as year 2020) and a long-term perspective (defined as year
2050) were applied.

Data for the necessary calculations (such as feedstock availability, current and future capacity,
yields or conversion efficiencies) was collected from previous studies. When no data for a specific
raw material was found in literature, the potential was calculated based on personal communication
with relevant actors from the fuel production sector and Swedish authorities. For all calculations, it
was assumed that 0.97 MJ HVO can be produced from 1 MJ of fats (Edwards et al., 2014).

3.2 CLASSIFICATION AND THRESHOLS BASED ON THE RENEWABLE ENERGY
DIRECTIVE (RED II)

Based on RED Il (European Parliament, 2018), biofuels can be classified and defined in different
ways which also influence the level of adoption of a certain fuel.

Two major categories can be identified; first-generation or advanced biofuels, based on the type of
feedstock used for their production. First generation biofuels are produced from crops that could
otherwise be used for food or feed. Advanced biofuels refer to biofuel produced from certain
feedstock such as algae, biowaste, biomass fraction of wastes and residues from forestry and forest-
based industries etc (detailed list available in Part A of Annex IX of the directive).

When demonstrating compliance for minimum share of renewable energy in the transport sector,
RED I1 sets different threshold values when the use of biofuels is considered especially for first-
generation biofuels. Production of biofuels and bioliquids from food and feed crops for example
should be less than 7% of all energy used in road and rail transport (European Parliament, 2018).
This does not apply to the so-called “Low indirect land-use change-risk biofuels and bioliquids”. In
addition, RED II states: “For the purposes of demonstrating compliance with the minimum shares
referred to in Article 25(1): (a) the share of biofuels and biogas for transport produced from the
feedstock listed in Annex IX may be considered to be twice its energy content”. Annex IX contains
two parts; Part A, which is a list of feedstocks for the production of biofuels which can be double-
counted without limitation, and Part B, which is a list of feedstocks for the production of biofuels
which also can be double-counted, but their contribution towards the target is limited to 1.7%.
More information can be found in the respective document for RED Il (European Parliament,
2018).
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4 RAW MATERIALS FOR HVO PRODUCTION

This chapter presents background information on the different raw materials for HVO production.
For every alternative raw material, a short definition and description is provided, together with
information on its current use for HVO production in Sweden. Assumptions made while assessing
the different forms of potential for each specific raw material are fully described. Moreover, every
raw material is classified according to the updated EU Renewable Energy Directive (RED II)
(European Parliament, 2018) and a short comment on their respective threshold value is included.

The numerical results on the estimated potentials for all raw materials are presented in the next
chapter.

4.1 USED COOKING OIL (UCO)

Used cooking oil (UCO) mainly consists of vegetable oil that restaurants, food industry and
households have used for frying or deep-frying. Discarded UCO can create major problems in pipe
systems and wastewater treatment plants which is one of the reasons for collecting it (Swedish
Waste Management and Recycling Association, 2015). The collected UCO can be used as a raw
material for biofuels or other products. In 2018, around 40 GWh of UCO in the form of fat from
grease traps and from restaurants were used for biofuel production (Marianne Pettersson, personal
communication, 18 September 2019).

The reported share of vegetable and animal waste oils used as raw materials for HVO production
has decreased substantially since 2017 (Swedish Energy Agency, 2019). This is most likely
because producers have started to classify UCO as slaughterhouse waste, instead of vegetable and
animal waste (Marianne Pettersson, personal communication, 20 September 2019).

A large part of the collected UCO is currently used for purposes other than biofuel production.
Some companies use UCO collected mainly from restaurants and other sources in the food industry
for producing soap, stearin, special fats for chemical use and detergents (Swedish Waste
Management and Recycling Association, 2015). However, the Swedish Waste Management and
Recycling Association does not collect statistics on the actual end-uses of UCO (Jenny Westin,
personal communication, 10 September 2019).

4.1.1 Classification according to RED Il

Biofuels from UCO are double-counted towards the overall target for transport biofuels in RED Il
(Article 25(1), Annex IX part B (a); European Parliament, 2018). However, while the contribution
from UCO and that from waste animal fats are double-counted, the permitted contribution towards
the minimum share of renewable energy in the transport sector is limited to 1.7% in total (for the
raw materials listed in Annex IX Part B) as defined in Article 27 (b) of the directive.

4.1.2 Assessment of potential

In Sweden, collection of UCO is decentralised and carried out in different ways in different
municipalities (Greenea, 2016). The theoretical and technical potential of UCO from the household
and professional sector (restaurants etc.) has been estimated for all European countries for the

FDOS 07:2020



present day and for 2030 (ibid). In our analysis, the values for 2030 were used to estimate the
potential for 2050, based on population forecasts (Statistics Sweden, 2019a). Due to lack of data,
the assessment of theoretical and technical potential includes all available UCO, i.e. we do not
account for the use of UCO for purposes other than biofuel production. The ecological potential
was assumed to be the same as the theoretical potential since there are no environmental constraints
regarding collecting this type of waste.

4.2 WASTE ANIMAL FATS

Waste animal fats include waste fat from slaughterhouses and other waste oils of animal origin.
Waste from slaughterhouses comprised 37% of the reported feedstock for HVO consumed in
Sweden in 2018 (Swedish Energy Agency, 2019). In the statistics produced by the Swedish Energy
Agency, animal fats are divided into “Animal fat category 1 and 2” and “Animal fat other”. Of
these two categories, only 0.01% originated from Sweden in 2019, but the majority came from
other EU and non-EU countries. For example, Germany delivered large quantities of “Animal fat
other” to the Swedish biofuel market (around 22% of the total) (Marianne Pettersson, personal
communication, 18 September 2019).

4.2.1 Classification according to RED Il

Animal fats (categories 1 and 2 in accordance with Regulation (EC) No. 1069/2009 of the
European Parliament and the Council) are classified as a feedstock that is available in limited
amounts, and their energy content counts twice towards the minimum share of renewable energy in
the transport sector (Article 25(1) in RED Il (European Parliament, 2018)), according to Annex IX
part B (b) (European Parliament, 2018). However, while the contribution from waste animal fats is
double-counted, the permitted contribution towards the target is limited to 1.7% in total (for the
raw materials listed in Annex IX Part B).

4.2.2 Assessment of potential

The use of animal fats is projected to undergo a moderate increase in the future, due to the limited
availability and due to the cap for the use of them in RED Il (European Parliament 2018).

The amount of residual animal fat generated in a region depends on meat production in the region
and on the type of meat and meat products consumed (e.g. whether consumers prefer fat-free meat
cuts or cuts with more fat, or whether or not animal fats are used for cooking). In this study, beef
was assumed to generate 6% fat (of slaughter weight), pork 13% (Rundgren, 2016) and chicken
10% (Sari et al., 2016).

In Sweden, meat production and consumption have decreased slightly in recent years (Swedish
Board of Agriculture & Statistics Sweden, 2019). Projections 2018 on European meat production
up to 2030 indicate that production of pork and beef will fall by 2% and 6%, respectively.
However, chicken production is expected to increase by 9% (European Commission, 2018). No
similar projections for Swedish production could be found, so the projected change in Swedish
production was assumed to be the same as the projected change in European production. The
percentage change from 2018 to 2030 was extrapolated to 2050, assuming that the same trend as
for 2018-2030 will continue.
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Since almost all slaughter of farm animals is carried out in slaughterhouses, it was assumed that the
theoretical value is equal to the technical potential. Ecological constraints were not considered
relevant since animal fat is a waste product and there are no additional environmental consequences
from collecting the waste. There are availability limitations, however, since other sectors (such as
the food industry) also use animal fat.

4.3 TALLOIL

Tall oil is a by-product from the pulp and paper industry that can be further refined and used for
HVO production. In 2018, around 10% of the raw materials used for HVO production in Sweden
consisted of crude tall oil (Swedish Energy Agency 2019), of which 46% (0.7 TWh) originated
from Sweden (Marianne Pettersson, personal communication, 19 September 2019).

4.3.1 Classification according to RED Il

Tall oil pitch is listed in Annex IX (Part A (h)) in RED Il as a feedstock for advanced biofuels and
its energy content counts twice towards the minimum renewable energy share target (Article 25(1)
in RED Il (European Parliament, 2018)).

4.3.2 Assessment of potential

The total annual production of crude tall oil in Swedish pulp mills is around 266 000 tons (in
2015), according to calculations by Staffas et al. (2015). Based on yearly production of crude tall
oil and a conversion factor of 0.66 from crude tall oil to biodiesel (Helena Sjogren, personal
communication 14 January 2020), it was calculated that approximately 40% of the crude tall oil
generated in Sweden was used for biodiesel in 2018.

Tall oil is also used for other purposes. Personal communications with several pulp mills in Sweden
revealed that some of the tall oil produced is refined to tall oil pitch, which is then used as internal
energy for the pulp process. Other uses of tall oil include soap production and direct combustion in
district heating plants. Based on the above, it was assumed that the economic potential of HVO
produced from tall oil was limited to 40% of the total crude tall oil produced.

Hénninen et al. (2014) assessed the outlook for the European forestry industry based on their own
estimations and other studies. For the pulp and paper industry specifically, they projected a 28%
decrease in European pulp production by 2030. However, others have projected an increase in
production (e.g. Buongiorno et al., 2012). As Hanninen et al. (2014) point out, there has been
limited research on the impacts of a possible decline in pulp production on the bioenergy supply.
While there is a need for research to confirm current projections, actors in the industry should
prepare for a possible decrease in European pulp production (ibid). Swedish Forest Industries
predict that by 2045, the production of crude tall oil in Sweden could be 4 TWh (Helena Sjdgren,
personal communication, 14 January 2020).

Based on these conflicting future scenarios, we estimated tall oil availability according to the
Swedish Forest Industries prognosis and a future decline in line with the scenario in Hanninen et al.
(2014), i.e. a 28% decline in pulp production in Sweden by 2050. We also assumed that the
percentage distribution between the internal use at the pulp plant and the refining to biodiesel
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would remain the same. The distribution between internal use within the pulp and paper mills and
export of crude tall oil could change in the future, but this was not addressed in the present study.

4.4 CROPS GROWN ON FALLOW LAND

The so-called first-generation biofuels are generally produced from feedstock that can also be used
as food and feed (IEA, 2008). In RED II, they are defined as “Fuels produced from food and feed
crops” (European Parliament, 2018). In 2018, around 3% of HVO used in Sweden was produced
from palm oil and less than 1% was produced from rapeseed oil (Swedish Energy Agency, 2019).

4.4.1 Classification according to RED Il

Towards the RED II targets, first-generation biofuels may only account for up to 7% of the energy
used in road and rail transport (European Parliament, 2018). With total energy use in the Swedish
transport sector of around 95 TWh, this corresponds to about 6.7 TWh. The possibility to increase
the use of HVO from first-generation crops in Sweden thus depends on the total share of biofuels
produced from first-generation crops.

4.4.2 Assessment of potential

In assessing the potential of first-generation biofuels, we focused on use of Swedish agricultural
land that is currently not used for food or feed production, defined here as land reported as fallow
land. The total area of fallow land reported in 2018, around 160 000 hectares (Swedish Board of
Agriculture, 2018a), was used as reference to represent the current potential. The amount of fallow
land in 2019 was significantly lower, most likely due to the dry summer in 2018 (farmers tended to
report fallow land as non-fallow land after the drought in 2018) (Swedish Board of Agriculture,
2019a).

Fallow land can provide ecological and agroecological benefits, which includes growing crops with
benefits for the cropping system, such as deep-rooted crops loosening the soil, nitrogen-fixing
crops, or crops with benefits for biodiversity, e.g., benefiting pollinators. However, the extent to
which fallow land is used for these purposes is not known. Therefore, in assessing ecological
potential, as a rough estimate we assumed that 50% of the fallow land available could be used for
growing first-generation crops, such as winter rapeseed, for HVO production. It was assumed that
rapeseed can be grown on fallow land in the same areas where it is currently grown, i.e.,
throughout southern and central Sweden (the northern regions Nedre Norrland and Ovre Norrland
were excluded).

The remaining fallow land area was multiplied by 80% of the standard rapeseed yield
(normskdrdar; Statistics Sweden, 2019b) for each production area to account for the estimated
lower productivity of fallow land (as done by Bdrjesson, 2016). For each production area it was
assumed that winter rapeseed and spring rapeseed was grown to the same rate as 2018. Winter
rapeseed is more common in the south and spring rapeseed is grown to a larger extent further north.
Rapeseed normally needs to be included in a crop rotation where it occurs only once every 5-6
years. Using this land for production would also mean fallow land being integrated with other
agricultural land. For each production area, rapeseed cultivation does not exceed 10% of the total
arable land. Therefore, there could be room for more rapeseed in several crop rotations.
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Land use change by 2050 in Sweden is difficult to estimate. It has been suggested that by 2050, up
to 910 000 hectares will be either fallow land used for energy, or for growing crops for industrial
applications, which corresponds to roughly one third of the current total used and unused
agricultural land (Swedish Board of Agriculture, 2018a; 2012). This is not a prognosis, but a
scenario (ibid). Because of the uncertainty, the figure was lowered by 50% in the present analysis.
When estimating the ecological potential, it was again assumed (as above) that 50% of this land
could be used for first-generation crops, in this case rapeseed. The distribution of rapeseed
production throughout Sweden was assumed to be the same as it is today, and yield was estimated
as described above.

For comparison, the potential for short-rotation coppice willow cultivation (Salix spp., fast-growing
energy forestry) was also estimated. When assessing the ecological potential, it was assumed that
50% of fallow land could be used for energy cropping. It was assumed that willow can be grown
throughout southern and central Sweden (the northern regions Nedre Norrland and Ovre Norrland
were excluded). Calculation of potential production of lipids from willow using oleaginous yeast is
explained in section 4.6.

4.5 CROPS GROWN ON MARGINAL (ABANDONED) OR DEGRADED LANDS

Marginal (abandoned) or degraded land can sometimes be used to grow energy and oilseed crops.
Marginal land can be defined as land that is no longer used or is used with very low intensity. This
could be due to low agricultural productivity or to low economic potential (World Resources
Institute, 2019), meaning that it may be possible to increase production on some of this land.
According to RED II, Annex X (C. (point 9), severely degraded land is “land that for a significant
period of time, has either been significantly salinated or presented significantly low organic matter
content and has been severely eroded” (European Parliament, 2018).

To our knowledge, oilseed crops grown on marginal and degraded land are currently not used for
HVO production in Sweden. In this study, three different crops were considered possible to grow
on marginal land: willow, poplar (Populus spp.) and Camelina sativa (oljedadra in Swedish,
hereafter referred to as camelina). The two first crops are lignocellulosic (woody) perennial crops,
while camelina is an annual crop.

4.5.1 Classification according to RED Il

Article 25 in RED |1 sets a cap on production of biofuels and bioliquids from food and feed crops
(7% of all energy used in road and rail transport) (European Parliament, 2018). However, the so-
called “Low indirect land-use change-risk biofuels, bioliquids and biomass fuels” are exempted
from the 7% limit on use of biofuels from food and feed crops (ibid).

Abandoned or degraded land can be used for production of “Low indirect land-use change-risk
biofuels” if all criteria in Article 4 in Regulation 2019/807 are met, including the so-called
“Additional measures” in Article 5 in RED II. At present, the new updated regulations in RED II
have not yet been implemented in Swedish law.

FDOS 07:2020



4.5.2 Assessment of potential

There have been a few assessments on the amount of marginal land in Sweden, but it is uncertain
how much of this land could sustain productive crop growth. One study concluded that around half
a million hectares of land (not including fallow land), were not categorised as arable land at that
time, but could potentially be used as such (Johnsson, 2008). Half a million hectares represent
roughly 20% of the total of around 2.6 million hectares of arable land in Sweden (Swedish Board
of Agriculture, 2019a). However, much of this land consists of small and remote fields that are
currently not economically feasible to cultivate.

To determine the amount of marginal land in Sweden for the purposes of the present analysis, data
from Olsson and Borjesson (2016) were used. They estimated that there are around 88 000 hectares
of abandoned agricultural land in Sweden, not including fallow land. We assumed this figure
considers ecological constraints, since the study by Olofsson and Bérjesson (2016) focused on
marginal land considered available for bioenergy production. It did not include e.g. abandoned
land, which was considered to have potentially higher ecological values.

4.6 CONVERSION OF LIGNOCELLULOSIC MATERIALS INTO MICROBIAL OILS

Microbial oils are lipids produced by using microbes that digest sugars from a variety of biomass.
This can involve e.g. conversion of lignocellulose materials to lipids using oleaginous yeast (Sitepu
et al., 2014). Microbial oils from the oleaginous yeast can then be used for HVO production
(Nogué et al., 2018). To our knowledge, microbial oils are currently not used for HVO production.

4.6.1 Classification according to RED Il

How a fuel is classified under RED Il depends on the feedstock. Annex IX (Part A) in RED I lists
several feedstocks suitable for production of microbial oils that can be used for advanced biofuels
for which the energy content counts twice towards the minimum share of renewable energy in the
transport sector (Article 25(1), European Parliament, 2018). Examples of suitable feedstocks are
straw, crude glycerine (i) and possibly also feedstocks in the categories “Other non-food cellulosic
materials” (p) and “Other lignocellulosic materials” (q).

4.6.2 Assessment of potential

The potential for production of lipids from lignocellulosic biomass using oleaginous yeast was
estimated from different raw materials; willow from fallow land, poplar and willow from marginal
lands, straw, forest residues (tops, branches and stumps) (see the previous sections 4.4 and 4.5).
The potential feedstock supply for straw and forest residues was based on Bérjesson (2016). We
assumed that all these lignocellulosic materials were available for HVO production, although, in
reality, they can be used for a variety of energy-related and non-energy related applications.

Conversion to lipids using oleaginous yeast was estimated based on sugar yield after pre-treatment
by steam explosion and then enzymatic hydrolysis of the hexose and pentose sugars in straw (Linde
et al., 2008), forest residues (Biswas et al., 2015), willow (Amarasekara, 2013, sugar recovery rate
for willow as assumed to be the same as for forest residues) and poplar (assumed to be the same as
for willow, due to lack of information). Information on lipid yields from hexose and pentose sugars
was taken from Karlsson et al. (2016). Lipid production from lignocellulosic materials such as
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straw, crude glycerol, corn stover, rice straw and birch has been tested successfully at laboratory
scale (Passoth & Sandgren, 2019; Passoth, 2017). To our knowledge, lipid production from forest
residues and willow biomass has not yet been tested. At present, there is no large-scale production
of oleaginous yeast using lignocellulosic biomass, although parts of the process required already
exist at large scale, such as the steam explosion pre-treatment step. For this reason, only the future
potential was assessed for this technology. Further, the technical and economic potential could not
be assessed, due to uncertainties regarding production.

Apart from lipids, considerable amounts of yeast biomass are produced in the conversion process.
This biomass can be either anaerobically digested to biogas (Karlsson et al., 2016) or potentially
used for other purposes, such as fish feed. If the yeast biomass is anaerobically digested, the energy
yield from the process, using straw as raw material, has been estimated to be 4 MJ lipids per kg
straw and 3 MJ biogas per kg straw (Karlsson et al., 2017). This corresponds to around 76 kg lipids
(or around 1100 kWh) and 830 kWh biogas per ton of straw dry matter.

4.7 COVER CROPS

Cover crops are crops grown after the main crop, and therefore they do not compete directly with
food or feed production. However, this is context dependent. In many regions of the world, double-
or even multi-cropping for food and feed production is possible. In Sweden, however, multi-
cropping is generally not practised.

A suitable cover crop could be the fast-growing oilseed crop camelina, which has historically been
an important food crop in northern Europe (University of Minnesota Extension, 2019; Zubr, 1997).
Cultivation of camelina has gained some attention due to the fact that it has relatively low
requirements for agricultural inputs such as fertilisers. That can enable cultivation on marginal land
(Bansal & Durrett, 2016). However, it is also considered an interesting crop for double-cropping or
relay cropping in cold climates (Berti et al., 2017; Gesch & Archer, 2013). Relay cropping means
that the main crop is planted in the growing cover crop and the cover crop can therefore be
harvested later than if double-cropping is applied.

To our knowledge, cover crops are not used for HVO production in Sweden today. Camelina is
only grown on a very small scale in Sweden for production of vegetable oil sold on a niche market
for human consumption (see e.g. Camelina of Sweden, etc.?).

4.7.1 Classification according to RED Il

Under RED I, cover crops are not considered as main crops and therefore do not lead to additional
demand for land (European Parliament, 2018). According to the current interpretation of RED |1 by
the Swedish Energy Agency, these crops are exempted from the cap on biofuels from food and feed
crops, provided that they do not create extra demand for land, i.e. do not decrease yield of the main
crop, for example (Emma Kjille, personal communication, 13 January 2020). Cover crops are

2 https://www.camelinaofsweden.se/
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defined in RED II as “Non-food cellulosic material” (Article 2 (42)). These types of crop biomass
are categorised as “Other non-food cellulosic material”’; under Annex IX, Part A.

4.7.2 Assessment of potential

In assessing potential, it was assumed that camelina could be grown in two types of systems:

1. After early harvest in June, e.g. after harvesting new potatoes. It was assumed that spring
camelina could be planted after harvesting the potatoes and would be able to mature fully
during the same summer. New potatoes occupied 20% of the total area of arable land used
for potatoes in Sweden in 2018, which was in turn 20% of available arable land, or around
3,000 hectares (Swedish Board of Agriculture, 2018c). These figures were used in the
present study.

2. With a spring-sown crop, as a cover crop or intermediate crop. It was assumed that winter
camelina could be grown in the crop rotation, most likely by relay cropping where the
spring-sown cereal is planted in the growing winter camelina crop. The camelina would
then mature and be harvested in June, while the main crop would continue to grow and be
harvested as usual in late summer.

Based on experiences from growing winter camelina in cold climates with a relatively short
growing season in Minnesota, USA, field peas (Pisum sativum), faba beans (Phaseolus vulgaris)
and maize (Zea mays) were selected as likely candidate crops to be grown together with winter
camelina in central and southern Sweden (i.e. excluding Ovre and Nedre Norrland). This selection
was based on reports that dry edible beans and sweetcorn can be grown together with camelina in
Minnesota (Gesch, 2014; Gesch & Archer, 2013). This was quite a cautious selection, since these
are crops that require relatively small areas for cultivation and that camelina might be possible to
grow together with other crops, but it was made due to lack of data on cultivation under Swedish
conditions. Furthermore, camelina is a brassica crop, like rapeseed, which is often grown in many
areas of Sweden (especially in the south). Rapeseed is only grown every 5-6 years in crop rotations,
to prevent the spread of various brassica-related diseases (Swedish Board of Agriculture, 2018b),
and it is possible that this restriction would also be necessary for camelina. However, new
technologies for pest control could make more land available for cultivating camelina as cover crop
in the future.

In the assessment of ecological potential, an area proportional to the share of arable land given over
to rotations involving rapeseed (assuming that rapeseed is grown every 6 years) was removed from
the area available for cultivating crops suitable for HVO production. Data on the area used for the
different crops (mentioned above) and total area of arable land in Sweden were taken from national
statistics for 2019 (Swedish Board of Agriculture, 2019a). Based on field trial results reported by
Berti et al. (2015) and Gesch (2014), the camelina yield was assumed to be 1,560 kg per hectare
and the oil content was assumed to be 40%.

4.8 MICROALGAE

Microalgae that accumulate lipids have long been considered an interesting option for biofuel and
especially biodiesel production (FAQ, 2010). Previous studies have primarily focused on fatty acid
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methyl ester (FAME) production from algae oils (Parsons et al., 2017; Gnansounou & Raman,
2016). Microalgae are currently not used for large-scale HVO production in Sweden.

4.8.1 Classification according to RED Il

Algae cultivated on land, in ponds or photobioreactors, are listed in Appendix IX (Part A (a)) in
RED Il (European Parliament, 2018) and therefore their contribution towards the target may be
considered to be twice their energy content.

4.8.2 Assessment of potential

Data on the estimated potential of microalgae were taken from a study by Borjesson (2016) which
assumed that algae could be grown by the pulp and paper industries using excess heat from the
process, or by sewage treatment plants using available resources. However, the estimated values in
that study are based on large uncertainties and only the technical potential is described (B&rjesson,
2016).
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5 RESULTS

The results of the assessment of different raw materials for potential production of HVO are
presented in Table 1 (in TWh HVO per year). Waste and residue oils, such as used cooking oil
from households and restaurants, were assessed as having relatively low potential if only sourced in
Sweden. Waste animal fats were estimated to have higher potential, but the availability for HYO
production is uncertain, as it depends on how much of the total share is used for other purposes,
such as food production.

For tall oil, the production increases projected by the industry meant that it had rather high
potential for HVO production compared with the other waste and residue raw materials assessed.
The information received from the pulp and paper industries indicated that much of the tall oil
generated today is used as internal energy in the pulp and paper plants. Production of HVO from
tall oil could therefore be higher if pulp and paper industries used other energy sources for their
processes.

Cultivating more rapeseed on current fallow land presents an opportunity to increase production of
oils from Swedish agriculture and, compared with waste and residue oils, the potential was
estimated to be rather high. However, under RED Il this raw material is categorised as a food and
feed crop, which limits the potential for use in HVO production.

The use of marginal land and cover crops was found to yield a relatively low potential supply.
However, these raw materials are excepted from the RED Il cap on food and feed crops and might
be interesting in that perspective. Further, use of an oilseed crop such as camelina as a cover crop
provides an interesting opportunity to increase the overall productivity of Swedish agriculture.
However, the estimate of available marginal land and arable land suitable for growing camelina as
a cover crop is uncertain.

The use of lignocellulosic materials, such as straw and forest residues, was clearly associated with
high potential. However, using oleaginous yeast is not an established technology and further
assessments are needed to determine its technical and economic potential (the economic potential
value in Table 1 only represents the economic potential for biomass supply).

The purpose of the study was to assess the potential of different raw materials available in Sweden,
today (2020) and in the future (2050). We have chosen to only present the potentials separately for
each raw material (Table 1) instead of summing them up to a total potential for several reasons.
Firstly, none of the potentials were possible to assess for all raw materials due to a lack of data.
Secondly, all the raw materials cannot be produced at the same time since some of them compete
for the same land (Figure 1). In those cases, it does not necessarily mean that the raw material with
the highest potential on that type of land is the best option, as other aspects than the potential
amount of HVO may be important. Some of those aspects will be assessed further in the techno-
economic assessment and life cycle assessment that will be carried out during the continuation of
this project. Lastly, the assessments of different potentials for different raw materials were made in
different ways using different assumptions, resulting in numbers with different levels of
uncertainty. The numbers in Table 1 should therefore be interpreted alongside the descriptions of
how each of them was generated (Chapter 4).
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Table 1. Estimates of potential supply for all selected raw materials and technologies, expressed in TWh HVO per year. OY= biochemical conversion using
oleaginous yeast. For comparison, approximately 14 TWh of HVO were sold in Sweden during 2018 (Swedish Energy Agency, 2019).

Year

Used cooking oil (UCO) total

Used cooking oil from households
Used cooking oil from professional

kitchens
Waste animal fats
Tall oil

Crops grown on fallow land
Oilseed crop (rapeseed)

Willow OY

Crops grown on marginal land
Oilseed crop (Camelina sativa)
Willow OY

Poplar OY

Cover crops
Oilseed crop (Camelina sativa)

Theoretical
potential
2020 2050
0.18 0.21
0.04 0.05
0.14 0.16
0.54 0.56
1.85 1.33-
2.64
1.88 5.39
4.40
0.59 0.59

Lignocellulosic residues from agriculture and forestry

Straw OY

Tops and branches OY
Stumps OY
Microalgae

4.87
15.97
11.98
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Ecological
potential

2020

0.18
0.04

0.14

0.54
1.85

0.94

0.37

0.40

2050

0.21
0.05

0.16

0.56

1.33-
2.64

2.70

2.20

0.37
0.46

0.62

0.40

2.34
12.21
7.05

Technical
potential
2020 2050
0.13 0.17
0.02 0.02
0.11 0.15
0.54 0.56
1.85 1.33-
2.64
0.94 2.70
0.37 0.37
0.40 0.40
0.43

Economic
potential

2020 2050

Comments

Demand from other sectors was not taken into account. Theoretical and
ecological potential were assumed to be the same, as collection of used
cooking oil was assumed to have no ecological consequences. Potential for
2050 was calculated based on expected population growth.

0.70 0.51- The estimated tall oil potential was based on the outlook for European pulp
1.02 production and the Swedish forestry industry’s projection. The economic
potential is based on the assumption that approximately 40% of the crude
tall oil is available for HVO production.

For ecological potential, it was assumed that 50% of fallow land could be
used for rapeseed or willow production.

For ecological potential, it was assumed that 50% of fallow land could be
used for rapeseed or willow production.

0.24 0.24 For ecological potential, fields smaller than 1 ha were removed.
0.30 Future economic potential only considers economic aspects of biomass
availability.
0.41 Future economic potential only considers economic aspects of biomass
availability.

Future potential assumed to be the same as current potential, due to large
uncertainties related to future use of agricultural land.

Potential availability of raw biomass from Borjesson (2016). Future
economic potential only considers economic aspects of biomass availability.

0.70
5.68
1.39
Based on Borjesson (2016).



6 CONCLUSIONS AND FUTURE WORK

This study assessed the potential supply of domestic feedstock for HVO production, with the future
aim of increasing the share in the Swedish HVO consumption mix. The assessment covered
materials already used today, such as tall oil and used cooking oil, and raw materials and
technologies that could be used in the future (2050). The analysis provided information on the
theoretical, ecological, and technical potential for all raw materials identified.

Lignocellulosic materials (straw and forest residues) were assessed as having the highest potential
for HVO production, and thus increasing the share of domestic raw materials in the HVO supply
mix. However, one of the options studied, use of oleaginous yeast, is not an established technology
and further assessments are needed on its technical and economic potential. Waste and residue oils
of domestic origin, such as used cooking oil from households and restaurants, were assessed as
having relatively low potential. Use of marginal land and cover crops were also assessed as having
relatively low potential. However, these raw materials are currently exempted from the cap on food
and feed crops in the EU Renewable Energy Directive, and therefore interest might increase in the
future.

To obtain a more comprehensive picture of the potential of the selected feedstocks, during the next
stage of the project the present analysis will be complemented with investigations on their
environmental and economic performance. Based on the outcome of this work and on their
relevance for the Swedish and Nordic HVO industry, two feedstock alternatives will be selected for
further investigation. Investigations will include systematic environmental and techno-economic
life cycle assessments.
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