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A B S T R A C T

Abatement options for the hard-to-electrify parts of the transport sector are needed to achieve ambitious
emissions targets. Biofuels based on biomass, electrofuels based on renewable hydrogen and a carbon source,
as well as fossil fuels compensated by carbon dioxide removal (CDR) are the main options. Currently, biofuels
are the only renewable fuels available at scale and are stimulated by blending mandates. Here, we estimate
the system cost of enforcing such mandates in addition to an overall emissions cap for all energy sectors.
We model overnight scenarios for 2040 and 2060 with the sector-coupled European energy system model
PyPSA-Eur-Sec, with a high temporal resolution. The following cost drivers are identified: (i) high biomass
costs due to scarcity, (ii) opportunity costs for competing usages of biomass for industry heat and combined
heat and power (CHP) with carbon capture, and (iii) lower scalability and generally higher cost for biofuels
compared to electrofuels and fossil fuels combined with CDR. With a -80% emissions reduction target in
2040, variable renewables, partial electrification of heat, industry and transport, and biomass use for CHP and
industrial heat are important for achieving the target at minimal cost, while an abatement of remaining liquid
fossil fuel use increases system cost. In this case, a 50% biofuel mandate increases total energy system costs
by 123–191 billion €, corresponding to 35%–62% of the liquid fuel cost without a mandate. With a negative
-105% emissions target in 2060, fuel abatement options are necessary, and electrofuels or the use of CDR
to offset fossil fuel emissions are both more competitive than biofuels. In this case, a 50% biofuel mandate
increases total costs by 21–33 billion €, or 11%–15% of the liquid fuel cost without a mandate. Biomass is
preferred in CHP and industry heat, combined with carbon capture to serve negative emissions or electrofuel
production, thereby utilising biogenic carbon several times. Sensitivity analyses reveal significant uncertainties
but consistently support that higher biofuel mandates lead to higher costs.
1. Introduction

The transport sector accounted for 30% of total greenhouse gas
(GHG) emissions in the EU-27 in 2019, with an increasing trend [1].
Recent developments of electric vehicles and targets for phasing out
internal combustion engine vehicles (ICEVs) [2,3] indicate a consider-
able electrification of land-based transport within the next few decades.
However, a phase-out of ICEVs takes time and thus a liquid hydrocar-
bon fuel demand persists for several decades even at high electrification
rates [4,5]. In maritime transport and aviation, a demand for liquid
hydrocarbon fuels is likely to remain also in the long run [6–8]. Alter-
native fuel solutions are thus required to achieve ambitious emissions
targets. Biofuels and electrofuels are the two available renewable liquid
hydrocarbon fuel options [9]. Another option is the continued use of
unabated fossil fuels combined with carbon dioxide removal (CDR)
elsewhere in the system [10–12].

∗ Corresponding author.
E-mail address: markus.millinger@chalmers.se (M. Millinger).

Currently, conventional biofuels produced from food crops are the
dominating option [13], but they are connected to land use change
issues and other sustainability risks [14,15], and are being phased out
in the EU [16]. Biomass residues which are suitable for existing con-
ventional biofuel processes (such as used cooking oil) are scarce [17].
Instead, advanced biofuels based on lignocellulosic biomass residues
show a relatively large albeit uncertain potential [18]; however, no
commercially operational production exists today.

Electrofuels are produced with hydrogen and carbon as feedstocks.
Hydrogen can be sourced from electrolysers, which can use electricity
when it is cheap in a system dominated by variable renewable energy
(VRE). However, the potential depends on a substantial expansion of
VRE (or other carbon emissions free) capacity, and thus can be seen
as a large-scale option only in the longer term, especially as there is
competition for hydrogen from other usages [19,20].
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An emissions cap-and-trade or tax is often seen as the first-best
policy option for achieving targets, since it in theory leads to the least-
cost attainment of emissions targets [21]. However, fuel mandates may
be important tools for a country or for the EU in a second-best setting
if the ideal first-best policy mix is hard to implement or if there are
market barriers hindering abatement solutions [21–23]. Also, mandates
may (i) support the development of promising technologies [21], (ii)
focus mitigation efforts to the transport sector which is not pressured
by international competition [24], and (iii) count towards other goals,
such as improved energy security [25].

In the EU, transport fuels are subject to fuel taxes and blending man-
dates for achieving emissions targets, and there is a proposal to include
the transport and additional industry sectors in the EU-ETS [26]. The
proposal for the new Renewable Energy Directive (RED III) [27] in-
cludes renewable fuel mandates for the aviation (20% in 2035, with at
least 5% electrofuels) [28] and road transport sectors (2.3% advanced
biofuels for light transport in 2035), while the maritime sector is to
reduce its energy intensity by 20% in 2035 compared to 2020 [29].
However, several countries have set targets that significantly surpass
those of the EU as a whole. For instance, Sweden targets to decrease
fuel emissions by 66% for diesel and 23% for gasoline by 2030, through
blending in biofuels [30], and Finland aims for 30% biofuels in the fuel
mix by 2030 [31]. In the US, the Renewable Fuel Standard currently
mandates a blending of around 10% biofuels into the fuel mix [32].

Biofuels present the main short-term option to fulfil fuel man-
dates [33], by blending them into the fuels used for aviation, road and
maritime transport. The fuel mandates thus incentivise investments in
biofuel production (supply chain and biorefineries) on a scale to satisfy
a sizeable part of the demand for renewable fuels. Although scaling
up of new options such as CDR or renewable fuels based on VRE may
prove to be challenging [34,35], the future may also see a large cost
reduction for electrolysis [36,37], electrofuels [38] and CDR [39]. In
addition, sustainability constraints and competition for biomass may
increase biomass prices and thus affect the competitiveness of biofuels
as well as of biomass-based CDR options.

An assessment of biomass usage competitions in the energy system
requires the inclusion of all energy sectors, which is usually covered
in Integrated Assessment Models (IAMs) [6,40–42] and older energy
system optimisation models (ESOMs) such as TIMES/MARKAL [43],
with biofuels often emerging as a key solution if CDR or carbon
storage potentials are restricted. However, these models generally are
limited to a yearly temporal resolution and many of them also to a
continental spatial resolution [44], while a higher resolution is needed
for an explicit representation of VRE [45–48] and variable production
such as electrolysers (and thus electrofuels, which have mostly been
lacking as a technology option in such studies). Modern ESOMs employ
a higher temporal resolution and have recently been enhanced to
encompass all energy sectors and a detailed representation of both
supply and flexible demand [49–51], which enables a cross-sectoral
analysis of biomass usage including relevant competing options, as
well as of abatement alternatives for the transport sectors. None of the
papers based on these sector-coupled models have specifically targeted
biomass use or biofuels, and – to our knowledge – neither have biofuel
mandates been investigated in energy system modelling or IAM studies.
In order to do this, we expand the sector-coupled European ESOM
PyPSA-Eur-Sec [52] with details on biomass and bioenergy options.

In this work, we investigate the competition for fuel supply under
CO2 emission reduction targets, and the effects of biofuel mandates
on energy system costs. We do this by quantifying the increase in
total energy system costs as well as liquid fuel costs that biofuel
mandates would lead to in the medium (∼2040) and long-term (∼2060)
erspectives.
2

2. Materials and methods

We use PyPSA-Eur-Sec [52], which minimises total system costs (in-
cluding the liquid fuel costs), and analyse system effects and costs when
increasing the required minimum share of biofuels that is blended into
the liquid hydrocarbon fuel demand. We thus investigate the additional
cost of moving away from the optimal use of biomass [53] to scenarios
which are constrained in terms of dedicated use of biomass for liquid
fuel production. These latter scenarios may be viewed as proxies for
policies which promote biofuels, i.e. biofuel mandates. We investigate
this question for the medium (∼2040) and long term (∼2060). The
two time horizons are different in terms of CO2 cap as well as other
parameters, such as degree of electrification and technology maturity
and costs. We assess the effect of carbon sequestration availability, and
investigate two different scenarios for domestic biomass potential: one
conservative and one more optimistic. In addition, we allow import of
biomass to Europe, but at a relatively high cost, as outlined below.

2.1. Model: PyPSA-Eur-Sec

PyPSA-Eur-Sec [49,52] is a sector-coupled full European energy
system model including the power sector, transport, space and water
heating, industry and industrial feedstocks. The model co-optimises
capacity expansion of energy generation and conversion, as well as
their production.

In this work, we expand the model by a rich biomass resource and
bioenergy technology portfolio. The further developed version of the
model used in this work is available for free use under an open-source
license [54].

We use a 37-node spatial resolution and an uninterrupted 1-hourly
temporal resolution for a full year in overnight brown-field scenarios.
The transmission grid is adapted to be a HVDC lossy transport model,
and transmission is constrained to increase by max. 50% in terms of
total line volume compared to today.

Final energy demands for the different sectors are calculated based
on the JRC IDEES database [55] with additions for non-EU coun-
tries [see 49,56, for further elaboration], and need to be met (i.e. de-
mand is perfectly inelastic). However, energy carrier production in-
cluding electricity, hydrogen, methane and liquid fuels is determined
endogenously. Fossil fuels (coal, fossil methane and liquid fossil fuels)
as well as uranium are not limited by volume and thus the price equals
the cost. Solid biomass imports are also not limited by volume but the
price is determined with a supply-curve as outlined in Section 2.2.1. For
the other energy carriers (VRE and domestic biomass), scarcity does
affect prices. Technology data is elaborated on in the supplementary
information.

The model runs were performed on the Chalmers Centre for Com-
putational Science and Engineering (C3SE) computing cluster, using
64 threads and 768 GB RAM (or 96 GB RAM for the lower resolution
sensitivity runs). The model set-up used here requires up to ∼400 GB
RAM (which can be lowered by using fewer threads).

2.2. Biomass and bioenergy

A variety of biomass categories and conversion technologies are
introduced in the model. Different biomass residue types are clustered
into the categories solid biomass and biogas from digestible biomass
(Table 1). Solid biomass can be used for a variety of applications in
heat, power and fuel production, and can be combined with carbon
capture (Fig. 1). Digestible biomass can be used for biogas production,
which is upgraded to biomethane and can likewise be combined with
carbon capture.

In the main scenarios, the domestic biomass availability is varied
as stated in Table 1. Depending on the biomass scenario, solid biomass
and biogas from digestible biomass can together provide corresponding
to either about 5 or 23% of the resulting total primary energy demand
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Fig. 1. Simplified depiction of the biomass usage options in the model. Energy flows are shown, except for the dashed lines going to carbon capture (which is optional for each of
the shown processes), which show mass flows of carbon. The captured carbon can be utilised for hydrocarbon production, or sequestered. Hydrogen can also be produced through
electrolysis and steam methane reforming (SMR), and can be used for numerous applications, including FCEVs, electrofuel production and as industry feedstock (not shown).
Table 1
Domestic biomass scenarios (TWh). The digestible biomass is given in the biogas
potential. Values stem from the medium (here denoted low) and high biomass potential
scenarios from the JRC ENSPRESO data base [18]. A weighted average of country-level
biomass costs used from the high biomass scenario for 2050 is held constant across
scenarios in this study.

Low High Cost
TWh TWh €/MWh

Forest residues 267 1654 12
Industry wood residues 76 381 6
Landscape care 42 214 8

𝛴 Solid biomass 385 2249

Manure & slurry 173 522 20
Municipal biowaste 122 222 0.14
Sewage sludge 8 15 17
Straw 186 601 10

𝛴 Biogas (dig. biomass) 489 1359

𝛴 Biomass 874 3608

of around 16 PWh. A weighted average of country-level biomass costs
from the high biomass scenario for 2050 from the JRC ENSPRESO data
base [18] is used and is held constant across scenarios in this study.

Only biomass residues and wastes are included in the analysis,
i.e. crops are excluded. The current political and policy context hints
towards a limited role for dedicated cultivation in EU, due to concerns
about competition with food and risks for environmental impacts from
cropland expansion. Thereby, the only option considered for produc-
ing liquid biofuels is based on solid biomass (i.e. biomass to liquid,
BtL), and biofuel imports are excluded. The use of residues and waste
as bioenergy feedstock is assumed not to influence the net flow of
CO2 between the atmosphere and the biosphere, which is driven by
photosynthesis, respiration, decay, and combustion of organic matter.
See Section 4.2.1 for further elaboration on this carbon neutrality
assumption.

2.2.1. Biomass imports
Biomass supply and demand in IAMs depend on many different

actors, which makes it difficult to construct a global biomass supply
urve based on their results. Still, global trade of biomass needs to
omehow be represented in a regional ESOM to be more realistic.
e use the model comparison by Bauer et al. [41] which focuses on

iomass use in carbon mitigation scenarios, and select five models
hich represent the competition between biomass supply and food,
asture, and nature, and provide global biomass prices (two of the
odels also include competition for land for afforestation). For 2050,
3

the global supply varies between 130 and 250 EJ in the different model
results, and the biomass price spans between 10 and 21 USD/GJ. Using
the average of these models we assume that 175 EJ of biomass can
be supplied globally and annually at a price of 15 USD/GJ. We use
regional data on biomass use per capita and population estimates [57]
to find that 20 EJ biomass may be imported to Europe at a price of 15
€/GJ. For each additional EJ to be imported the price is assumed to
increase by 0.25 €/GJ, based on the slope of the low-cost scenarios.

In 2021 wood chip prices were at around 8 €/GJ (30 €/MWh),
i.e. the above prices assume a substantial price increase compared to
today, which reflects an increased demand for biomass in scenarios
complying with stringent GHG emission targets. We test the effect of
this assumption on results in a sensitivity analysis. Only solid biomass
can be imported, and the import prices are held constant across all
scenarios. Direct biofuel imports from outside Europe are excluded.

2.3. Sector-specific assumptions

For aviation, increases in travelled passenger kilometres of 50% by
2040 and 100% by 2060 in Europe are assumed, compared to 2019
levels, and efficiency improvements of 3% and 20% in 2040 and 2060,
respectively, are assumed [58, extrapolated for 2060]. Based on this,
we assume a fuel demand increase compared to 2019 of 50% and 70%
in 2040 and 2060, respectively. Electric or hydrogen-fuelled aviation is
not considered, as a conservative assumption based on expected long
lead times delaying a significant market penetration.

Although shipping demand is projected to increase by 50% to 2050,
efficiency measures may counteract this to result in 0%–30% end
energy demand increase, depending on the scenario [59]. We assume
that efficiency measures are stronger towards 2060, resulting in a 20%
fuel demand increase compared to the base level, for both 2040 and
2060. IRENA [59] assumes an about 25% share of hydrogen-based
fuels (ammonia and hydrogen) for 2040, and about 55% in 2050 in an
ambitious scenario, with the rest being liquid or gaseous hydrocarbons
(except very minor electrification). We thereby assume 25% and 70%
hydrogen in 2040 and 2060, respectively, with the rest being liquid
hydrocarbons. Electrification of shipping is not considered.

The total fuel demand in EU road transport consists of 64% pas-
senger road transport and 36% freight road transport [55]. Passenger
and freight road transport services (i.e. passenger-km and ton-km) are
projected to increase by 15% and 24% in 2040 as well as 20% and 33%
in 2050 compared to 2018 [60]. We assume increases of 25% and 40%
for 2060. The freight share increases to 44% and is assumed to have
40% EVs and 60% FCEVs by 2060. This results in 34% and 68% EVs
in 2040 and 2060, respectively, and 5% and 32% FCEVs in 2040 and
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Fig. 2. Assumed liquid hydrocarbon fuel demand in the years 2018 [60], 2040 and
2060.

2060, respectively. These assumptions are in line with a ban on new
ICEVs by 2035 [3,4].

Total initial transport fuel demand (2018) amounts to 4851 TWh
and includes road transport (incl. non-electric trains), domestic and
international aviation and navigation (Fig. 2). The liquid fuel demand
for industry feedstock (naphtha) is added on top of this and amounts
to 778 TWh (held constant across years). The resulting total liquid fuel
demand for transport amounts to 3444 TWh in 2040 (4223 TWh incl.
naphtha, corresponding to ∼30% of total primary energy demand) and
1233 TWh in 2060 (2011 TWh incl. naphtha, or ∼15% of total primary
energy demand). The inclusion of naphtha is justified as it is a part of
the product mix from the Fischer–Tropsch process.

Steel production is assumed to be increasingly performed with
hydrogen as a reduction agent (Direct Reduced Iron, DRI) and Electric
Arc Furnaces (EAF), with 40% in 2040 and 100% in 2060. The share
of scrap steel increases from 40% today to 60% 2040 and 70% 2060.

The space heating demand is assumed to decrease by 16% by 2040
and 29% by 2060, through efficiency improvements in buildings. The
district heating share is assumed at current levels for each country [56].

Industrial heat is divided into three segments: low, medium and
high temperature. In the low and medium temperature segments,
biomass is an option, whereas methane is an option in all three. Direct
electrification is an option in the low temperature (process steam)
segment, while heat pumps are excluded in the base case. Thus, solid
biomass competes for producing industrial process steam with electric
boilers and methane boilers, and for producing medium temperature
process heat with methane.

2.4. Scenarios

The scenarios are varied in four dimensions: target year, biomass
availability and carbon sequestration capacity, which have been iden-
tified as having a large influence on outcomes [43], as well as liquid
biofuel quota.

Two target years are analysed, namely 2040 and 2060. These target
years are connected to different CO2 emission targets, with an 80%
reduction in 2040 compared to 1990 and a 105% reduction in 2060 (i.e.
a net-negative target to represent the long-term need to remove carbon
dioxide from the atmosphere; Sweden already has a net-negative target
for after 2045 [61].) Other than that, technology costs and efficiencies
differ between the years, as presented in the supplementary informa-
tion. For both years, it is assumed that conventional and renewable
capacities existing in 2020 still exist in 2040 and 2060, unless they have
reached the end of their life time. The two years are not interlinked, i.e.
capacities built in scenarios for 2040 are not considered in scenarios for
2060.

The biomass availability is varied as presented in Section 2.2.
The carbon sequestration capacity is assumed at either 0 or 1500
4

Table 2
Biomass and carbon sequestration (CS) potentials assumed in the scenarios, for 2040
and 2060, resulting in eight base scenarios. In 2040, no carbon sequestration is assumed
in the low CS scenarios, while in 2060 400 MtCO2 is assumed because it is close to
the minimum necessary in order to be able to achieve a net-negative target. For each
of the base scenarios, different biofuel mandates of equal to 0%, above 20%, 50% and
100%, as well as no mandate (i.e. free optimisation) are assessed.

Biomass CS
TWh MtCO2/a

High bio, low CS 3608 0 | 400
High bio, high CS 3608 1500
Low bio, low CS 874 0 | 400
Low bio, high CS 874 1500

MtCO2/year for 2040, and 400 or 1500 MtCO2/year for 2060, as
summarised in Table 2. The lower end represents (close to) the least
amount necessary to reach the set target, while the upper end is high
enough to never be reached in the scenarios, i.e. it does not set an active
constraint.

Production of liquid biofuels 𝜋𝑓𝑢 is forced as a function of the share
𝛼 ∈ [0, 1] of the total set demand 𝛿𝑓𝑢,𝑠 for each sector 𝑠: (i) liquid fuels in
the transport 𝑡𝑟𝑝 (including land-based transport, marine and aviation)
and (ii) industry 𝑖𝑛𝑑.

𝜋𝑓𝑢 ≥ 𝛼
∑

𝛿𝑓𝑢,𝑠 ∀𝑠 ∈ {𝑖𝑛𝑑, 𝑡𝑟𝑝} (1)

The total energy system cost as well as the estimated liquid fuel cost
Appendix B serve as metrics for the analysis.

2.5. Sensitivity analysis

The sensitivity analysis is performed through runs of all the com-
binations of optimistic and pessimistic parameter value combinations
outlined in Table 3. All parameter values for a group are set to either
pessimistic or optimistic, i.e. for example all Fischer–Tropsch-related
parameters including for Biomass to Liquid and Electrofuels. This re-
sults in 26 = 64 combinations. These are run for each of the four
main scenarios for 2060, with the model temporal resolution reduced
to 237 representative time-steps per year (instead of 8760 with an
hourly resolution) due to computational restrictions. A lower temporal
resolution tends to slightly overestimate the biofuel share among liquid
fuels.

3. Results

In this section, we present the resulting fuel supply and solid
biomass usage in the main scenarios without fuel mandates, and then
we assess the effect of enforcing biofuel mandates on the system
and show why such mandates risk increasing energy system costs
substantially.

3.1. Fuel and electricity supply in the base scenarios without biofuel man-
dates

In all 2040 base scenarios (i.e. without a biofuel mandate), liquid
fuel demand is dominated by fossil fuels (Fig. 4). The reason is that
there are more cost-effective abatement options to achieve an overall
−80% CO2 emission reduction in the energy system. For example, the
resulting electricity supply is almost fully supplied by non-fossil energy
sources (mainly renewables, for which the resulting capacities are
shown in Table 4). Also, electrification of transport, heat and industry
contributes to decreasing emissions, and carbon capture is to some
extent used in industry. With no carbon sequestration available, 20%
of the liquid fuel demand is covered by renewable fuels (4% biofuels
and 16% electrofuels) in the optimal case if there is ample domestic
biomass available, and 21% electrofuels emerge if domestic biomass is
scarce (see Fig. 3).
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Fig. 3. Total system cost [billion €] in the 2040 and 2060 scenarios at different biomass and carbon sequestration availability, without biofuel mandates.
Table 3
Assumed sensitivity ranges of key parameters directly relevant to liquid fuel supply in 2060. Ranges from
DEA for 2050 [62], except for BtL, carbon sequestration, oil, gas and biomass imports, which are varied
±25%, except for the BtL efficiency (range based on literature) and carbon sequestration cost (assumed to
have a higher cost variability). BtL includes the gasification unit as well as the FT-process.

Optimistic Base Pessimistic

Fischer–Tropsch Biomass to Liquid Investment cost e/kW 1500 2000 2500
Efficiency 0.5 0.45 0.35

Electrofuels Investment cost e/kW 675 900 1125
Efficiency 0.9 0.75 0.6

Electrolyser Investment cost e/kW 150 250 400
Efficiency 0.8 0.75 0.7

Carbon capture CHP Cost e/ktCO2/h 1600 2000 2800
Industry Cost e/ktCO2/h 1400 1800 2400
DAC Cost e/ktCO2/h 3000 4000 7000

Carbon sequestration Cost e/tCO2 10 20 50

Fossils Oil Price e/MWh 37.5 50 62.5
Gas Price e/MWh 15 20 25

Biomass Import price (base) e/MWh 36 54 72
Table 4
Resulting VRE capacities in the base scenarios for 2040 and 2060, compared to values
for Europe in 2020 [59]. The upper end of the resulting capacities is in scenarios with
low carbon sequestration and low biomass.

[GW𝑝] 2020 2040 2060

Solar PV 161 866–1380 1513–2900
Onshore wind 183 719–1170 875–1314
Offshore wind 25 152–433 270–773

In the 2060 base scenarios, the liquid fuel supply differs substan-
ially between being dominated by electrofuels if carbon sequestration
s scarce and by fossil fuels if there is ample carbon sequestration
apacity available (Fig. 5). With little carbon sequestration, the total
lectricity supply doubles compared to in the 2040 scenarios, while
ith ample carbon sequestration it increases by 30%. In both cases,

he additional electricity is covered mainly by solar PV and offshore
ind power and is mainly used for applications which today rely on
on-electric primary sources, i.e. supplying industry, heat and transport
ither directly with electricity or via producing hydrogen or methane
hich are used in those sectors.

Solid biomass is most cost-effectively used for CHP and industrial
eat to varying degrees depending on the scenario, and with ample
omestic biomass in 2060 also for producing some BioSNG. Biofuels
ake up a minor part of the biomass usage in all of the optimal cases

Figs. 4 and 5).
Now, optimal results may be rather sensitive to small perturbations

n the system [53,63] and therefore such results need to be handled
5

with care. The question is: to which extent does a diversion from the
optimal biomass usage and fuel supply affect system costs?

3.2. How is the system affected when biofuel mandates are introduced?

The cost increase due to biofuel mandates in the different scenarios
is shown in Fig. 6, both for the medium term (2040) and long term
(2060). The figure also shows violin plots of the span and distribution
of results from the parameter sensitivity analysis (Section 3.4).

A clear and general trend of increasing costs with increasing man-
dates can be observed, which is also robust to parameter variations.
The cost increase due to biofuel mandates is higher in 2040 than in
2060, due to a higher liquid fuel demand and a lower emissions target
in 2040.

The remaining demand for liquid hydrocarbon fuels is among the
most costly parts of the system to directly replace with renewables.
Thus, at a −80%-target in 2040, biofuel mandates substitute oil for
much more costly biofuels. The more ambitious emissions target of
−105% in 2060 requires measures to be taken also for the liquid fuel
supply, and thus the least-cost abatement option is more expensive
(either electrofuels or fossil fuels combined with CCS), while the value
of the competing usage of biomass for CHP and industry heat combined
with carbon capture also increases.

Fig. 6 also reveals that both the domestic biomass supply as well
as the carbon sequestration capacity have a clear impact on the cost
of biofuel mandates. The domestic biomass residues display low costs,
and thus a lower supply of these leads to more costly imported biomass

being needed when pursing higher biofuel mandates or more ambitious
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Fig. 4. Sankey diagram of fuel supply and solid biomass usage in the base scenarios for 2040. Naphtha is used as a feedstock in industry.
Fig. 5. Sankey diagram of fuel supply and solid biomass usage in the base scenarios for 2060. Naphtha is used as a feedstock in industry.
mission targets. The availability of carbon sequestration enables more
ossil fuels to be used, which are substantially lower cost than biofuels.
herefore, biofuel mandates increase costs more in scenarios with a low
iomass supply and with high carbon sequestration capacities.

Figs. 7 and 8 show the estimated costs broken down by fuel type,
osts from fossil liquid fuel emissions caused elsewhere in the system,
nd cost increases in other parts of the system due to redirecting
iomass usage to biofuel production. See Appendix B for the method
sed to calculate these values. For the analysis in Sections 3.2.1 and
6

.2.2, the fossil fuel emission cost is added to the fossil liquid fuel cost.
3.2.1. Are biofuels a cost-effective transitional solution?
Biofuels are sometimes put forward as a transitional solution to re-

duce the emissions of the transport sector until electrification achieves
high shares [5,64]. Despite the fact that a substantial electrification of
transport was assumed, the fuel demand in 2040 is estimated at 71% of
that in 2020 and corresponds to ∼30% of the resulting primary energy
demand.

The estimated cost of fuel supply (Fig. 7) in the optimal cases
amounts to 268–366 billion € if fossil fuel emission costs are included.

A biofuel mandate of 20% in 2040 results in a total cost increase
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Fig. 6. Total energy system cost increase compared to without a biofuel mandate. The vertical lines show the distribution from the sensitivity analysis for each biofuel share.
Fig. 7. Liquid hydrocarbon fuel cost [billion €/year] in the 2040 scenarios when pushing biofuels into the liquid fuel mix, at different biomass and carbon sequestration availability.
The opportunity cost denotes the additional cost induced elsewhere in the energy system when redirecting biomass to biofuel production, and the estimated fossil liquid fuel emission
cost likewise occurs in other parts of the energy system (both of which are striped).
of 9–57 billion € (Fig. 6), where the lower value represents the case
with high domestic supply of biomass. This corresponds to 2%–18%
of the fuel cost without a mandate. Mandates of 50% lead to cost
increases of 123–191 billion €, which corresponds to 34%–61% of the
fuel cost without a mandate. A mandate of 100% results in a very
large cost increase of 416–483 billion €. For comparison, the total
cost of transport fuels in the EU in 2018 is estimated to 282 billion €
Appendix C, so the cost increases are substantial.

3.2.2. Are biofuels a cost-effective long-term solution?
In the 2060 scenarios, the assumptions on electrification and switch

to hydrogen in this work entail that the liquid fuel demand decreases
to 36% of that in 2018 and amounts to ∼15% of the resulting primary
7

energy demand. Thus, enforcing a biofuel mandate as a share of the
demand has a smaller effect on the total system cost than in 2040.

The cost of fuel supply in the optimal cases amounts to 166–218
billion € if fossil fuel emission costs are included (Fig. 8). A 20% biofuel
mandate in 2060 results in a small cost increase of 2–8 billion € (Fig. 6),
which corresponds to 1%–4% of the fuel cost without a mandate. A 50%
mandate induces a cost increase of 21–33 billion €, where the lower
range is at an ample supply of domestic biomass. This corresponds to
11%–15% of the fuel cost without a mandate.

3.2.3. What drives the cost increase when biofuel mandates are introduced?
Redirecting biomass usage to biofuel production incurs several sys-

tem effects. Generally, fuel costs increase due to biofuels being more
expensive compared to both electrofuels and fossil fuels compensated
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Fig. 8. Liquid hydrocarbon fuel cost [billion €/year] in the 2060 scenarios when pushing biofuels into the liquid fuel mix, at different biomass and carbon sequestration availability.
The opportunity cost denotes the additional cost induced elsewhere in the energy system when redirecting biomass to biofuel production, and the estimated fossil liquid fuel emission
cost likewise occurs in other part of the energy system (both of which are striped).
with CCS (Figs. 7 and 8). The BtL process has a rather low con-
version efficiency and a high investment cost, even though rather
optimistic base values were chosen. Also, as there is a cost–supply curve
for biomass, the more biomass is demanded, the higher the cost is,
especially when expensive imports are needed.

Also, as the available biomass is used for fuel production it cannot
be used for industrial heat and CHP, which instead are covered by
other, more expensive options (direct electrification and methane).
Thus, there is an opportunity cost of using solid biomass for liquid
fuel production rather than for industrial heat and CHP (and at ample
domestic biomass also for BioSNG), as other options there are more
costly.

Furthermore, the potential for BECCUS is reduced, as a higher
share of the biomass carbon can be captured in stationary combustion
processes (assumed at 95%) compared to when producing fuels, where
only the carbon not ending up in the fuel can be captured (∼66%
at a conversion efficiency 𝜂 = 45%). This has two effects: there is
less biogenic carbon available for producing other hydrocarbons, and
other, comparatively more expensive measures are needed to reduce
emissions. Thus, more of e.g. biogas and power-to-methane are needed
to decrease emissions in the system, at a higher cost.

The actual fuel cost in fact even decreases somewhat in some cases
when biofuels from domestic biomass replace a share of the most
expensive electrofuels, but there is always a total cost increase due to
opportunity costs elsewhere in the system (Fig. 8). This reflects the
cost of alternatives for supplying industry heat and CHP as well as
carbon capture, and highlights the importance of covering the whole
energy system when assessing biomass usage. Conversely, high biofuel
mandates can also lead to slightly decreased costs for the rest of the
system due to less CCS being needed to compensate for fossil fuels, but
the overall system cost increases due to a substantially higher cost of
fuel supply.
8

3.3. Why are electrofuels preferred to biofuels when carbon sequestration
capacity is scarce?

The carbon used for producing the electrofuels stems from bioen-
ergy with carbon capture, i.e. the carbon atoms are used twice in
the system before being emitted to the atmosphere. This becomes
important in the cases with little available carbon sequestration: fossil
fuels cannot be compensated by CCS and DAC is more expensive, so
renewable carbon atoms need to be utilised efficiently.

Also, solar and wind power are substantially more scalable resources
than is biomass, and these serve as the main resources for producing
hydrogen for electrofuels. Electrolysers can be utilised flexibly and
thus run when electricity is cheaper. Thereby, they can also help solve
integration issues at high variable renewable shares [65–67], and thus
more variable renewables can be utilised cost-effectively.

3.4. Sensitivity analysis

The sensitivity of results to the 64 different parameter combinations
of pessimistic and optimistic technology assumptions as outlined in
Section 2.5 is assessed.

The sensitivity on the total cost increase due to a biofuel mandate
resulting from the varied parameters is substantial in all scenarios,
but they consistently show an increasing trend with higher biofuel
mandates leading to higher costs (Fig. 6). In 2040 the uncertainty is
especially substantial, with up to almost a doubling of the total energy
system cost at a 50% biofuel mandate, and up to almost a trebling at a
100% mandate.

The effect of the uncertainty of different parameters on the total
energy system cost is shown in Fig. 9. The ranges show the uncertainty
between pessimistic and optimistic parameter variations for each com-
bination of the other parameters. For example, assuming high prices
for fossil fuels in the optimal scenarios for 2040 compared to assuming
low prices yield a minimum of 17% total system cost difference, but it
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Fig. 9. Violin plot of the parameter sensitivity of the system cost difference between pessimistic and optimistic parameter values for each extreme parameter value combination,
at different biofuel shares in 2040 and 2060. This is shown in cases of low and high domestic biomass and low and high carbon storage potentials. The shaded areas show the
distribution density of the outcome for a specific parameter when all other parameters are varied.
can yield a 33% total system cost difference, depending on the values
of the other parameters. Thus, a violin that is placed further to the right
of the diagram means that the parameter in question is more important
for the cost.

The parameter with the largest effect on the system cost is the
investment cost and efficiency of Fischer–Tropsch, which affects both
BtL and electrofuels. The effect increases with increasing mandates. The
difference between pessimistic and optimistic values amounts to up to
around 60% of the total energy system cost at a 100% biofuel mandate
in 2040, or up to around 40% in 2060.

The biomass import price has an effect especially at higher biofuel
mandates, and more so in 2040 than in 2060, due to a higher fuel
demand. In the optimal cases, the import price has barely any effect.
This highlights that biomass imports do not play a role in any of those
cases, despite the lower biomass import price being set to near current
solid biomass prices. At increasing biofuel mandates however, biomass
imports are needed.

The effect of the fossil fuel price uncertainty on the total energy
system cost amounts to up to around 30% in the optimal cases in
2040, and decreases with higher biofuel mandates. Fossil fuel prices
and carbon storage costs have an effect in 2060 only if there is am-
ple carbon sequestration capacity, since very limited fossil usage and
carbon sequestration is allowed when carbon sequestration capacity is
scarce.

In 2040, both carbon capture and carbon storage play a minor role
and thus show little effect on total costs. The cost of carbon capture
shows a minor effect also in 2060, while carbon storage cost uncer-
tainty amounts to up to 13% of the total cost if carbon sequestration
capacity is large. The cost and efficiency of electrolysis shows an effect
of up to 10% on the total cost in both 2040 and 2060. The uncertainties
of carbon storage, capture and electrolysis exhibit similar patterns
across all cases and are thus independent of biofuel mandates as well
as of the target year.

4. Discussion

In this section, we first compare the results to other studies, then
discuss different factors affecting biofuel mandates.

4.1. Comparison to other studies

Most previous studies on the subject of optimal use of biomass in the
energy system have been performed using models lacking the spatio-
temporal resolution needed to represent VRE and electrolysis [44,45],
and therefore their interplay cannot be well represented in such studies.
9

Using the TIMES model with a low temporal resolution, Blanco
et al. [43] assessed hydrogen usage options including electrofuels to
find that carbon sequestration capacity (and thus the possibility to
continue using fossil fuels), biomass availability (which limits the green
CO2 available for electrofuel production) as well as technology costs
determine the competitiveness and potential of electrofuels. These find-
ings align with the results presented here. Solid biomass is primarily
used for hydrogen production (which was allowed but did not show up
in our results) and electricity generation unless carbon sequestration is
not allowed, in which case biofuel production ends up as the main solid
biomass usage option, in contrast to our results.

Similarly to our results, Lehtveer et al. [12] find that a scarcity
of carbon sequestration capacity is decisive for the competitiveness of
electrofuels. They, however, find electrofuels to be less cost-competitive
than biofuels in most cases. The contrast to the results in this work can
at least partly be explained by substantially higher assumed costs for
VRE and electrolysers (with many cost assumptions for VRE for 2050
being above current actual costs), while biomass and biofuel conversion
costs are very similar.

Millinger et al. [19] assessed renewable fuel competition in Ger-
many and found that electrofuels were cost-competitive to biofuels
in the long term (2050), and necessary for achieving high renewable
shares in transport, in line with the results presented here. The avail-
ability of excess renewable electricity and dwindling carbon sources
were found to limit the electrofuel production potential, similar to in
this study.

Other energy system studies which include electrofuels were not
found [40–42,68], which makes comparisons to this study difficult.
Many IAM studies arrive at the result that high carbon sequestration
capacities enable a continued high use of fossil fuels in transport, in
which case biofuel usage is low [12,41,42]. The usage of biomass for
fuel production rather than for bioelectricity is sometimes determined
by whether it can be combined with CCS or not [40,41]. IAM studies
sometimes arrive at a high penetration of biofuels and sometimes
low [41,42,68], depending on e.g. if CCS is possible to combine with
bioliquid production, but also other model-specific assumptions [41].
However, as electrofuels were not included, the results cannot be
directly compared with this study. In contrast, Bogdanov et al. [50]
performed an energy system study with a high spatio-temporal resolu-
tion which included electrofuels, but biofuels as well as BECCS were
excluded and thus results cannot be compared to this study.

4.2. Other factors affecting biofuel mandates

Biomass residues are a limited resource, and the domestic biomass
residues assumed to be available in this study could only cover a part
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of the liquid fuel demand, even if it were all used for biofuels and
despite assuming an ambitious electrification of transport. Within these
bounds however, some factors are discussed below, which may affect
the competitiveness of using the limited biomass for producing biofuels,
or are relevant to biofuel mandates.

4.2.1. Biofuel production and biomass resource base
In the sensitivity analysis, the most sensitive parameter was found

to be the cost and efficiency of Fischer–Tropsch processes. In the base
case, these parameters were set to figures in the optimistic part of the
range established based on literature [69–71]. Even if a further 25%
cost reduction is assumed, a 50% biofuel mandate still always resulted
in a higher system cost than in the case without a mandate.

In this study, biomass supply costs are used for the domestic
biomass. However, especially for goods such as solid biomass that
are tradable on the global market, there is an opportunity cost of
not selling the biomass to the market price, which is affected by,
e.g., biomass scarcity and the versatile biomass usage potential to
achieve emissions targets [72]. This means that the biomass supply cost
here is underestimated, and using market prices for biomass would thus
increase the cost of biofuels.

Excessive residue extraction may influence soil carbon stocks nega-
tively, but some uses of residues and waste for energy can facilitate
recirculation of carbon to soils and can also reduce methane emis-
sions [73]. In the modelling, the use of biomass residues is assumed
to be carbon neutral.

Additional biomass resources could increase the potential for cost-
competitive biofuels. The main biomass sources excluded in this study
are oil-rich food wastes and crops for which the potential is relatively
low compared to the demand for liquid fuels [17,33]. The reliance
on food crops for bioenergy is being decreased in the EU due to
sustainability concerns [14–16], but biomass from forests and from
dedicated cultivation of lignocellulosic crops in agriculture represent
potentially significant domestic resources that can complement residues
and waste [74–77]. Appropriate integration of new biomass produc-
tion systems into forestry and agriculture landscapes can help reduce
environmental impacts of current land use while providing biomass
for energy and enhancing carbon storage in vegetation and soils [77–
80]. However, we included only residues and waste since EU policies
emphasise such resources.

4.2.2. Limitations for electrofuel production and CCS
Electrofuels rely on a low-carbon source of electricity for hydrogen

electrolysis, and a renewable source of carbon, which are both limited
today and may be so also in the foreseeable future [19,20].

Achieving the high electricity generation and carbon capture and
storage capacities in Europe required for negative emission scenarios
is an unprecedented challenge [35]. If domestic electricity generation
capacities are limited, electrofuels may instead be imported from re-
gions with high solar and/or wind potentials and less land constraints,
possibly produced at a lower cost than domestically [81,82].

The difference in total cost between the scenarios with low and high
carbon sequestration capacity in this study is small, despite the large
difference in fuel mix (Fig. 8) as well as in the resulting VRE capacities
(Table 4), and deserves further attention in future work. A continued
reliance on fossil fuels which are compensated by CCS or other CDR
measures involves risks and is subject to controversy [83–86].

In this study, only carbon capture of process emissions was included.
Several other CDR options exist but were out of the scope of this
study, notably land-based options such as afforestation and reforesta-
tion (A/R), biochar, soil carbon sequestration, and BECCS relying on
other biomass sources than the ones included in this study [87–89].
A/R can provide CDR via carbon sequestration in vegetation and soils
while at the same time providing biomass for various purposes includ-
ing bioenergy and BECCS [88,89]. But A/R may also take forms that
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compete for land with bioenergy options, e.g. revegetation to establish
natural ecosystems not intended for biomass harvest [88,89]. A/R may
also result in a higher GHG abatement than energy crops used to replace
fossil fuels [90], but short-rotation forests may become cost-effective at
higher carbon prices [91]. An analysis of such competitions is out of the
scope of this study.

4.2.3. Electrification of transport and hydrocarbon demand
The high costs and conversion losses involved when producing

hydrocarbon fuels, regardless of pathway, render hydrocarbon fuels
one of the most costly parts of the energy system. In the scenarios,
substantial additional VRE capacities and biomass are needed to cover
for this , despite high electrification shares of road transport. Hydro-
carbon demand reduction could therefore decrease energy system costs
substantially.

An endogenous optimisation of the vehicle park in the transport
sector was not included in this study, for several reasons: in the land
transport sector, the choice of vehicle is not subject to a simple cost-
minimisation, but is a function of e.g. agents’ desire for flexibility for
occasional longer journeys, status and availability of charging infras-
tructure, as well as being subject to combustion engine bans [3], and
vehicle fleet inertia [4]. The high cost and resource need of renewable
liquid fuels found in this study, as well as decreasing costs and supreme
efficiency of EVs compared to ICEVs (ICEVs run on electrofuels require
∼5-7 times the amount of electricity per kilometre [92]) render EVs
a highly competitive option. Future studies with PyPSA-Eur-Sec are
underway to assess this topic.

In navigation, substantial energy efficiency improvements were as-
sumed. H2 was assumed to cover 70% of the energy demand by
2060 [59]. This is of course highly uncertain, as are aviation demand
projections [93]. In aviation, no H2 or electrification was assumed.
Higher shares of EVs or H2 or an overall lower demand in these
sectors would decrease the liquid hydrocarbon fuel demand, and thus
decrease the cost of biofuel mandates. However, demand for aviation
and navigation may also increase more than assumed here, thereby
increasing the cost of biofuel mandates.

4.2.4. Cost-competitiveness of biomass usage in industry and CHP
The cost-competitiveness of biomass usage for process heat in in-

dustry would be affected by a cheaper than expected electrification
of industrial process heat. Industrial heat pumps for steam genera-
tion could be a competitive option [94,95], but it is uncertain to
which extent they are a viable option for process steam [96]. In
medium and high temperature applications, electrification is possible,
but the uncertainty increases with the required temperature and op-
tions are currently in experimental or pilot stages of technological
readiness [96]. Many processes such as steel production were assumed
to be electrified to a high extent in this study, but we were conservative
with electric options for process heat due to the above uncertainties.
A sensitivity run where heat pumps for process steam were included
resulted in biomass still being preferred for process steam. This, how-
ever, depends on the assumed COP, which depends on temperature
differences to the heat sink; this is process specific and outside of the
scope to assess in more detail here.

Biomass or other flexibility options are needed for CHP especially
during cold dark doldrums, when both heating and electricity are
needed but solar PV and wind generate little, and heat-pumps are less
efficient [c.f. 56]. Biomass for CHP appears without carbon capture in
the 2040 scenarios. In a sensitivity analysis where BECCS was turned
off for all technologies, CHP still appeared in 2060, to a similar extent
as with BECCS turned on. Thus, this flexibility option provides an
important system service and is not only due to the higher potential for
BECCS compared to when producing biofuels. Other flexibility options
for generation, such as batteries as well as heat and hydrogen storage
are included in this study. A back-up system relying on renewables and
not fossils is necessary at more ambitious emission targets, and biomass
turns out to be a potentially cost-effective candidate for this. Note that
CHP requires a district heating grid, which was restricted to current
shares on a country level.
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4.2.5. Policy and co-benefits?
Even though renewable fuel shares turned out low at an 80%

emission reduction, as other measures to achieve the targets were less
costly, there are still arguments for supporting such options earlier.
Since the development of renewable fuels requires several parts in the
supply chain to function, it may take time to set up the necessary
infrastructure and logistics.

This goes for the here assessed biofuels based on gasification of
solid biomass residues, which require the mobilisation of currently
unused biomass residues [18] as well as the investment in costly biofuel
production facilities [69]. It goes just as well for electrofuels, which
require large amounts of clean electricity and a carbon source, as well
as costly production facilities [19].

Pursuing a renewable fuel mandate which exceeds the future fuel
demand in a shrinking market and with a changing fuel mix may
present a risk of stranded assets for investors unless other markets
arise. Uncertainties along the value chain and regarding sustainability
issues and future prices add further risk to investments. This hinders
the development of renewable fuels, and thus directed policy (such as
fuel blending mandates) may be warranted as a complement, even if
a first-best cap-and-trade or tax policy is implemented for the whole
energy system [21,23,97].

A general view is that technologies should be supported to address
two market failures: the external costs of GHG emissions as well as of
learning effects, which lead to an underestimation of future benefits or
that they are not appropriated by the investor [21,23]. Does this apply
to biofuels?

Although the conversion technology may need time to develop,
the biofuel price depends on both the investment and the resource,
in contrast to e.g. for VRE. Biomass scarcity and the competitiveness
of other biomass usage options may lead to biomass price increases
which surpass investment cost reductions achieved through learning
effects [98]. Thus, even though production costs might be reduced [99],
it is uncertain whether supporting advanced biofuels paves the way for
a promising technology in terms of cost reduction potentials (see [68]
for a similar argument).

However, there may be co-benefits and spillover effects between
BtL and electrofuels, since they are both based on the FT-process.
Thus, also the electrofuel process may improve in terms of cost and
efficiency if BtL improves. It is also possible to combine biofuel and
electrofuel production (for instance as electrobiofuels where biofuels
are produced with a hydrogen addition, thereby using the biomass
carbon more efficiently [19,100]), or to reuse biofuel facilities for
electrofuel production. It may also stimulate a transition to producing
renewable chemicals in biorefineries. Therefore, supporting biofuels to
some extent may still be a sensible investment in terms of research and
development, as well as for setting up value chains and stimulating the
mobilisation of currently unused biomass residues.

Nevertheless, care needs to be taken to ensure that production
is indeed able to switch over time as outlined above as well as to
accommodate for a changing fuel mix, in order to avoid infrastructural
lock-in effects. Institutional lock-ins related to actors with vested in-
terests [101] may also present a challenge in this regard, if biomass
streams are first stimulated and then directed away from renewable
fuel production [102].

4.3. Critical appraisal

This study assesses the role of biofuels in the full energy system
with an explicit representation of VRE and electrofuels, which enables
a systems analysis of the trade-offs of focusing biomass usage for
producing biofuels. Some model related aspects and limitations deserve
mentioning.

A country-level spatial resolution was chosen for computational
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reasons and deemed appropriate for the assessed research question. f
A transport model for electricity transmission was used which is suit-
able at this resolution [103]. Initial assessments show that the main
results are insensitive to moderate variations in the choice of temporal
resolution.

A limitation compared to IAM studies is the lack of an explicit
representation of agriculture and forestry, and the lack of a global
trade model. An expansion of the system boundaries to encompass the
land use system would more accurately capture emission flows related
to biomass, as well as capture the competition between BECCUS and
land-based CDR measures such as A/R.

A spatially explicit representation of carbon storage locations and
of infrastructure for CO2 transport was not considered and should be
pursued in further work.

The modelling was performed for Europe but can easily be scaled
to e.g. the country level. The model can also be transferred to other
regions given the availability of data.

5. Conclusions

This work focuses on the competition for liquid fuel supply under
CO2 emission reduction targets, and the effects of biofuel mandates on
the cost of the future European energy system.

Results indicate that in the medium term (∼2040) VRE and a partial
lectrification of transport, heat and industry would suffice to achieve a
80% emission reduction target cost-effectively. This would allow for
continued use of fossil fuels for the remaining liquid fuel demand,
hich is among the most costly parts of the system to directly cover
ith renewables. Introducing a biofuel mandate of 20% resulted in
cost increase corresponding to 2%–18% of the fuel cost without a
andate. A 50% mandate resulted in a cost increase of 123–191 bil-

ion € depending on the scenario, or 35%–62% of the fuel cost without
mandate, with an uncertainty range due to parameter variations of

9–455 billion €.
In the long term (∼2060), liquid fuel demand is expected to be

ubstantially lower due to electrification, and at a negative emissions
arget (−105%) liquid fuels must be either renewable or compensated
y CDR. However, biomass use for industry and CHP allows for more
arbon capture than when producing biofuels, and this enables carbon
toms to be used several times in the system. Also, CHP emerged as an
mportant flexibility option for heat and electricity supply. Electrofuels
ased on captured biogenic carbon emerged as the main fuel if carbon
equestration availability was low, while fossil fuels compensated by
ECCS emerged if carbon sequestration availability was high. Notably,
he difference in total cost was merely 3%–4% between these two
ystems, but VRE capacities differed substantially, with e.g. solar PV
apacities ranging between 1.5 and 2.9 TW𝑝 and offshore wind between

0.3 and 0.8 TW𝑝. In this case, a 50% biofuel mandate increased the
otal energy system cost by 21–34 billion € depending on the scenario,
orresponding to 11%–15% of the fuel cost without a mandate, with
n uncertainty range due to parameter variations of 0–100 billion €.

We conclude that even low biofuel mandates risk increasing to-
al energy system costs substantially, and that this cost increase is
igher if biofuel mandates are employed in the short- to medium term.
iofuel mandates were found to increase system costs across a range
f parameter variations and scenarios. The cost drivers are: (i) high
iomass costs due to scarcity, (ii) opportunity costs for competing
sages of biomass for industry heat and combined heat and power with
arbon capture, and (iii) lower scalability and generally higher cost for
iofuels compared to other abatement options (electrofuels and fossil

uels combined with CDR).
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Appendix A. Carbon balances of fuels

Solid biomass carbon dioxide uptake from atmosphere, with %C𝑠𝑏
= 50%, e𝑠𝑏 = 18 GJ/t, mCO2

/m𝐶 = 44/12 (Eq. (A.1)):

𝜀𝑠𝑏𝑎𝑡 = −%𝐶𝑠𝑏 ⋅
3.6
𝑒𝑠𝑏

⋅
𝑚CO2

𝑚𝐶
(A.1)

Liquid fuel carbon dioxide emission [tCO2/MWh] at full combustion
for diesel and methane based on -CH2- simplification and 𝑒CH2

= 44
GJ/t LHV for diesel, and 𝑒CH4

= 50 GJ/t LHV for methane (Eq. (A.2)):

𝜀𝑓𝑢 =
3.6
𝑒CH𝑥

⋅
𝑚CO2

𝑚CH𝑥

(A.2)

The carbon share ending up in the fuel 𝐶𝑓𝑢 : 𝐶𝑖𝑛 can be estimated
by Eq. (A.3).

𝐶𝑓𝑢 ∶ 𝐶𝑖𝑛 = 𝜂 ⋅
𝜀𝑓𝑢
𝜀𝑠𝑏

(A.3)

The rest is assumed to end up as CO2, of which a part 𝜀𝑠 is separated,
captured and stored with an efficiency 𝜂𝜀, with the remainder 𝜀𝑣 being
vented as CO2 to the atmosphere in the exhaust gas.

The biogas produced from digestible biomass is assumed to contain
60 vol-% CH4 (𝑒 = 50 GJ t−1, 𝜌 = 0.657 kg/m3

𝑛) and 40 vol-% CO2 (𝜌 =
1.98 kg/m3

𝑛), which calculates to 0.0868 tCO2/MWhCH4
. The feedstock

input potentials and costs for biogas are given for MWh , and thus
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CH4
c

MWh𝑖𝑛 = MWh𝑜𝑢𝑡 for the carbon balance calculations. Thereby the C-
content in the slush can be omitted, thus avoiding system boundary
issues with the agricultural sector (see Table A.5).

The carbon balance equals zero (Eq. (A.4)):

𝛥𝜀 = 𝜀𝑎𝑡 + 𝜀𝑠 + 𝜀𝑣 + 𝜀𝑓𝑢 ⋅ 𝜂 = 0 (A.4)

For the Fischer–Tropsch and methanation processes based on H2 and
CO2 inputs, the CO2 is assumed to be cycled within the process, and
thus the input–output-ratio of carbon is unity, bar CO2 leakage.

Appendix B. Estimating fuel supply cost

It is challenging to isolate the liquid fuel (or any other) part of
the system cost, since electrofuels are interlinked with the electricity
system and both electrofuels and biofuels are connected via carbon
capture. Electrolysers are flexible and thus use electricity when it is
cheaper.

We provide an estimate for the electricity cost carried by elec-
trolysers as follows. The total electricity cost is the sum of 𝐶𝑒𝑙

𝑗,𝑖 for
ll technologies 𝑗 ∈ (𝑔, 𝑡𝑛) (electricity generators 𝑔 and transmission
nfrastructure 𝑡𝑛). The total load-weighted electricity price paid by elec-
rolysers (electrolyser 𝑘 electricity demand 𝛿𝑒𝑙𝑖,𝑘,𝑡 multiplied by electricity
rice 𝑝𝑒𝑙𝑖,𝑡) is divided by the total load-weighted electricity price paid
electricity production from each generator 𝑗, multiplied by price 𝑝𝑒𝑙𝑖,𝑡)
or each time step 𝑡 and node 𝑖. This provides a weight with which the
ost of electricity carried by electrolysers is derived.

The share of H2 used for electrofuel production is calculated by
ividing the electrofuel H2 demand 𝛿H2

𝑖,𝑗,𝑡 for all electrofuel technologies
∈ 𝐹𝑒, by the total H2 production 𝜋H2

𝑖,𝑡 . The cost of H2 (including elec-
tricity, electrolyser capital costs and H2 pipeline costs 𝐶𝑗∈H2

) is assigned
to electrofuels by the share of H2 used for electrofuel production.

The CO2 shadow price 𝑝CO2 is used as the cost of CO2 input for
electrofuels 𝛿CO2

𝑗 with 𝑗 ∈ 𝐹𝑒. The total cost calculation is shown
in Eq. (B.1).

𝐶𝐹𝑒
𝑡𝑜𝑡 =

∑

𝑖
𝐶𝐹𝑒
𝑖 +

∑

𝑖,𝑗∈𝐹𝑒 ,𝑡 𝛿
H2
𝑖,𝑗,𝑡

∑

𝑖,𝑡 𝜋
H2
𝑖,𝑡

(

∑

𝑗,𝑖
𝐶𝑒𝑙
𝑗,𝑖

∑

𝑖,𝑡 𝛿
𝑒𝑙
𝑖,𝑘,𝑡𝑝

𝑒𝑙
𝑖,𝑡

∑

𝑖,𝑡 𝜋
𝑒𝑙
𝑖,𝑗,𝑡𝑝

𝑒𝑙
𝑖,𝑡

+
∑

𝑗
𝐶𝑗∈H2

)

+
∑

𝑗∈𝐹𝑒

𝛿CO2
𝑗 𝑝CO2 (B.1)

The cost of solid biomass 𝑏𝑠 used to produce biofuels is assigned to
the biofuels by the amount of solid biomass used for biofuels 𝛿𝑏𝑠𝑗∈𝐹𝑏 ,𝑖,𝑡,

ith 𝑗 ∈ 𝐹𝑏, divided by the total amount of solid biomass used 𝜋𝑏𝑠
𝑖,𝑡 . This

s added to the capital cost of biomass to liquid 𝐶𝐹𝑏
𝑖 (Eq. (B.2)).

𝐹𝑏
𝑡𝑜𝑡 =

∑

𝑖
𝐶𝐹𝑏
𝑖 +

∑

𝑖,𝑗∈𝐹𝑏 ,𝑡 𝛿
𝑏𝑠
𝑖,𝑗,𝑡

∑

𝑖,𝑡 𝜋
𝑏𝑠
𝑖,𝑡

∑

𝑖,𝑡
𝐶𝑏𝑠
𝑖,𝑡 (B.2)

The CO2 shadow price 𝑝CO2 is used as the cost of CO2 emissions for
fossil fuels 𝜀CO2

𝑖,𝑗,𝑡 with 𝑗 ∈ 𝐹𝑓 (fossil fuels), see Eq. (B.3), but is shown
separately and not directly assigned to the cost of fossil fuels.

𝐶
𝐹𝑓
𝜀 =

∑

𝑗∈𝐹𝑓 ,𝑖,𝑡
𝜀CO2
𝑖,𝑗,𝑡 𝑝

CO2 (B.3)

All of the reassigned costs are subtracted at the appropriate place
lsewhere in the system. An opportunity cost is calculated as the total
nergy system cost increase compared to the base cases, minus the fuel
ost difference compared to the base cases. This can sometimes leads
o negative opportunity costs, i.e. the rest of the energy system is less
ostly compared to in the base case.



Applied Energy 326 (2022) 120016M. Millinger et al.
Table A.5
Carbon balances of bioenergy options. Dig. = digestible.

Type e 𝜂 𝜀𝑎𝑡 𝐶𝑓𝑢 : 𝐶𝑖𝑛 𝜀𝑠 𝜀𝑣 e𝑓𝑢 𝜀𝑓𝑢
GJ/t tCO2/MWh𝑖𝑛 % tCO2/MWh𝑖𝑛 tCO2/MWh𝑖𝑛 GJ/t tCO2/MWh

BioSNG solid 18 0.7 −0.3667 37.8 0.2235 0.0046 50 0.198
BtL solid 18 0.4 −0.3667 28 0.2585 0.0053 44 0.2571
Biogas dig. – 1 −0.198–0.0868 69.5 0.085064 0.001736 50 0.198
Table C.6
Costs and demands of different transport fuels in 2018.

Cost Energy density Demand 2018 Total cost
€/l MJ/l TWh billion €

Gasoline 0.56 33 1083 61
Diesel 0.61 36 2528 168
Fuel oil 0.44 39 629 26
Jet fuel 0.44 35 612 28

𝛴 282

Appendix C. Liquid fuel cost today

The Eurozone weighted average consumer price of Euro-super 95
(gasoline) in 2019 was 0.56 €/l excluding taxes and levies, 0.61 €/l for
diesel and 0.44 €/l for low-sulphur fuel oil [104]. The average price of
jet fuel was 0.44 €/l [105], and the share of diesel in road transport was
around 70% in 2018 [106]. The total cost of transport fuels in 2018 is
estimated at 282 billion €, based on the data summarised in Table C.6.

Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apenergy.2022.120016.
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