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Abstract

Background Policymakers are tasked with both driving the rapid expansion of renewable energy technologies and,
additionally channelling the limited national potential of biomass into areas where it can provide the greatest benefit
to the energy system. But do current policy instruments promote the use of biomass in these areas? As biomass

is limited, its use must be sustainable without leading to further biodiversity loss or depleting forest or soil resources.
In this study, short-term energy scenarios are generated using the BenOpt model, which take into account both cur-
rent and alternative policy instruments under limited biomass utilisation. The results are compared with long-term,
cost-optimal energy scenarios for the use of biomass.

Results The analysis reveals that the instrument of a GHG quota does not promote the use of biofuels in hard-to-
electrify areas of the transport sector, where they should be cost-optimally allocated according to long-term energy
scenarios. Biofuels are promoted for use in passenger road transport and not in the shipping or aviation sector. In
contrast, alternative policy scenarios indicate that the sole instrument of a high CO2 price is more conducive to direct
electrification and could displace more fossil fuels by 2030 than the GHG quota alone. This instrument also promotes
the optimal use of biogas plants in the power sector in accordance with long-term cost-optimal developments.

Conclusions The instrument of a GHG quota might lead to counterproductive developments in passenger road
transport, but it also helps to ramp up the biofuel capacities required in shipping and aviation in the long term.
However, it does not provide the necessary incentives for the ramp-up of battery electric vehicles, which would be
the cost optimal solution in passenger road transport according to the long-term scenarios. Even though alternative
policy scenarios show that the sole instrument of a high CO2-price is more conducive to direct electrification, a high
CO2 price alone is not enough (e.g. in the heat sector) to promote the efficient use of biomass instead of simply cov-
ering the base load demand.
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Background

Global climate change is forcing all nations to phase out
fossil fuel-based energy generation in the power, heat and
transport sectors. As a result, politicians need to estab-
lish strategies to drive forward the expansion of renew-
able energies. In Germany, the lion’s share of energy
will have to be generated from wind and photovoltaics
(PV) in the long term [1-6], however the current pic-
ture is a far cry from the envisioned future targets. Cur-
rently, bioenergy makes up a substantial proportion of
the renewable energies in Germany, primarily because it
is consumed on a decentralised basis in the heating sec-
tor [7]. Unfortunately, biomass is often used inefficiently
to heat private households or it is used in small-scale
plants to provide base-load electricity. This, however, is
expected to change. Studies show that the limited bio-
mass potential in Germany should be used in areas that
are difficult to electrify, for peak load coverage in the
heat sector, or for flexible provision of electricity in the
long term [3-6, 8—10]. Hard-to-electrify sectors include
high-temperature heat applications, aviation, shipping
and heavy-duty vehicles. Furthermore, biomass can also
play an important role in hybrid heat supply concepts to
cover peak load demand in the winter or as a flexibility
option in the power sector to cover part of the residual
load. Alternatives to these applications are green H2 (in
accordance with the national hydrogen strategy [11]),
other PtX solutions, or, where feasible, costly direct elec-
trification solutions. In this context, it should be noted
that the national biomass potential is limited and its use
must be sustainable without leading to further biodiver-
sity loss or depleting forest or soil resources. Accord-
ing to the cornerstone paper on the national biomass
strategy, if there is a demand for biomass beyond the
nationally sustainable potential, this demand should be
covered by sustainable imports. Here, telecoupled land-
use change, socioeconomic and ecological effects, the
impact of seasonality and climate change on yields in the
countries of origin as well as fair global distribution need
to be taken into account [12—15]. These guidelines should
also apply to the import of green H2 and its derivatives. It
should be noted, however, that imports always entail the
risk of ecological damage [16, 17].

Thus, policymakers need to promote the rapid expan-
sion of renewable energy technologies and simultane-
ously channel the limited national biomass potential
into areas where it can provide the greatest benefit to
the energy system. Various instruments have been estab-
lished in Germany to achieve the ramp-up of renew-
able technologies. These instruments are generally open
to all renewable technologies. Consequently, biomass
and bioenergy are addressed by an abundance of instru-
ments. In the electricity sector, target percentages have
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been established for renewable energies. These are to
be achieved through the implementation of a European
trading scheme for CO2 certificates and through support
measures for the produced electricity as defined in the
Renewable Energy Sources Act [18]. In the heating sec-
tor, target values are in place for shares of renewables,
as well as national CO2 trading scheme and investment
subsidies. In the road transport sector, a binding green-
house gas (GHG) quota based on RED II has been imple-
mented and, as in the heating sector, a national CO2
price has been set. These instruments all aim to increase
the proportion of renewable energies and to replace fos-
sil energies. However, the question arises as to whether
these instruments also promote the use of biomass in
areas which are particularly beneficial for the system,
or whether the valuable biomass is used less efficiently?
Do the implemented political instruments lead to a cost-
optimal transition path for biomass by 2050?

Naturally, the implemented political instruments need
to be constantly adjusted and are regularly under discus-
sion. Currently, a revision of the EU Renewable Energy
Directive is under discussion (RED III) [19] and the Euro-
pean Parliament and Council recently agreed on regula-
tions for using greener fuels in the aviation and maritime
sectors (part of the "Fit for 55” package) [20, 21]. Addi-
tionally, due to the Russian war of aggression on Ukraine,
the energy mix (e.g. the consumption of natural gas),
and as a consequence, energy prices, have changed sig-
nificantly, leading to an unpredictable development of
energy trends up to 2030.

The German Environmental Agency analysed the
effects of current policies on the energy system and the
development of future emissions [22]. With regard to the
utilisation of biomass, the study concludes that the cur-
rent instruments are causing demand for biomass to rise
substantially and that imports of solid biomass in par-
ticular could increase significantly as a result. This study
does not focus on the specific areas where these bio-
mass quantities are being utilised. On the contrary, our
study especially focuses on the question of whether these
instruments channel biomass into the areas of applica-
tion with the greatest benefit to the system. It does so
by comparing them with long-term cost-optimal energy
scenarios. By formulating short-term scenarios in an
optimisation setting, it is shown how the political instru-
ments affect the cost-optimal distribution of biomass
in the energy system. Numerous scenarios, which are
intended to capture the uncertainties up to 2030, reveal
in detail where there is a cost-optimal use of the limited
biomass in Germany in the energy system under the sce-
nario settings. Furthermore, a detailed comparison is
made between these short-term policy scenarios and the
long-term energy scenarios, identifying the cost-optimal
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allocation priorities of biomass in the energy system up
to 2050. These long-term scenarios have been outlined in
previous studies [9, 10].

Methods

This study uses the Bioenergy Optimisation (BenOpt)
model to analyse short-term energy scenarios. The
BenOpt model, technology data, biomass resources,
price assumptions and the development of future energy
demands have been comprehensively described in pre-
vious publications [9, 10, 23-26]. The latest version
of the model, which is also used in this study, has been
described in [9]. Consequently, the Methods section will
only provide a brief overview of the model and will focus
on integrating policies into the model, especially the inte-
gration of the GHG quota in the transport sector. The
design of the scenarios and their different parameters are
also described in detail.

The BenOpt model and the implementation of current
policies

BenOpt is a classic bottom-up energy system optimi-
sation model, as they are used in many cases to provide
policy insights [27]. The design of BenOpt follows the best
practice guidelines described by [28]. BenOpt focuses on
analysing the future role of the limited biomass poten-
tial within the future German energy system. Hence,
the degree of detail with regard to biomass feedstocks,
bioenergy technologies and the relevant demand sec-
tors is high. BenOpt models the competition in 19 heat
sub-sectors and, 8 transport sub-sectors as well as the
provision of residual load in the power sector. For each
sub-sector, representative options are defined for fos-
sil, bioenergy and alternative renewable technologies to
meet the demand [23, 29]; see also Sec. 2.2.1 in [9]. In
addition to monovalent systems, hybrid heat supply con-
cepts were also defined for the heat sector [30]. For fur-
ther details on the sectors see Sec. 2.1 of [9]. The limited
biomass potential (over 30 types of biomass) is described
in detail in Sec. 2.1 and 2.2.2 of [9] and can be freely allo-
cated over all sectors within the optimisation model. Mar-
ket prices for the different types of biomass as well as for
fossil fuels and other materials, were compiled from vari-
ous statistical databases, details of which can be found
in the supplementary material and in Sec. 2.3 of [9]. No
differentiation was made between domestic and import
market prices. As the research focus is on biomass and
bioenergy, BenOpt relies on data from external studies for
other aspects, such as the development of future energy
demands in each sub-sector, infrastructure developments,
and the future expansion of wind and photovoltaics [1,
31]. For further details, see Sec. 2.1 of [9].
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The model is fully deterministic and uses perfect
foresight. Total system costs from 2020 to 2030 are
minimised, while fulfilling the demand and scenario con-
straints. The allocation of technologies, fuels and feed-
stocks is internally optimised. For further details see
Sec. 2.1 of [9]. The time horizon of the BenOpt model in
this study is 11 years (from 2020 to 2030) with a yearly
resolution in the heat and transport sector and an up-to-
hourly resolution in the power sector. GAMS is used as
a programming environment in combination with MAT-
LAB. Since BenOpt is a linear programming model, the
CPLEX solver has been chosen for GAMS.

In this study, we do not model long-term cost-optimal
transformation pathways under the condition of fulfilling
the climate targets by 2045. Instead, we investigate the
effect of political instruments on the role of biomass in
the energy transition up to 2030. Thus, political instru-
ments had to be implemented into the model. For the
heat and power sector, minimum shares of renewable
technologies are to be achieved; see Table 2. This is sim-
ply integrated into the model, with the production of all
renewable technologies in these sectors needing to be
greater or equal to the target value. However, this is not
as straightforward for the transport sector, as there is a
detailed procedure for accounting renewable fuels in the
GHG quotas. In this study, the focus lies on integrating
the GHG quota requirements defined by RED II into the
BenOpt model for the German road transport sector.

National implementation of RED ||

The government has defined clear targets in the road
transport sector for the total GHG quota in Germany.
In the proposed GHG quota instrument, multi-counting
factors are pivotal components, through which poli-
cymakers rank the significance of one technology over
another, thereby effectively increasing the share of renew-
able energies. Table 1 shows the target values defined by
RED II which amount to 25% in 2030. Table 1 also lists
the minimum and maximum quotas for advanced bio-
fuels, conventional biofuels, biofuels from used cooking
oils (UCO) and animal fats, and for the use of PtL kero-
sene. Conventional biofuels are produced from energy
crops that can also be used for food or feed. In contrast,
advanced biofuels are produced from residues, wood and
energy crops that cannot not be used for food or feed
(e.g. perennial crops such as Miscanthus).

The total GHG-quota is basically calculated from the
ratio of the (real) emissions ¢ in the transport sector
(the numerator in the formula of Eq. 1) over a reference
value " (the denominator). A simplified version of the
formula is shown in Eq. 1. The actual accounting of differ-
ent fuel types varies, details of the formula and its expla-
nation for calculating the total GHG-quota from 2022
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Table 1 Cornerstones for the national implementation of RED Il in Germany for the transport sector as a percentage of CO2 emissions
(total GHG-quota) or energy quantities (all others) [32, 33]

Notation 2022 2023 2024 2025 2026 2027 2028 2029 2030

Total GHG-quota (minimum quota) GHG™Mn 7% 8% 9.25 105%  12% 145% 175% 21% 25%
Advanced biofuels (minimum quota) BioAdy™in 0.2% 0.3% 0.4% 0.7% 1.0% 1.0% 1.7% 1.7% 2.6%
Conventional biofuels (maximum quota) BioConv™M™  4.4% 44% 44% 44% 44% 44% 44% 44% 44%
Biofuels from UCO and animal fats (maximum quota)  BioUCO™% 1.9% 1.9% 1.9% 1.9% 1.9% 1.9% 1.9% 1.9% 1.9%
PtL kerosene (minimum quota) Ptl_Ker™n 0.5% 0.5% 1.0% 1.0% 2.0%
UCO used cooking oil, PtL power to liquid
Table 2 Overview of the scenarios investigated in this study

Sc.1 Sc.2 Sc.3 Sc.4 Sc.5

Trend Only high CO2 price Trend + high Ukraine Transport Turnaround

CO2 price

CO2-Price EU ETS in €/tCO2 equiv. 90 129 129 90 90
CO2-Price DE EHS in €/tCO2 equiv. 125 300 300 125 125
Min. share renewable power 80% - 80% 80% 80%
Min. share renewable heat 50% - 50% 50% 50%
GHG-quota in transport 25% - 25% 25%* 35%
Land for energy crops 2.3 Mha
Import limit advanced biofuels 50% of the domestic potential of biomass residues
Import limit conventional biofuels Status 2020 Status 2020 Status 2020 0 Status 2020
Invest costs (technologies) Base Base Low Base Low (transport)
Efficiency (technologies) Base Base High Base High (transport)
Fossil energy and power prices Base Base Base Double Base

Final energy demand Moderate reduction

Strong reduction in transport

The values are shown for the year 2030. The years between the status quo in 2020 and 2030 are linearly interpolated. *Power (4x) and power-based fuels (3x) get

higher crediting within the GHG-quota

onwards are shown in Fig. 6. End-of-pipe emissions and
upstream emissions are considered in the GHG quota:

production of fuels used in German road transport, but
considers domestic and imported (bio)fuels. The imple-

S (E[GJ]- EF [kg/COs-eq] - fEE-PT [ fMC[-]) — UER

GHG-quota < 100% —

(1)

ST(ELG]] - fMC [-]) - ReferenceValue [kg/CO2-eq]

where E = energy quantity of used fuel option,
EF = emission factor of used fuel option,

fEEPT — factor for efficiency powertrain and

fMC = factor for multi-counting.

The cornerstones stated in Table 1 and the formula
for calculating the total GHG-quota in Eq. 1 and Fig. 6
are implemented in the BenOpt model in accordance
with Eq. 2-8. The total GHG quota applies only to the

mentation is adapted to the BenOpt model design. There-
fore, additional factors and variables had to be considered,
such as the quantities of biomass used and the technology
efficiencies. The original formula of the total GHG quota
had to be rearranged to avoid formulating a non-linear
constraint in GAMS. The result is shown in Eq. 2:

el < (1 - GHGM"y . &Y vieT 2)
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Real emissions & el are the sum of the fossil fuels, bio-

fuels, direct electrlﬁcation and power-based fuels, each
multiplied by the corresponding emission factor ¢!
and in some cases a factor for multiple crediting. With
regard to fossil fuels, the use of petrol il etZ"l and diesel
m?s‘ebsd at each time point ¢ is multiplied by the emission
factors listed in Fig. 6. In terms of biofuels, the sum over
the used biomass types b is multiplied by the efficiency
11, and the emission factor ;% ¢ for each technology i; see

Eq. 3. As there is different credltmg for conventional bio-

- BioAdv
tis,b ’

- BioAdv+

- BioConv

tish advanced bio-

fuels m , advanced biofuels 7z

fuels over-fulfilling the quota i and biofuels from

L,i,s,b
UCO and animal fats mfi"sLéCO these fuels are separately

defined in Eq. 3. For direct electrification, e.g. in battery

! The emission factor for biofuels depends on whether they meet the RED
criteria or their national implementation. If they do not, they receive the
fossil factor. Since there are no such biofuels on the market today, they were
not taken into account in the model.

electric vehicles, the use of electricity from the German
power mix mf””l;e’M”‘ and its corresponding emissions

ghowerMix are considered for each year ¢. Finally, the pro-
ductlon of hydrogen ]TH 2 or its PtX derivates ntp t)s( are
considered. These quant1t1es are summarised for all road
sectors s. The reference emissions sfef are calculated
according to the same principle (see Eq. 4) but without
using the specific emission factor. Instead, a uniform ref-
erence value is used in accordance with Fig. 6.

Equations 5-8 represent the additional minimum or
maximum quotas for the different fuel types defined in
Table 1. For simplification, it is assumed that the mini-
mum quota for advanced biofuels applies to the fuel pro-
duction in the road transport sector ; T’ “”SR"“”I , the quota
for conventional biofuels and fuels from UCO and ani-
mal fats applies to the production in the total transport
sector nt’TZ @5 and the minimum quota for producing PtL

kerosene applies to the production in the aviation sector

TransAvia
t,i,s

Scenarios

The investigated scenarios take into account existing
energy policies up to 2030 as well as alternative policies
which are currently being discussed. Additionally, cur-
rent political crises (the war in Ukraine) and their effects
on the energy market are also taken into consideration.
The Trend Scenario (Sc.1) was established as a basis for
comparing the scenarios and includes the likely devel-
opment of CO2 prices, the current energy prices, and
developments in demand up to 2030. Already deter-
mined minimum percentages of renewable energies in
the power, heat and transport sectors are considered and
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need to be fulfilled by the optimisation model. In reality,
these targets need to be achieved, for example, through
subsidies in the heat sector. The GHG quota in the trans-
port sector includes a variety of restrictions which are
described in Sect. "The BenOpt model and the imple-
mentation of current policies”. Investment costs and
technology efficiencies are kept at the current level or, in
some cases, conservative assumptions are made regard-
ing improvements by 2030. In terms of biomass, the land
available for cultivating energy crops and the potential
for importing conventional biofuels remain constant.
With regard to biomass residues, it is assumed that bio-
mass residues that have yet to be mobilised can partially
be activated and consequently the residues’ potential and
the potential to import advanced biofuels will moderately
increase.

Sc.2 is an alternative policy scenario that assumes a sig-
nificantly higher increase in the CO2 price development,
but has no sector-specific quotas. All other parameters
are set identical to the Trend Scenario.

Sc.3 combines the more ambitious political instru-
ments from Sc.1 and Sc.2. Additionally, it assumes that,
where technologically feasible, renewable technologies
will become cheaper and more efficient, i.e. the perfor-
mance of fossil technologies and conventional bioenergy
technologies will not increase. All other parameters are
identical to the Trend Scenario.

In the Ukraine Scenario (Sc.4), the GHG quota in trans-
port was adjusted in relation to the Trend scenario in
line with current proposals raised in the political debate
[34]. This proposal includes increased crediting within
the GHG quota for direct electrification (4x) and power-
based fuels (3x). Additionally, the maximum quota for
conventional biofuels (including the import of conven-
tional biofuels) was lowered to zero in 2030, the maxi-
mum quota for biofuels from UCO was raised to 2.2%,
and the energy prices (fossil and electricity) were doubled
in the scenario in accordance with recent developments.

Sc.5 assumes an increased turnaround in transport,
which currently shows the lowest share of renewable
energy compared with the power and heat sector in Ger-
many. In concrete terms, this means a rise in the GHG
quota to 35% in 2030, a strong reduction in final energy
demand in transport, and the assumption that renewable
technologies in the transport sector will become cheaper
and more efficient.

An overview of all scenario parameters can be found in
Table 2. The parameters, which are only described quali-
tatively can be found in supplementary material to this
paper, with the exception of the demand development.
In terms of the heat demand development, all scenarios
are based on the values of the Reference Scenario in the
Building-STar Model [31]. In the power and transport
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sector, demand developments are based on the Green-
Late-Scenario in [1], except for the transport sector in
Sc.5, which relies on the GreenSurpreme-Scenario in [1].

Results

Short-term scenario results

The aggregated model results for the power and heat sec-
tor are shown in Fig. 1 for Sc.1 and Sc.2, and in Fig. 2 the
results for the transport sector are shown for all analysed
scenarios. The results show that the different policies
have a diverse impact in each sector. A high CO2-price
in Scenario 2, for example, results in more flexible renew-
able electricity provision. In the heat sector, this results in
lower renewable shares than in the Trend Scenario, while
in the transport sector, the ratio between renewable fuels
and direct electrification changes considerably. In all
investigated scenarios, the biomass potential is almost
completely exploited by 2030, except for the import
potential of conventional biofuels.

In the power sector, BenOpt models the competition
between flexible bioenergy provision and other non-fluc-
tuating energy resources which are competing to fulfil
the future residual load [35]. The expansion of wind and
PV as well as the development of future power demands
are taken from existing studies [1] as an input to calculate
the residual load. The results in the Trend Scenario show
that the renewable electricity expansion target of 80%
renewable electricity by 2030 is already fulfilled through
the assumed expansion of renewable energy from wind
and PV. Consequently, in this scenario setting, there is
no stimulus for the provision of flexible renewable power
and fossil technologies cover all residual load in this sce-
nario. On the other hand, in Sc.2 a higher CO2 price
leads to the competitiveness of biogas technologies (see
Fig. 1).

In the heat sector, the policies of Sc.1 (minimum shares
of renewable heat) and Sc.2 (only high CO2 price) show a
different effect. In the Trend Scenario the share of renew-
able energy in 2030 is nearly twice as high as in Sc.2; see
Fig. 1. The shares of biomass in this scenario are also pro-
portionally higher than in Sc.2. Even with a significantly
increasing CO2 price in Sc.2, low-cost natural gas is the
dominant energy source in the heating sector (buildings
and industry) and prevents the rapid ramp-up of renew-
able technologies. The sole instrument of CO2 price is
therefore not enough to trigger a rapid transformation in
the heat sector.

In the transport sector, the two different policies of
Sc.1 (GHG quota) and Sc.2 (only high CO2 price) clearly
lead to different results. In particular, the ratio between
renewable fuels and direct electrification changes consid-
erably; see Fig. 2. The GHG quota in the Trend Scenario,
and in all other scenarios that include this instrument
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Fig. 1 Aggregated BenOpt model results in the power (residual load coverage) and heat sector for Sc.1 and Sc.2

promotes the use of biofuels and leads to higher shares
of biofuels than today. The proportion of battery elec-
tric vehicles also increases. However, the policies in Sc.2
lead to a faster and higher direct electrification and fos-
sil displacement rate in the transport sector compared
to Sc.1, while the share of biofuels remains more or less
constant. Interestingly, a combination of the ambitious
political instruments of Sc.1 and Sc.2, which are inte-
grated in Sc.3, leads to a stronger increase in renewable
fuels by 2030 than in the two other scenarios; see Figs. 2
and 7. The fossil fuel shares are more or less identical in
Sc.3 and Sc.2, however the share of direct electrification
is lower in Sc.3.

In all scenarios, the shares of SNG and HEFA increase,
although to varying degrees. The shares of FAME and
bioethanol slowly decrease in all cases and biomethane
is only temporarily competitive in the scenarios where a
GHG-quota is introduced; see Figs. 2, 7 and 8. The switch
from biomethane to SNG in all scenarios containing the
GHG quota can also be interpreted as a switch from the
cultivation of maize to the cultivation of Miscanthus or
as a switch from conventional biofuels to advanced bio-
fuels. In general, biofuels are used in all sub-sectors of
the transport sector except in aviation. A high share of
the biofuels used in the scenarios stems from imports
(~50%); however, this is almost completely composed
of advanced biofuels. When a GHG quota is in place,
the highest shares of biofuels are used in (passenger)

road transport, especially in CNG and LNG vehicles;
see Fig. 3. As an instrument, the GHG quota thus has a
strong impact on vehicle fleets. This impact is identical
for all scenarios that take this instrument into account.
However, one has to consider that fleet development in
this analysis is purely driven by fuel competition; infra-
structure and vehicle investment costs are not consid-
ered. In all cases where the GHG quota is applied, the
quota is exactly met and not exceeded.

In the Ukraine scenario (Sc.4) the effect of increased
power and fossil energy prices as well as political adjust-
ments are investigated. The model results show no sig-
nificant change in the power and heat sector compared
to the Trend Scenario. In contrast, considerably more
biomass is used in the transport sector, see Figs. 2 and
8. Of all scenarios investigated in this study, the highest
shares of biofuels are consumed in Sc.4 in 2030. In par-
ticular, the cultivation of Miscanthus for the production
of SNG and smaller quantities of BtL for use in diesel
engines is strongly increased, leading to the highest use
of land area for energy crop production of all investi-
gated scenarios.

Sc.5 presents a hypothetical scenario for an acceler-
ated energy transition in transport. All enhanced meas-
ures are applied to the transport sector only, which in
this case lead to no significant changes in the power and
heating sectors compared to Sc.1. Additionally, only lit-
tle change in the absolute biofuel shares in the transport
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Fig. 2 Aggregated BenOpt model results in the transport sector for all investigated scenarios. BtL (lignocellulosic) biomass to liquid (gasification
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(gasification of lignocellulosic biomass), BEV battery electric vehicles, PtG power to gas, PtL power to liquid, LPG liquefied petroleum gas, LNG

liquified natural gas, CNG compressed natural gas

sector can be identified compared to the Trend Scenario.
The results show an earlier shift from biomethane to
SNG, leading to a small increase in the shares of SNG
in 2030 compared to Sc.1. Instead, the applied measures
in Sc.5 lead to a ramp-up of hydrogen and PtL FT diesel
shares, displacing battery electric vehicles (BEV) shares;
see Figs. 2 and 8. This can be explained by an assumed
increase in the efficiency as well as price drops for PtX
and H2 technologies in this scenario. A strong reduction
in the final energy demand by 2030 in this scenario plays
an essential role in reaching the lowest proportion of fos-
sil fuel of all scenarios.

Short-term vs. long-term scenario results

The BenOpt model was also used to calculate long-term
energy scenarios up to 2050. The results of these analy-
ses are presented and discussed in detail in [9] and [10].
Long-term scenarios are not used to evaluate political

instruments, but rather to identify cost-optimal transfor-
mation pathways up to 2050 while meeting defined GHG
emission targets. In summary, these studies come to the
conclusion that the limited potential of biomass is opti-
mally used over the long term in areas which are hard to
electrify or as a way of providing energy as a flexibility
option. Domestic solid biomass potentials are prioritised in
medium- to high-temperature heat applications. Advanced
biofuel imports and domestic oily biomass potentials (UCO
and animal fats) are prioritised in the shipping and aviation
sector (HEFA and SNQ). Finally, the domestic potential of
digestible residues can play a key role in the energy transi-
tion by providing energy either as flexibility option in the
power sector (biogas) or in hard-to-electrify areas of the
heat sector (biomethane). The amount of biomass used
in each of these sub-sectors is strongly dependent on the
availability of biomass residues, energy crops and biofuel
imports.
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A comparison of the short-term and long-term sce- to the long-term scenario results. In concrete terms,
narios (up to 2030 vs. 2050) shows whether the current are current political measures following the path of the
political measures promote the use of bioenergy in areas  long-term scenarios? In particular, a comparison of the
in which it should be cost-optimally used according results in the transport sector reveals some differences;
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Fig. 4 Comparison of the bioenergy technologies in the transport sector, identified as the cost-optimal options either in the short term scenarios
(left) or in the long-term scenarios (right). The GHG-quota, applied in the short-term scenarios, encourages the use of biofuels in sectors that should
be electrified at optimal cost in the long term (passenger road transport). However, they can easily be used in shipping or processed into aviation
fuels via suitable product developments. BtG biomass to gas (gasification of lignocellulosic biomass), BtL (lignocellulosic) biomass to liquid
(gasification + Fischer-Tropsch synthesis), LNG liquified natural gas, CNG compressed natural gas, HEFA hydroprocessed esters and fatty acids, SAF
sustainable aviation fuels
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see Fig. 4. The GHG quota applied in the short-term sce-
narios (Sc.1/3/4/5) encourages the use of biofuels in pas-
senger road transport, which, according to the long-term
scenario results, should be cost-optimally electrified.
The GHG quota therefore initially appears counter-
productive, as the findings in the literature show that
if biomass is to be used in transport, it should be used
in areas that are difficult to electrify in the long term.
These areas are aviation and shipping, not passenger
road transport. However, the biofuels promoted by the
GHG quota in road transport can easily be used in ship-
ping or processed into aviation fuels via suitable product
developments. In Fig. 4, the arrows indicate this pro-
cess step, pointing to the competitive biofuels identified
in the long-term energy scenarios. The largest shares in
terms of volume are accounted for by the synthetic fuel
biomass to gas (BTG) which is based on lignocellulosic
biomass, and HEFA based on oily biomass. From a tech-
nical point of view, BTG CNG (compressed natural gas)
can easily be liquified to BTG LNG (liquified natural gas),
something which is common practice [36]. Of course,
the costs for investment and operation will be higher, but

the market value will also be higher. Refineries produc-
ing HEFA diesel can be retrofitted to produce HEFA SAF
[37], the technical feasibility of which has been proven
[38]. This is a one-time investment that results in iden-
tical operating costs but a final product of higher value.
Consequently, the GHG quota does not promote the use
of biofuels in the long-term targeted sectors, however the
promoted biofuel types can be used in these sectors in
the long term if suitable product developments are made.
Figure 5 shows that, in the long-term scenarios, HEFA is
initially used as a diesel and a switch to HEFA SAF only
takes place after 2030. This demonstrates that the long-
term scenario pathway is being followed. In addition,
Fig. 5 shows that in the case of the BTG fuel in Sc.2, the
long-term scenario pathway is already being followed and
the liquefied variant of BTG has been produced from the
beginning.

Discussion

The initial research gap investigated by this paper raises
the question of whether current energy policies in Ger-
many promote the use of biomass in areas where it is
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particularly beneficial to the system. To do this, short-
term energy scenarios up to 2030, which take into
account current policies in Germany, are compared
with long-term energy scenarios up to 2050, and cost-
optimal allocation priorities for the use of biomass are
identified. This study investigates the short-term policy
scenarios up to 2030 and the results are presented in
Sect. "Short term scenario results”. The findings of the
long-term scenarios are presented in detail elsewhere
[9, 10], but summarised and compared to the short-
term scenarios in Sect. "Short term vs. long term sce-
nario results".

The comparison shows that the current political
instruments do not promote the use of biofuels in areas
or sub-sectors of the transport sector in which they
should cost-optimally be allocated according to the
long-term energy scenarios. Instead, biofuels are pro-
moted in passenger road transport rather than in ship-
ping or aviation. Nevertheless, it could be argued that
these biofuels can easily be used in shipping or pro-
cessed into aviation fuels via suitable product devel-
opments. Consequently, the GHG quota ensures the
necessary ramp-up of biofuels required in the long
term, however, it does not provide the necessary incen-
tives for the rapid electrification of the passenger road
transport sector, which is the long-term cost-optimal
solution under the assumptions used in our model.
Accordingly, [39] discuss a modification of the multi-
ple crediting factors within the GHG quota and evalu-
ate the effects of these modifications. Thinking one step
further, the question arises as to what should replace
the GHG-quota instrument in 2030 in order to redirect
biofuels from road transport to aviation and shipping.
In 2023, the European Parliament and Council agreed
on regulations for the use of greener fuels in the avia-
tion and maritime sectors [20, 21]. These regulations are
supposed to ensure a level playing field for sustainable
air transport and will oblige suppliers of aircraft fuel
to gradually increase the proportion of SAF to 70% by
2050. The impact of these measures on biofuels is dif-
ficult to estimate. European impact assessments project
high amounts of biomass in the aviation and maritime
sector as a consequence [40, 41]. Other sources come
to varying conclusions [42], however, biomass poten-
tials will not be enough to completely meet renewable
energy demands in aviation, and PtL infrastructures will
nevertheless need to be established.

Once biofuels are redirected to the aviation and mari-
time sectors after 2030, how can the passenger road
transport sector catch up with or significantly expand
direct electrification? Alternative policy scenarios show
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that the instrument of a high CO2 price alone (Sc.2) is
more conducive to direct electrification and at the same
time displaces more fossil fuels by 2030 than the GHG
quota alone; see Fig. 2. A combination of the two instru-
ments (Sc.3) leads to a similarly high degree of fossil fuel
displacement as in Sc.2, but this combination leads to a
considerably higher share of biofuels; see Fig. 2. Interest-
ingly, the GHG quota influences vehicle fleet develop-
ment towards internal combustion engines and the high
CO2 price increases the share of biofuels used in these
vehicles in Sc.3. It is therefore debatable whether the
GHG quota provides a sufficient incentive for electric
drives. In all cases, we see that, similar as today, a high
share of the advanced biofuels used in the scenarios
stems from imports.

Overall the instrument of a GHG quota is shown to
have a significant impact on model results and promotes
a high proportion of biofuels rather than direct electri-
fication. This effect is even stronger in the Ukraine Sce-
nario (Sc.4). One reason could be that fossil energies in
the transport sector are more expensive than fossil fuels
in the power and heat sectors. Consequently, if fos-
sil energy prices double, the potential for cost savings is
greatest from a systems perspective when fossil fuels are
replaced with renewable fuels in transport. In this case,
more biofuels are the optimal solution.

Surprisingly, the absolute share of biofuels in Sc.5
(Transport Turnaround) does not increase compared to
Sc.1, even though the GHG quota increases from 25% to
35% (see Table 2). In this scenario, the assumed cost and
efficiency benefits of PtX technologies lead to additional
competitive market shares of PtX fuels. However, the key
factor in this scenario is the strong reduction of the final
energy demand by 2030, leading to the lowest absolute
share of fossil fuels of all investigated scenarios. Here,
the GHG quota of 35% is achieved with the same amount
of biomass due to the increase in the relative share of
bioenergy.

This study reveals detailed findings on the use of bio-
mass in the transport sector using current political
instruments. The results in the power and heat sectors,
on the other hand, can be summarised quickly as the var-
iations in Sc.3, Sc.4 and Sc.5 have a negligible influence
on the results in the power and heat sector. In the power
sector, it could be shown that a higher CO2 price than the
current trend is necessary to create incentives for renew-
able flexibility options in addition to fossil options unless
the government is willing to continue subsidising flexible
power generation. Long-term modelling results [9, 10]
show that biogas plants are one optimal way of providing
flexibility in the power sector. An increased CO2 price
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by 2030 will help to retain the existing biogas plants (5.9
GW installed capacity in 2022 [43]) and incentivise retro-
fitting for flexible electricity supply.

For the heat sector, the modelling has shown that the
instrument of a high CO2-price alone is not enough to
achieve a rapid ramp-up of renewable technologies. The
share of renewables in this scenario (Sc.2) is only half as
high as in the Trend Scenario (Sc.1). Consequently, fur-
ther political instruments, such as the investment subsi-
dies currently being applied (Federal Subsidy for Efficient
Buildings (BEG)) and the Federal Building Energy Act
(GEG) are necessary [44]. The GEG specifies, for example,
minimum shares for renewable energies in new buildings
(65%) and minimum energy efficiency standards for the
buildings. However, this act is controversially discussed
and some institutions are calling for higher standards,
e.g. higher efficiency standards for poorly refurbished
buildings or doing away with the option to use fossil
"H2-ready” technologies for heating [45]. The findings
of our analysis are in line with these demands. The share
of renewable energies in new or refurbished buildings
needs to increase, as technology life times reach 20-30
years and climate neutrality by 2045 can only be achieved
if the installation of 100% renewable technologies starts
now. Additionally, the findings in the long-term scenarios
demonstrate once more that green hydrogen is an expen-
sive option, which should only be used in areas that are
hard to electrify or to provide flexibility.

Limitations

The competitiveness within the model in all sectors is
driven by the technologies, fuels and feedstocks and does
not consider infrastructure measures like an expansion of
the power grid, hydrogen grid, gas grid or district heating
network. Additionally, the competitiveness in the trans-
port sector is purely driven by the different fuel types
and does not consider investments in vehicles. Other
approaches take these costs into account, e.g. the TCO
(total cost of ownership) approach. Therefore, a simplifi-
cation was made in this model by assuming that there are
no differences in investment costs for future competing
vehicles, as the German government already subsidises
electric vehicles to harmonise investments. However,
many factors are being taken into account within this
modelling approach which cannot be considered using a
TCO approach. For the heat and power sector, political
instruments are represented through minimum shares of
renewable energy. These targets were set as a constraint
in BenOpt. In reality, these targets are supposed to be
achieved through, for example, subsidies in the heat sec-
tor, which might have slightly changed the allocation pri-
orities. The emission factors for biomass were chosen on
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the basis of political conventions and do not correspond
to the real net emission factors, especially for wood [46].
Therefore, some high-value wood assortments were
excluded a priori from the model.

Conclusions

A comparison of current and alternative policy scenarios
up to 2030 with long-term cost-optimal scenarios up to
2050 identifies some commonalities and some contradic-
tions. For one, it shows that the instrument of the GHG
quota does not promote the use of biofuels in areas or
sub-sectors of the transport sector in which they should
be cost-optimally allocated according to the long-term
energy scenarios. Biofuels are promoted in passenger
road transport instead of in shipping and aviation. How-
ever, these biofuels can easily be used in shipping or
processed into aviation fuels via suitable product devel-
opments and thus the GHG quota can help to ramp up
these technologies. Nevertheless, the GHG quota could
lead to counterproductive developments in passenger
road transport. It does promote high shares of biofuels;
however, it does not provide the necessary incentives
for ramping up battery electric vehicles, which would
be the cost-optimal solution in passenger road transport
according to the long-term scenarios. This effect is even
more distinct in the Ukraine Scenario. In alternative pol-
icy scenarios it has been shown that the instrument of a
high CO2 price alone (Sc.2) is more conducive to direct
electrification and, at the same time, displaces more fossil
fuels by 2030 than the GHG quota alone.

A high CO2 price also leads to a more flexible use of
biogas plants in order to balance fluctuating renewable
energies in the power sector. This is one optimal solu-
tion identified by the long-term scenarios. Consequently,
it will help to retain existing capacities of biogas plants
and incentivise retrofitting for flexible electricity supply.
However, in the heat sector the sole instrument of a high
CO2 price is not enough to ramp-up renewable technolo-
gies. Further instruments are required to quickly replace
fossil fuels, yet these instruments must be designed in
such a way that biomass is used efficiently in areas that
are difficult to electrify and not used to cover base load
demand.

Appendix
See Figs. 6, 7, 8.
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