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A B S T R A C T

In densely populated countries, land competition is a key challenge in light of a growing population and the
land-intensive decarbonization of energy supply. We apply an energy system model using linear optimization
to Germany as an example for a densely populated and industrialized nation with a high energy demand to
show how land competition affects the economics of land-intensive renewable energies. Bioenergy crops are
currently cultivated on 6.5% of Germany’s land area. We find that allocating only 6% of the total land to the
future energy system, which is even less than the current allocation to bioenergy crops, allows for a system
that is close to the cost-minimum that we calculate when not restricting the land area. This 6% of the land
area is divided into 4% for photovoltaics (PV), 2% for onshore wind and 0% for bioenergy crops. This would
save 15 billione/a (15.1%) relative to the system that matches current political targets for utility-scale PV.
For areas exceeding this 6%, we find that the most cost-efficient utilization comes from bioenergy crops, but
they only add value to the energy system if there is plenty of land available. The value of land to the energy
system is at least twice as high for 0% remaining emissions when compared to the case of 10% remaining
green house gas emissions, although both scenarios are separated by less than five years according to current
German law. Both our findings underline that considering the value of land as early as possible is necessary
when developing state policies that shall lead to cost-efficient renewable energy systems.
1. Introduction

Energy systems are undergoing a significant transformation world-
wide to reduce carbon emissions and mitigate climate change. This
transition is characterized by a shift from conventional fossil fuels to re-
newable energy sources. The deployment of renewable energy sources,
such as photovoltaics (PV) and the utilization of biomass, has increased
significantly in recent years and is expected to continue growing [1,2].
Land is required to build and operate these technologies, such as the
arable land needed to grow energy crops. The land intensity describes
the specific land consumption per energy unit produced, which is
generally higher for renewable technologies than for fossil fuels [3]. In
combination with a growing world population, increasing competition
for available land seems inevitable. Agricultural production of food,
bioenergy crops and ground-mounted PV compete for similar land.

∗ Corresponding author.
E-mail address: schlemminger@solar.uni-hannover.de (M. Schlemminger).

The overriding political goal of sacrificing land for energy produc-
tion is to reduce CO2 emissions. Especially bioenergy in combination
with carbon capture and storage (BECCS) is one crucial factor in
global decarbonization scenarios due to its ability to provide negative
emissions [4]. However, there are growing concerns that emissions of
bioenergy crops have been underestimated due to emissions stemming
from land use change (LUC) [5,6]. In addition, a significant proportion
of the biomass consumed in Europe is currently produced in low-
cost regions of the global South or in countries with problematic
geopolitical behavior such as Russia. This means, for example, that
60% of biodiesel consumption in the European Union was imported and
82% of imports of wood chips (before the Russo-Ukrainian war) came
from Russia [7,8]. These concerns fueled calls for a total cessation of
bioenergy crops [5].
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At the same time, there are numerous studies that point out the
importance of bioenergy crops for a cost-efficient decarbonized energy
system. Jordan et al. [9] investigated optimal biomass usage paths
and found that a phase-out of energy crops in Germany leads to a
higher dependency on energy imports and additional cost of up to
25 bn.€ annually. Biomass was especially important for the decar-
onization of industrial heat applications. Land consumption for energy
rops was considered and phased out in a scarcity scenario, but there
as no evaluation of competing land uses. Jåstad and Bolkesjø [10]

ntroduced the concept of the land-use effect. According to the authors,
and consumption may increase by up to 27 km2 per TWh change

in forest biomass due to substitution of biomass by wind and PV.
This only considers the additional land consumption of substituting
technologies though while forest biomass is assumed to have no land
use impact. Lauer et al. [11] optimized the cost of different biomass
supply chains in the German energy system and found that biomass
is competitive in sectors that are difficult to electrify directly, such
as heavy-duty transport and the (industrial) heating sector. They take
land use into account through a parameter study on the available area
for energy crops and the assumption that land scarcity leads to higher
biomass costs. Multiple international studies show that biomass is a
key component for the decarbonization of developing countries such
as Chile [12] or China [13].

Although land use and available land for bioenergy crops is present
in most studies, there is no direct competition for land between bioen-
ergy crops and competing technologies for energy harvesting. There-
fore, the question of necessary land utilization and the resulting com-
petition for land from an energy system viewpoint remains unresolved.
Specifically, the cultivation of bioenergy crops with the possible benefit
of balancing electricity production [14,15] competes with higher en-
ergy production per area from ground-mounted PV [16]. Considering
these research gaps, our main research questions and contributions are
the following:

• How does land availability impact the competition between
bioenergy crops and ground-mounted PV?

• How does competing land use affect the economic viability of
renewable energies with different land use efficiencies?

• What are the differences in land requirements between different
decarbonization levels and what threats can be derived from these
differences?

• How much land is required to cost-efficiently decarbonize Ger-
many?

To address this, we design a decarbonized, sector-coupled energy
system optimization that considers competing land uses, which we
describe in Section 2. We apply the model to Germany as an example
for a densely-populated, developed nation with high energy demand
per area, rendering Germany especially susceptible to land compe-
tition. Our study involves a parameter study on the area available
for renewable energy deployment to evaluate the effects of different
land availability. We introduce the concept of the marginal value of
land to the energy system stemming from the competition for land,
which enables a transparent presentation of the hierarchy and value
of competing technologies for the energy system depending on the
available land. We present the results and discuss their implications for
political decision makers and investors in Section 3 and conclude our
study in Section 4.

2. Materials and methods

Our case study is based in Germany, which is an industrialized
country in Europe with 84.5 million inhabitants and CO2 emissions
of 7.72 tCO2

/capita/a [17]. Its end energy consumption of currently
2700 TWh is heavily dominated by oil (1200 TWh) and natural gas
(670 TWh) [18], but in recent years increasing progress has been made
 f

2 
in the expansion of renewable energies. In 2023, renewable energies
for the first time had a share of more than 50% on the electricity
production of 510 TWh [19].

Germany’s climatic diversity affects wind speeds and solar radiation
across the country. Coastal areas benefit from higher wind speeds
up to 5 m/s on average in 10 m height, especially along the North
Sea and Baltic Sea coasts where additional wind offshore generation
is possible, facilitating wind energy generation. In contrast, southern
regions receive more solar radiation of 1200 kWh/m2a, particularly in
the Alpine Foreland and parts of Bavaria, making them ideal for solar
power production. These variations influence Germany’s renewable
energy strategy, with wind and solar playing significant roles in its
energy transition.

2.1. Energy system model

We use a model based on the home-built framework Energy System
Transformation Model (ESTRAM). Subject to optimization is both the
investment into and the dispatch of energy system components c.

n investment decision is made once for each component while the
ispatch is optimized for each time step t. We model Germany as a
ingle node (no transport of commodities, e.g. copper plate for the
arrier electricity) and in an hourly resolution, resulting in 8760 time
teps t for a full year. The major driver for high shares of renewable
nergies is the restriction of CO2 emissions. In our optimizations, we
valuate the levels 10% and 0% remaining energetic emissions relative
o the emission of 1037 Mt in 1990 [20]. 10% remaining emissions are
quivalent to 1.23 tCO2

/capita/a assuming a population of 84.5 million
eople. According to current German climate protection law [21], these
ecarbonization levels are equivalent to the years 2041 (10% emis-
ions) and 2045 (0% emissions). We model each decarbonization level
s a separate green-field optimization. There are no cost associated
ith the emissions of CO2 and the European Union Emissions Trading
ystem (EU ETS) is not taken into account, as the emissions are limited
y the remaining allowed emissions. ESTRAM is written in Python and
ses linear optimization and the commercial solver Gurobi [22].

.1.1. Energy carriers and demand
We consider the energy carriers e that are district heating, elec-

ricity, natural gas, oil and hydrogen. We additionally consider five
ifferent energy carriers of biomass, which we explain in detail in
ection 2.3. The consumption for each energy carrier 𝑑𝑒,𝑡 (in MW) is set
xogenously. We make assumptions concerning component and energy
arrier prices and the consumption for the year 2045 that are detailed
n Appendix B. All of these assumptions are identical for the two
ecarbonization levels considered. The energy carrier consumption that
e assume for 2045 is similar to other energy system studies, e.g. [23–
5]. It considers energetic consumption in all sectors (households,
ndustry, tertiary, transport) and feedstocks e.g. for the petrochemical
ndustry. It is based on today’s consumption extracted from official
ederal statistics [18] and extrapolated to the future by assumptions
rom [26]. Overall, the demands of our model require 800 TWh of
lectricity, 300 TWh of oil and 273 TWh of hydrogen and natural gas. In
he model, energy carriers are generated from sources q or imports with
power 𝑃 import

𝑒,𝑡 (in MW). We model the sources onshore and offshore
ind, rooftop and large-scale PV and hydro power plants. Imports do
ot necessarily correspond to an import from foreign countries, but
ather display an import into the model’s scope, e.g. the cultivation of
ioenergy crops on domestic land. Imports cause both cost via specific
rices 𝑐carrier𝑒 (in €/MWh) and emissions via specific emission factors
CO2ef
𝑒 (in t/MWh). In contrast, the production of an energy carrier

nside the model’s scope via sources or converters neither causes import
ost nor CO2 emissions. This enables the generation of synthetic fuels
hat are emission-free. We allow an unlimited import of fossil energy
arriers, but the limited CO2 emissions place an indirect constraint on

ossil fuel usage. We do not allow the import of emission-free fuels,
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but instead an unlimited import of green hydrogen for a price of
3€/kg (or 90€/MWh), which is in a similar magnitude as in other
large energy system studies [23–25] and specific estimations of supply
cost for Germany [27]. Hydrogen and natural gas import power is set
to be constant throughout the whole year to avoid unrealistic power
balancing by imports. The import of all other carriers is not set to be
constant, which means that the import of biomass (into the model’s
scope) happens with a flexible import power over the year. This ensures
the maximum flexibility of biomass (and even overestimates it, be-
cause we do not consider harvest seasons) without explicitly modeling
biomass storage. Additionally, we allow load shedding of electricity for
2000€/MWh to restrict the maximum shadow price of energy balance.
In linear capacity expansion models, the shadow price rises to very high
values in at least one timestep per optimization, because this timestep
would require capacity expansion with additional load. Allowing load
shedding restricts the shadow price to the price of load shedding. High
shadow prices would skew the calculation of component revenues in
(6) and are therefore undesirable. Load shedding is a common choice
in different energy system models [28] to restrict the maximum shadow
price of energy balance.

2.1.2. Components
Sector coupling is modeled explicitly. Components have an input

ower 𝑃 in
𝑐,𝑡 (in MW) of an energy carrier or an output power 𝑃 out

𝑐,𝑡 (in
W) of an energy carrier. Converters x can convert between differ-

ent energy carriers with a set efficiency. The most important sector
coupling components are the electrolyzer and large-scale heat pumps.
Synthetic and emission-free gas and oil are available via gasification of
biomass (digestion in biogas plants or gasification of woody biomass),
methanization of H2 and the Fischer–Tropsch process. Nuclear and coal
fired power plants are not part of the optimization due to politically
planned phase-outs in Germany. Instead, dispatchable electricity gen-
eration is available from gas turbines or combined cycle power plants.
Both power plants can burn hydrogen or natural gas and turbines that
burn hydrogen cause higher capital expenditures (CAPEX). More details
concerning technology assumptions are available in Appendix B.

Energy carriers can be stored in storages s. Storages are available for
most energy carriers via battery and pumped storages for electricity,
salt caverns for gas and hydrogen and thermal storages for district
heating.

Components are generally aggregated into one single representative
component per node. The most important attributes of components are
their installed capacity 𝑃 cap

𝑐 (in MW), specific fix cost 𝑐f ix𝑐 (in €/MW)
nd O&M cost 𝑐om𝑐 (in €∕(MW a)) and their capacity potential 𝑝max

𝑐 (in
MW).

Some component are divided into subclasses if a deeper differ-
entiation is required. Subclasses share attributes with their parent
components but deviate from the parent where necessary. This is useful
to account for locational distributions of energy yields while preserving
the reduced computational complexity of a single node model. In this
paper, we use subclasses for the sources wind onshore and large-scale
PV. For wind onshore, we model 10 subclasses with different full load
hours due to the distribution of wind speeds across Germany, with high
wind speeds at the coast in the German North and lower wind speeds
in the South that lead to site-specific differences in energy yield of up
to 374% (see Table B.4). For large-scale PV, where the energy yield
does not depend so much on the location as for wind power, we use
subclasses to model different PV park configurations (see Section 2.2).

2.1.3. Mathematical model
Within the objective function, the total system cost (in €)

𝐶 total = 𝐶capex + 𝐶om + 𝐶carrier (1)

is minimized. 𝐶capex (in €) is the annualized CAPEX of all compo-
nents, 𝐶om (in €) is the operation and maintenance (O&M) cost of all
components and 𝐶carrier (in €) is the import cost of all energy carriers.
3 
The model constraints can be separated into the energy balance
equations, the CO2 constraint and the component models. The energy
balance constraints

𝑃 import
𝑒,𝑡 +

∑

𝑐
𝑃 out
𝑐,𝑡 =

∑

𝑐
𝑃 in
𝑐,𝑡 + 𝑑𝑒,𝑡 ∀𝑒, 𝑡 (2)

balance the production and consumption of each energy carrier 𝑒 in
each time step 𝑡 and the CO2 constraint
∑

𝑒

∑

𝑡
𝑃 import
𝑒,𝑡 ⋅ 1 h ⋅ 𝛩CO2ef

𝑒 ≤ 𝛩CO2limit (3)

limits the emissions to a maximum 𝛩CO2limit (in t).
An exemplary component model is that of variable renewable ener-

gies (VRE), referred to as sources q. Their power output

𝑃 out
𝑞,𝑡 ≤ 𝑃 cap

𝑞 ⋅ 𝑓 cap
𝑞,𝑡 ∀𝑞, 𝑡 (4)

is limited by their installed capacity 𝑃 cap
𝑞 and their hourly capacity

factor 𝑓 cap
𝑞,𝑡 .

A full documentation of the mathematical model including the
component models can be found in the Appendix A.

2.2. Land consumption

There are three renewable and land intensive technologies that
generally compete for the same land: wind onshore, large-scale PV and
bioenergy crops. German politics recently passed a law that prescribes
a specific land area target of 2% of the country’s land area (7100 km2)
for wind onshore by 2032 (Section 3 WindBG). In contrast, binding
definitions of the targets for both bioenergy crops and large-scale PV
are currently missing. Hence, we focus on the competition between
those two technologies with very different roles in decarbonized en-
ergy systems: Bioenergy crops are storable in the long run and have
flexible use cases, which includes heat production, balancing electricity
production as well as gasification to biogas and biomethane [14,15].
Large-scale PV provides higher production per area [16] at low cost,
but the electricity production is concentrated during daytime and the
summer half of the year.

The equation

∑

𝑐

𝑃 cap
𝑐
𝜇𝑐

+
∑

𝑡

𝑃 import
BEC,𝑡 ⋅ 1 h

𝜇BEC
≤ 𝛬 (5)

describes the land competition in ESTRAM. We restrict land consump-
tion by biomass crops and large-scale PV to 𝛬 [km2] in a parameter
study. Both the installation of large-scale PV 𝑃 cap

𝑐 and the production
of bioenergy crops 𝑃 import

BEC requires land with different power density 𝜇𝑐
(in MW∕km2) and 𝜇BEC (in MWh∕km2). As a reminder from Section 2:
𝑃 import
BEC,𝑡 denotes the cultivation of bioenergy crops in Germany, despite

the import -superscript. This is because the cultivation represents an
import into the model’s scope, but does not necessarily represent a
spatial import from another country.

In Germany, bioenergy crops are cultivated on 23,500 km2 (which is
equivalent to 6.6% of the country area) and are contributing 118.5 TWh
of primary energy per year [29], resulting in an average energy density
𝜇BEC of 5.0GWh∕(km2 a). German bioenergy crops are dominated by
maize and rapeseed, which occupy over one third of the bioenergy crop-
land each. Maize provides a higher energy yield of 8.3GWh∕(km2 a),
which in Germany is in a similar range as modern bioenergy crops
such as miscanthus or poplar [16,29,30]. In contrast, rapeseed provides
an energy yield of only 2.3GWh∕(km2 a). We distinguish between
maize, miscanthus and rapeseed as proxies for the three types of
energy crops (digestible, woody, oily; see Section 2.3) and apply cor-
responding energy densities of between 𝜇BEC = 2.3GWh∕(km2 a) and
𝜇BEC = 8.3GWh∕(km2 a) (see Table 1).

We use the PV module Solitek Standard M.60 -B-300 with an effi-
ciency of 18.2% for large-scale PV, which is a conservative estimate and

lower than what we expect to be market dominating in 2045. We model
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Table 1
Modeling parameters for the land consumption of all technologies that require land.

Name Azimuth Tilt Power density Energy density
Unit – ◦ MW∕km2 GWh∕(km2 a)

PV E/W15◦174 MW/km2 East-West 15 174 166.7
PV S10◦118 MW/km2 South 10 118 124.8
PV S20◦90 MW/km2 South 20 90 101.1
PV S30◦72 MW/km2 South 30 72 83.4
Bioenergy crops digestible – – – 8.3
Bioenergy crops oily – – – 2.3
Bioenergy crops woody – – – 8.3

PV parks with different configurations (see Table 1) using subclasses to
account for possible interdependencies between land scarcity and land
usage: South oriented parks with a power density 𝜇𝑐 between 72 and
09MW∕km2, which covers park configurations with both a slightly
igher and lower power density than reported for PV parks built in
019 of 86MW∕km2 [31]. Higher power density is always traded
or lower energy yield per module due to smaller spacing between
odule rows and accordingly higher self-shading from adjacent rows

r sub-optimal inclination. We use tilt angles between 10 and 30◦,
hich is always below the yield-maximizing tilt angle of 36◦ [32], to
enerate park configurations that are balanced between power density
nd energy yield per module. To account for these effects, we use the
ython package pvlib [33] to generate capacity factors considering the
elf-shading from adjacent module rows. We base our whole analysis
n the weather year 2011 from the reconstruction dataset ERA5 [34].
dditionally, we model east–west oriented parks with a high power
ensity of 174MW∕km2, but an even lower energy yield per module
ue to the less efficient orientation.

This leads to a space efficiency of PV that is (depending on the PV
ark configuration and energy crop) 10 to 72 times higher compared to
ioenergy crops. Please note that some recent studies largely overesti-
ate the land requirements of large-scale PV and hence come to wrong

onclusions such as that the transition to renewable energies may be
hysically infeasible [3,35,36]. As Bolinger and Bolinger [31] pointed
ut, many of these studies are based on a study by Ong et al. [37] that
s a decade old and therefore negate the recent and still ongoing rapid
volution of PV.

We vary the land area 𝛬 that is available for energy production
y bioenergy crops and large-scale PV. We consider a range of land
vailability between 0.25% (ca. 900 km2) and 6.5% (ca. 23,200 km2)
f the area of Germany. Please note that currently 6.5% of the area of
ermany is being used for the cultivation of bioenergy crops. We thus
nly consider areas that are already being used for energy production.
herefore, our results do not lead to an increasing competition with
ood production. Following Eq. (5), all technologies listed in Table 1
ompete for the same land. The model chooses the mix of technologies
hat minimizes the energy system cost as a whole. Advantages and
isadvantages of competing technologies such as higher specific energy
ield of PV and the flexible usage of bioenergy crops in the energy
ystem are fully valued by the optimization model.

.3. Bioenergy

The value of any bioenergy crop largely depends on (i) the avail-
bility of alternative sources of biomass and (ii) the usages of biomass
n the energy system.

We consider two sources of biomass: (i) the cultivation of bioenergy
rops, which requires land and is described in detail in Section 2.2 and
ii) renewable residues, which do not require land, because they are
byproduct of other processes such as sawmills, landscape care and

ivestock farming. We differentiate between digestible, oily and woody
iomass for both bioenergy crops and renewable residues, theoretically
roducing six different energy carriers (which in practice is reduced to
 c

4 
able 2
omponents and their input and output energy carriers representing possible biomass
sage pathways in ESTRAM.
Component name Input biomass type Outputs

Biogas power plant Digestible Electricity, District heat
Wood pellet power plant Woody Electricity, District heat
Biomass heat plant Digestible, Woody District heat
Biomethane facility Digestible Gas
Wood chip biomethane facility Woody Gas
Hydrogenated Vegetable Oil (HVO) Oily Oil
Fischer Tropsch BtL Woody Oil

five energy sources, as oily residues have a potential of zero). We ex-
tract potentials (in TWh/a) and prices (in €/MWh) from the ENSPRESO
data set [38], using the scenario ENS_Med and a linear interpolation
between values of the years 2040 and 2050 to approximate our target
year of 2045. This results in a potential of renewable residues of
186.1 TWh/a for cost between 15.3€/MWh (woody) and 17.1€/MWh
digestible). We do not restrict the energetic potential of energy crops
ut have the available land restricted. Production cost are between
6.4€/MWh (woody) and 116.0€/MWh (oily).

We allow seven direct usages of biomass, which we show in Table 2:
he electrification in flexible biomass combined heat and power (CHP)
lants; the gasification to biomethane; the liquefaction via the Fischer–
ropsch process; and the thermal utilization in heat plants. Gasification
auses both efficiency losses and additional cost for infrastructure,
ut provides great benefits, because biomethane acts as a climate-
eutral substitute for natural gas. We model gasification in two ways:
irst, the production of biomethane from digestible biomass in biogas
lants. Second, the gasification of solid biomass, e.g. in a fluidized bed
eactor. To put this into perspective: the import of fossil natural gas
osts 35e∕MWhCH4

while the generation of biomethane from digestible
iomass as described would cause cost of 42.2e∕MWhCH4

if the in-
rastructure would run 8760 hours per year. In contrast, generation
f H2, which competes with biomethane in our model, from south-
riented PV with over 1100 full load hours (PV S30◦72 MW/km2)
nd electrolysis causes cost of 83.9e∕MWhH2

without considering the
eed for storages. Overall, our assumptions lead to biomass as a very
heap and flexible energy carrier with the downside that the dedicated
ultivation of bioenergy crops is inefficient in land use.

. Results and discussion

.1. General scenario description

Fig. 1 shows the sources of primary energy and Fig. 2 shows the
ptimal PV park configurations of the resulting energy systems in
ependence on the land availability for two decarbonization levels.
t 10% remaining emissions (Fig. 1(a)), variable renewable energies

VRE) are already the dominant source of energy and produce around
050 TWh of the total 1680 TWh, regardless of land availability. Fossil
uels make up for 25% of the primary energy and the dominating
ossil fuel is oil. Renewable residues are used to their full potential
f 186.1 TWh regardless of land availability. Bioenergy crops in the
orm of digestible crops are cultivated from a land availability of 1.4%
nwards, but stagnate at a maximum of 26 TWh only. Electricity pro-
uction from large-scale PV peaks at 375 TWh at a land availability of
.4%, where it replaces production from rooftop PV, and then reaches a
lateau. The optimal large-scale PV park orientations change with land
vailability and reveal that there are strong inter-dependencies between
and availability and land use (Fig. 2(a)): South-oriented parks with
he highest energy density are exclusively built until a land availability
f 0.5%, while the configuration with the lowest energy density and
owest cost per MWh is chosen from 1% upwards. Large-scale PV
apacity peaks at 350 GW. Generally, larger land availability allows for
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Fig. 1. Primary energy for different levels of decarbonization and land availability. The left side of the 𝑥-axis starts at 0.25% country area and thus is not zero-aligned.
Fig. 2. Installed capacity of solar large-scale for different levels of decarbonization and land availability. The left side of the 𝑥-axis starts at 0.25% country area and thus is not
zero-aligned.
higher electricity yield per module while small land availability forces
the model to use the space efficient PV park configurations.

Fig. 3 shows the total system cost. It decreases from 75.6 bn.€/a
at 0.25% land availability to 72.4 bn.€/a from 1.5% land availability
onward. Cost reductions with increasing land availability almost en-
tirely stem from the replacement of rooftop PV and wind onshore from
sites with lower wind speeds by large-scale PV. The single largest cost
contributor is the import of fossil gas and oil.

These same trends are also valid at 0% remaining emissions from
the energy system (Figs. 1(b), 2(b) and 3(b)). However, energy scarcity
is now higher due to the full phase out of fossil fuel imports. VRE
produce between 1330 and 1870 TWh and renewable residues are
always used to their full potential. H2 imports replace fossil imports
until 1.25% land availability with a maximum of 365 TWh. Clearly,
domestic electricity production replaces hydrogen imports with increas-
ing land availability though. Digestible energy crops are cultivated
from a land availability of 4% upwards and peak at a production
of 95 TWh, which is less than the current production of bioenergy
crops, despite the assumption of a higher land efficiency. Electricity
production from large-scale PV peaks at 2.5% land availability and
5 
1025 TWh, which is half of the primary energy. Total system cost
reduce from 108 bn.€/a to 87.5 bn.€/a. This is mainly driven by the
shift from hydrogen imports and back-up power plants to domestic
energy production until 1.25% land availability, where total system
cost are 99 bn.€/a. When bioenergy crops are cultivated from 4% land
availability onwards, they replace hydrogen production from large-
scale PV and additionally save cost of electrolysis, battery storages and
hydrogen storages. Nevertheless, the largest cost contributors at maxi-
mum land availability besides VRE are the battery storage (10 bn.€/a)
and electrolysis (6.3 bn.€/a). Similar to 10% remaining emissions, land
scarcity enforces space efficient PV park configurations: east–west parks
are exclusively built until 1.25% land availability, where the installed
capacity is at 780 GW. Until 2.5% land availability, both the installed
capacity and the electricity production from large-scale PV reach their
maximum of 1045 GW and 1025 TWh. The preferred park configuration
changes towards higher energy generation per module with higher
land availability. This shows that the highest priority is to generate
a sufficient amount of renewable electricity and a maximum energy
harvest per module is only of secondary importance.
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Fig. 3. Total system cost by component for different levels of decarbonization and land
availability. The left side of the 𝑥-axis starts at 0.25% country area and thus is not
zero-aligned.

To contextualize our results from two different perspectives: First,
1045 GW of PV (which is the maximum installed capacity in all sce-
narios) is twice the installed capacity reported in other energy system
studies [23–25]. Due to the east–west orientation of the modules,
the electricity production is distributed throughout the day with a
theoretical peak power output of 823 GW. Additionally, the actual peak
power output from optimized dispatch is 593 GW as some power is
curtailed. This is still a challenge for the power grid infrastructure,
but it is significantly less than the installed capacity would suggest
at first glance and closer to the results from the existing literature.
Second, building 1045 GW of PV until 2045 would require an additional
capacity of over 45 GW each year. This might not be possible due to
lack of personnel and modules considering that the installed capacity
in Germany is currently merely 85 GW. The shift in land use from
bioenergy crops to PV might therefore be constrained and slowed down
by factors that we do not consider in our green-field optimization.
6 
3.2. Land competition influences the economics of energy systems

Fig. 4 shows the land usage over the available land. At 10% re-
maining emissions, land is only used for large-scale PV until 1.5% land
availability. Digestible bioenergy crops are cultivated at higher land
availability, while the two other options (woody and oily energy crops)
are not cultivated. Energy crops take a maximum of 0.9% of the country
area, while additional land is not used by the energy system. In other
words: the marginal value of land to the energy system is 0 above 2.2%
of the country area. This can be seen in Fig. 5: we define the shadow
price for the constraint in Eq. (5) as the marginal value of land to the
energy system. It represents the monetary value of land to the energy
system in e∕(km2 a) and is equivalent to the marginal reduction of
total system cost that additional land would achieve. We will refer to
it as value of land, because marginal value of land to the energy system
is too lengthy. We are aware that it merely reflects the willingness to
pay for land of energy system operators and that the actual land price
depends on many more interactions between potential users of land and
its supply. We do not attempt to include these interactions (e.g. through
food markets or crop subsidies) in our model, but rather focus on the
value of land to the energy system.

At carbon neutrality, all area that is made available is used. In other
words: The value of land is always positive, which can also be seen
in Fig. 5 displaying the value of land for the two cases considered.
Differences in the value of land between 10% and 0% remaining
emissions are large, although both cases would be separated by less
than five years according to current German law. There is a clear
hierarchy between bioenergy crops and PV: Additional land is first used
to gradually shift PV park configurations towards higher electricity
yield per module. Bioenergy crops are only cultivated on additional
land after PV is completely optimized to the highest electricity yield
per module (and at the same time the lowest power density). Bioenergy
crops then begin to replace electricity from PV, but the effect is almost
negligible due to the large differences in energy density: We observe
that the model needs 7.1 km2 of digestible bioenergy crops to replace
1 km2 of large-scale PV. Considering that the energy density of PV
is factor 10 higher (see Table 1), but only factor 7 is required for
the replacement shows that higher flexibility of bioenergy crops is
advantageous, but this only outweighs the lower energy density at high
land availability. At maximum land availability, energy crops occupy
3.2% and PV 3.3% of the land area. This is a different land allocation
for PV and energy crops than other energy system studies assume for
Germany. [24] assumes 2.7% of the land area for energy crops and only
0.4% for PV, while [25] even assumes 7% for energy crops, which is
slightly more than today.

Current lease prices for large-scale PV in Germany are at approxi-
mately 200,000e∕(km2 a), which we mark as a horizontal black line
in Fig. 5. The value of land exceeds this line until a land availability
of 1.25% at 10% remaining emissions. At carbon neutrality, the value
of land goes as high as 4.35 Mio.e∕(km2 a) and never drops below
current lease prices. In contrast to wind onshore, there are no binding
political targets in Germany for large-scale PV, but current plans hover
around 0.5% of country area [39,40], which we mark by a vertical
black line in Fig. 5. At this mark, the value of land is between 1.2 and
3.1 Mio.e∕(km2 a), or factor 6 to 16 larger than current lease prices.

At a land availability from 4% upwards and carbon neutrality, when
the cultivation of bioenergy crops begins and replaces PV production,
the value of land stagnates at 250,000e∕(km2 a). Using the energy
density of 8.3GWh∕(km2 a) means that digestible bioenergy crops
consistently add a value of 30€/MWh if they replace PV production.
If we consider that we assume production prices of 27.6€/MWh, each
euro invested into bioenergy crops generates almost two euros in return
if enough land is available. This is inline with other studies finding
that biomass has large value, but we like to emphasize that this is only
true if the land requirements for PV are satisfied, which other studies
neglected. Despite this added value of bioenergy crops, conversion of
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Fig. 4. Land usage for different levels of decarbonization and land availability. A
diagonal line from bottom left to top right means that all available land is used by the
model. X- and 𝑦-axis start at 0.25% country area and thus are not zero-aligned.

land from today’s biomass crops to large-scale PV is urgently required
from an energy system point if we do not want to increase the land area
dedicated to energy generation. Due to the limitations of our approach,
we cannot assess the benefits that land provides outside the modeled
scope. Monetizing the advantages of e.g. biodiversity or local recreation
is certainly challenging [41] and beyond our scope.

We find that 6% of Germany’s total land area is sufficient for a fully
renewable energy system and is split into 4% for PV, 2% for onshore
wind and 0% for bioenergy crops. At this point, the value of land re-
flects almost the current lease prices. The total system cost approaches
an asymptote and Germany is independent of foreign hydrogen imports.
Self-sufficient carbon neutrality and the provision of 0.5% additional
land for food crops or diversity becomes possible when considering that
Germany is using 6.5% of the total land area for bioenergy crops today.
This is in contrast to previous studies that concluded the necessity of
7 
Fig. 5. Marginal value of land to the energy system for different levels of decarboniza-
tion and land availability. The horizontal black line marks current usual lease prices
for large-scale PV of 200,000e∕(km2 a). The vertical black line marks current plans of
future land availability for large-scale PV of 0.5% of country area. The left side of the
𝑥-axis starts at 0.25% country area and thus is not zero-aligned.

double-digit percentages of land area for achieving self-sufficiency [3]
or infeasibility [36].

3.3. Profitability and robustness

In the optimum solution of an optimization model, the marginal
benefit is equal to the marginal cost. Translated to energy system
models, this means that the market revenue of components exactly
covers their cost. This is commonly called the zero-profit rule (refer to
e.g. Brown and Reichenberg [42]). If a component cannot cover its cost,
it is not built by the model. In Fig. 6, we show all expenditures and
revenues of large-scale PV per energy produced for a land availability
of 0.5% and consider the case of 0% remaining emissions. The first
part of expenditures consists of the annuity and O&M cost, which are
exogenous assumptions and typically define levelized cost of electricity
(LCOE) of a component. For the second part, we assume that the
marginal value of land to the energy system is actually equal to the land
cost paid by renewable energies. We call them marginal land cost and
they are a model result from land scarcity. Accordingly, the second part
consists of a cost component that goes beyond the typical definition of
LCOE. We name the shadow price from the energy balance constraint
of electricity (Eq. (2)) the electricity price 𝜖𝑡 and calculate the revenues

Rev𝑞 =
∑

𝑡
𝑓 cap
𝑞,𝑡 . ⋅ 𝜖𝑡 ⋅ 1h ∀𝑞. (6)

as the time integral over the product of the electricity price 𝜖𝑡 and the
capacity factor 𝑓 cap

𝑞,𝑡 . If the sum of all expenditures exceed revenues, we
show this as a net loss.

At climate neutrality, marginal land cost exceed the sum of annuity
and O&M cost for all south-facing PV park configurations by up to a
factor of two. Despite the fact that all south-facing parks have higher
revenues, the east–west facing park is the only configuration without
a net loss and is therefore the only PV system built by the model.
Marginal land cost can thus be the deciding factor for profitability
of technologies in decarbonized energy systems and constrained land
availability. Additionally, the zero-profit rule leads to higher revenues
for generators with higher marginal land cost. According to Eq. (6),
this can be achieved in two ways: (i) higher electricity production
𝑓 cap
𝑞,𝑡 (which would mean less curtailment, since PV is constrained by

the presence of solar radiation) or (ii) higher electricity prices 𝜖𝑡. We
observe both effects: between 6.5 and 0.5% land availability, hours
with curtailment reduce from 1200 to 800 hours per year. Additionally,
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Fig. 6. Expenditures and revenues of different large-scale PV park configurations at
0.5% land availability for 0% (top part) and 10% (bottom part) remaining emissions.

Fig. 7. Net loss for large-scale PV at carbon neutrality over the land availability. This
is equivalent to the net loss from Fig. 6. The left side of the 𝑥-axis starts at 0.25%
country area and thus is not zero-aligned.

average annual electricity prices increase from 67 to 97€/MWh and the
total system cost increase from 88 bn.€/a to 105 bn.€/a. Thus, land
scarcity leads to a more efficient usage of primary energy but at the
same time to higher system cost and consumer prices.

In Fig. 7, we plot the net losses of all PV park configurations over
the available land at carbon neutrality. Until a land availability of
1.25%, east–west parks are the only PV configurations without a net
loss. Technologies with low energy density (e.g. south oriented PV)
at land scarcity generally show a much higher net loss than tech-
nologies with high energy density (e.g. east–west oriented PV) when
land is abundant. Thus, land-use-efficient technologies are more robust
to uncertain future conditions with decreasing technology prices and
increasing land scarcity and land prices. From this we conclude that
incentivizing technologies with high energy density (such as east–west
PV parks) even nowadays is a low-risk approach and increases the
robustness of energy systems versus a foreseeable competition for land
in the near future.

Considering the circumstances of real energy systems with imperfect
markets and a life time of PV of 25 to 30 years means that PV parks
8 
built today will still be in operation when Germany reaches climate
neutrality in 2045. Systems built today will influence the availability
of land in the future. The leases for today’s systems usually have a
fixed price over the life of the project and the value of land at carbon
neutrality is several times higher than current lease prices until 4% land
availability and never drops below them (see Fig. 5). Therefore, lease
prices actually paid when climate neutrality is achieved can only reflect
the opportunity cost of land if policymakers allocate sufficient amounts
of land to energy production, thereby avoiding high marginal values of
land to the energy system. Otherwise, landowners will subsidize energy
producers. The subsidy in this case would not be an actual transfer of
money, but results from the difference between leasing prices and the
value of land.

This insight inevitably leads to the topic of ’lock-in’. Energy systems
are path-dependent, which means that they develop a resistance to
systematic shifts due to (i) infrastructural and technological, (ii) insti-
tutional and (iii) behavioral lock-in effects [43]. Reid et al. [5] reported
e.g. an extended life time of coal-fired power-plants in Europe through
biomass fuels. Path dependencies must therefore be taken into account
when setting the framework for the energy transition.

3.4. Implications for policy makers

As we pointed out in Section 3.2, the differences in the design of
the energy system and the marginal value of land are large between
10% and 0% remaining emissions using our approach of a green-field
optimization, although both states would be separated by less than
five years in reality. This underlines the importance of considering the
effects of path dependency during the design of decarbonized energy
systems, particularly in view of future competition for land. Policy
actions should consider a systematic shift of the view on the value of
land, and they should do this as early as possible to avoid expensive
lock-in effects.

In our case study, we have shown that even in an industrialized
country with intensive land use like Germany, the energy transition
can be achieved without having to use additional land for energy
generation compared to today. There is also no need to import green
energy carriers. However, this would require the integrated considera-
tion of energy generation from bioenergy plants and ground-mounted
photovoltaics. This potentially politically sensitive discussion has not
yet been driven forward by politics.

The German National Bioeconomy Strategy [44] explicitly defines
the reduction of land pressure as a policy objective. Instruments for
this include the increased use of residual and waste materials as a
supplement to energy crops, for example. With the Renewable Energies
Act [45] and the National PV Strategy [46], Germany has also set itself
targets for the expansion of ground-mounted PV. From 2026, 11 GW are
to be added each year, while the national funding programs have not
yet set any targets for power density. These targets lead to acceptance
problems in many places. An integrated strategy aimed at ensuring that
the total amount of land used for energy production does not grow
could increase acceptance and advance the energy transition.

3.5. Limitations and further research

As usual in future energy system analyses, many of our results
depend on choices and assumptions made. The absolute amounts of
required land are largely dependent on the end energy consumption
the model has to supply and possible fields of application for bioenergy
crops influence the value they can provide. Future improvements in
land efficiency or cheap emission-free energy imports might partially
relax land competition. We focused on land competition between solar
and bioenergy crops and did not consider competition with onshore
wind. Additionally, we did not assess integrated approaches combining
the cultivation of (energy) crops and PV systems, which is often referred
to as agrivoltaics. The integrated approach increases the combined
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yield of crops and PV for some applications and sometimes even the
crop yield in general due to advantages from shading and reduced
drought [47]. However, this largely enhances the cost of PV. The
combination of agrivoltaics and sun-loving energy crops such as maize
does not hold great potential for increasing combined space efficiency.
Since agrivoltaics is however suitable for both bioenergy and food
crops, it might ease the competition between the two. The general
trends of our findings are not affected by not considering agrivoltaics.

A further limitation of our study is the aggregation of Germany into
a single node thus neglecting all spatial distributions and transport. This
is especially relevant for the evaluation whether land is suitable for the
installation of PV systems. Installation cost for PV profits from prox-
imity to existing electricity grids and transport infrastructure, which
might not be given for all agricultural areas with current cultivation
of bioenergy crops. Leirpoll et al. [16] showed that globally, over two
thirds of abandoned cropland is more suitable for PV than for bioenergy
crops using the Development Potential Index (DPI), which considers
site-specific feasibility criteria such as access to infrastructure. For Ger-
many, suitability for PV is slightly higher than for bioenergy crops as
well. Additionally, our results do not suggest that all agricultural land
should be covered with PV anyway, so we expect little impact from this.

Lastly, we would like to address the topic of bioenergy in combina-
tion with carbon capture and storage (BECCS). BECCS and its ability
to provide negative emissions is a good reason for the widespread
presence of bioenergy in global decarbonization scenarios [4]. A short
assessment of negative emissions here seems justified given that we
do not consider BECCS or the alternative of direct air carbon capture
and storage (DACCS) in our model. We find negative emission rates for
biomass combustion of 0.33 [48] to 1.13 tCO2∕MWh [49], which would
esult in a potential removal of 2800 to 9700 tCO2∕(km

2 a) using BECCS
ssuming an energy density of miscanthus of 8.6GWh∕(km2 a) [29]. The

alternative to BECCS would be DACCS powered by PV electricity. A PV
park with the lowest energy density of 83.4GWh∕(km2 a) from Table 1
would thus provide an additional energy of 74,8GWh∕(km2 a). If this
xcess energy would be used entirely for DACCS with an efficiency rate
f 0.5 tCO2∕MWh [50], 37,400 tCO2∕(km

2 a) could be removed, or at
east four times as much as through BECCS. There are also concerns that
ingle-digit percentages of methane escape from biogas plants [51,52],
hich would require further carbon capture to make biogas climate-
eutral. Hence, we conclude that including CCS-technology would not
hange our results, especially considering that our assumptions in this
pproximate calculation should heavily favor BECCS by assuming (i)
he usage of miscanthus as the crop with the highest energy density
nd (ii) the usage of the PV park with the lowest energy density.

. Conclusions

We studied the dependence of the future German decarbonized
nergy system on the availability of land that PV and bioenergy crops
re competing for to minimize the energy system cost. With the assump-
ions made we find that no land in addition to the land that is currently
eing used for biomass crops is required to decarbonize Germany.
ermany may be considered an example for a densely populated,
eveloped nation with high energy demand per area. Our findings
ndicate that a comprehensive assessment of available land for energy
roduction and a corresponding policy that supports efficient land
se are essential. In particular, we argue that the focus of land use
hould be set so that sufficient land is available for PV systems, with
xplicit consideration also being given to land that is currently used for
he cultivation of bioenergy crops. We find that the higher flexibility
f biomass can outweigh its lower land use efficiency and replace
arge-scale PV, but this requires high land availability for VRE so that
ufficiently much primary energy can be generated despite the use
f bioenergy crops. This is an aspect that was not considered in the
xisting literature when evaluating the value of bioenergy crops in
ero-emission scenarios.
9 
By reallocating land from bioenergy crops to PV, we expect more
fficient land use and improved economic viability for zero-emission
echnologies. We showed that the need for land, and consequently the
alue of land, increases sharply towards the end of decarbonization,
hich carries the risk that it will be recognized too late. As energy

ystems are path dependent and have a high degree of inertia due
o long lifetimes of components, the assessment of available land for
nergy production should begin as early as possible to avoid lock-in
ffects that can hinder decarbonization.
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ppendix A. Model documentation

.1. Model notation

.1.1. Sets

Set Description
𝑐 ∈ 𝐶 Set of components
𝑞 ∈ 𝑄 ⊂ 𝐶 Set of sources
𝑥 ∈ 𝑋 ⊂ 𝐶 Set of converters
𝑠 ∈ 𝑆 ⊂ 𝐶 Set of storages
𝑒 ∈ 𝐸 Set of energy carriers
𝐸in
𝑐 ⊂ 𝐸 Input energy carriers of component c

𝐸out
𝑐 ⊂ 𝐸 Output energy carriers of component c

𝑡 ∈ 𝑇 Set of time steps
𝑋var ⊂ 𝑋 Converters with variable efficiency rate

ext
𝑋 ⊂ 𝑋 Converters with extraction CHP
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A.1.2. Parameters

Symbol Unit Description
𝛥𝑡 h Length of time steps
𝛽wacc – Weighted average cost of capital
𝑐carrier
𝑒

e
MWh Spec. fuel cost of energy carrier e

𝑐fix
𝑐

e
MW Spec. fix cost for power capacity of

component c
𝑐fix,energy
𝑐

e
MWh Spec. fix cost for energy capacity of

component c
𝑐om
𝑐 % OM cost share of component c
𝛩CO2limit t Spec. CO2 emission limit
𝛩CO2ef
𝑒

t
MWh Spec. CO2 emission factor of energy

carrier e
𝑒import,max
𝑒 MWh Max energy import of energy carrier e
𝑑𝑒,𝑡 MW Consumption of energy carrier e in time

step t
𝜆𝑐 – Life time of component c
𝛽crf
𝑐 – Capital recovery factor of component c
𝜇𝑐

km2

MW Land consumption of component c
𝜇𝑒

km2

MWh Land consumption of energy carrier e
𝑝max
𝑐 MW Capacity potential of component c
𝑓 cap
𝑞,𝑡 – Capacity factor of source q in time step t

𝜂𝑖𝑛𝑥,𝑒,𝑡 – Input efficiency rate of converter x of
energy carrier e in time step t

𝜂𝑜𝑢𝑡𝑥,𝑒,𝑡 – Output efficiency rate of converter x of
energy carrier e in time step t

𝜂fur,max
𝑥 – Maximum fuel utilization rate of CHP

converter x
𝜎cb
𝑥 – Minimum power to heat ratio of CHP

converter x
𝜋rel
𝑠 – Relative potential E2P deviation factor of

storage s
𝜋𝑠

MWh
MW General energy to power capacity ratio of

storage s
𝜂ch
𝑠 – Efficiency rate of charging of storage s
𝜂dis
𝑠 – Efficiency rate of discharging of storage s
𝜂sd
𝑠

1
h Energy self discharge of storage s

A.1.3. Variables

Symbol Unit Description

𝑃 import
𝑒,𝑡 MW Import of energy carrier e in time step t

𝑃 cap
𝑐 MW Power capacity of component c

𝑃 inst
𝑐 MW Power capacity installation of component c

𝑃 out
𝑐,𝑡 MW Power output of component c in time step t

𝑃 out,th
𝑥,𝑡 MW Thermal power output of CHP component x

in time step t
𝑃 in
𝑐,𝑡 MW Power input of component c at time step t

𝐸cap
𝑠 MWh Energy capacity of storage s

𝐸inst
𝑠 MWh Energy capacity installation of storage s

𝐸𝑠,𝑡 MWh Energy of storage s at time step t

A.2. Model formulation

A.2.1. Objective function
Minimize the objective function, consisting of the total cost of

components (CAPEX and cost for operation and maintenance) and the
carrier import cost:

𝐶 total = 𝐶capex + 𝐶om + 𝐶carrier (A.1)

The CAPEX are determined by the annual power installation, the
pecific fixed price and the capital recovery factor. To consider also
10 
the energy of storages, a second term is needed:

𝐶capex =
∑

𝑐
𝑃 inst
𝑐 ⋅ 𝑐fix

𝑐 ⋅ 𝛽crf
𝑐 + 𝐸inst

𝑠 ⋅ 𝑐fix,energy
𝑠 ⋅ 𝛽crf

𝑠 (A.2)

ith the capital recovery factor:

crf
𝑐 =

𝛽wacc ⋅ (1 + 𝛽wacc)𝜆𝑐
(1 + 𝛽wacc)𝜆𝑐 − 1

∀𝑐 (A.3)

Operation and maintenance cost:

𝐶om =
∑

𝑐
𝑃 cap
𝑐 ⋅ com

𝑐 ⋅ cfix
𝑐 +

∑

𝑠
𝐸cap
𝑠 ⋅ com

𝑠 ⋅ cfix,energy
𝑠 (A.4)

Carrier import cost:

𝐶carrier =
∑

𝑒

∑

𝑡
𝑃 import
𝑒,𝑡 ⋅ 𝛥𝑡 ⋅ 𝑐carrier

𝑒 (A.5)

.2.2. System constraints
Energy balance:

import
𝑒,𝑡 +

∑

𝑐
𝑃 out
𝑐,𝑡 =

∑

𝑐
𝑃 in
𝑐,𝑡 + 𝑑𝑒,𝑡 ∀𝑒,∀𝑡 (A.6)

Maximum CO2 emissions:

𝑒

∑

𝑡
𝑃 import
𝑒,𝑡 ⋅ 𝛩CO2ef

𝑒 ≤ 𝛩CO2limit
𝑒 (A.7)

.2.3. Component
In green-field scenarios, component capacity is equal to the annual

nstallation:
cap
𝑐 = 𝑃 inst

𝑐 (A.8)

The capacity is constrained by the capacity potential:
cap
𝑐 ≤ 𝑝max

𝑐 ∀𝑐. (A.9)

.2.4. Source
Operation of sources does not exceed their capacities multiplied

ith their capacity factor for every time step:
out
𝑞,𝑡 ≤ 𝑃 cap

𝑞 ⋅ 𝑓 cap
𝑞,𝑡 ∀𝑞,∀𝑡 (A.10)

.2.5. Converter
Power output is linked to its power input and its efficiency rate:

∑

∈𝐸out
𝑥

𝑃 out
𝑥,𝑒,𝑡

𝜂out
𝑥,𝑒,𝑡

=
∑

𝑒∈𝐸in
𝑥

𝑃 in
𝑥,𝑒,𝑡 ⋅ 𝜂𝑥,𝑒,𝑡 ∀𝑥,∀𝑡 (A.11)

The primary power output of converters must not exceed their
apacities for every time step:
out
𝑥,𝐸out

𝑐 [0],𝑡
≤ 𝑃 cap

𝑥 ∀𝑥,∀𝑡 (A.12)

.2.6. ExtConverter
Total power outputs of CHP converters physically cannot exceed the

fuel) input power:
out
𝑥,𝑡 + 𝑃 out,th

𝑥,𝑡 ≤
∑

𝑒∈𝐸in
𝑥

𝑃 in
𝑥,𝑒,𝑡 ⋅ 𝜂

fur,max
𝑥 ∀𝑥 ∈ 𝑋ext,∀𝑡 (A.13)

For extraction CHP converters a minimum power to heat ratio needs
o be considered:
out
𝑥,𝑡 ≥ 𝑃 out,th

𝑥,𝑡 ⋅ 𝜎cb
𝑥 ∀𝑥 ∈ 𝑋ext,∀𝑡 (A.14)

.2.7. Storage
New storage installations can vary inside a given range around the

ower to energy capacity ratio:

inst
𝑠 ⋅ 𝜋𝑠 ⋅

1
rel ≤ 𝐸inst

𝑠, ≤ 𝑃 inst
𝑠 ⋅ 𝜋𝑠 ⋅ 𝜋

rel
𝑠 ∀𝑠 (A.15)
𝜋𝑠
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Energy content in storage is derived by previous energy content, self
discharge and input and output processes including efficiency losses:

𝐸𝑠,𝑡 = 𝐸𝑠,𝑡−𝛥𝑡 ⋅ (1 − 𝜂sd ⋅ 𝛥𝑡ref)𝛥𝑡∕𝛥𝑡
ref

+ 𝛥𝑡 ⋅ (𝑃 in
𝑠,𝑡 ⋅ 𝜂

ch
𝑠 − 𝑃 out

𝑠,𝑡 ⋅
1

𝜂dis
𝑠

) ∀𝑠,∀𝑡

(A.16)

Energy content of storages cannot exceed energy storage capacity:

𝐸𝑠,𝑡 ≤ 𝐸cap
𝑠 ∀𝑠,∀𝑡 (A.17)

Power input and output of storages is limited by power capacity:

𝑃 in/out
𝑠,𝑡 ≤ 𝑃 cap

𝑠 ∀𝑠,∀𝑡 (A.18)

A.2.8. Carrier
Annual import energy is limited:

∑

𝑡
𝑃 import
𝑒,𝑡 ⋅ 𝛥𝑡 ≤ 𝑒import,max

𝑒 ∀𝑒 (A.19)

Power of imports has to be equal in all time steps of a year to avoid
flexibility stemming from imports:

𝑃 import
𝑒,𝑡 = 𝑃 import

𝑒,𝑡−𝛥𝑡 ∀𝑒,∀𝑡 (A.20)

A.2.9. Land consumption
The land consumption of all entities is constrained by the maximum

land consumption:

∑

𝑐
(𝑃 cap

𝑐 ⋅ 𝜇𝑐 ) +
∑

𝑒

∑

𝑡
(𝑃 import

𝑒,𝑡 ⋅ 𝜇𝑒) ≤ 𝛬 (A.21)

Appendix B. Modeling parameters

See Tables B.1–B.6.

Table B.1
Annual consumption per energy carrier and end-use in ESTRAM in TWh. Other energy
carriers have an end energy consumption of zero in our model.

Application District heating Electricity Gas H2 Oil

Aviation 0 0 0 0 128.2
Rail 0 18.9 0 4.3 0
Street 0 162.5 0 32.0 0
Space heating 48.4 139.4 0 0 0
Hot water 12.5 32.1 0 0 0
Process heat 0 179.7 208.4a 0
Cooling 0 42.0 0 0 0
Lighting 0 43.3 0 0 0
ICT 0 37.1 0 0 0
Mechanical energy 0 136.1 0 0 0
Feedstock 0 0 28.2 0 171.8
Total 60.9 791.0 28.2b 36.3b 299.9

a We assume that H2 and natural gas are interchangeable for process heat. The sum
for both carriers is set to 208.4 TWh exogenously, but the split between them is part
of the optimization.
b Excluding the flexible consumption from process heat.
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Fig. B.1. Cost comparison of variable renewable energy technologies between different
national and international sources. Sources are: Agora 2021: [25]. EWI 2021: [23]. IEA
2022: Europe, scenario Net Zero Emissions 2050 from [53]. Bogdanov et al. 2021: [54].
IEA 2022 does not provide separate values for PV large-scale and PV rooftop.

B.1. Cost comparison VRE

The majority of the total system cost in a decarbonized energy
system model comes from fix and O&M cost of the variable renewable
energy sources solar PV, wind onshore and wind offshore, because they
are the major provider of primary energy. Therefore, we provide a short
comparison of total annual cost with two German national [23,25] and
two international [53,54] sources from the past two years. We calculate
the total annual cost 𝐶𝑐 of each technology 𝑐 as follows:

𝐶𝑐 = 𝑐fix
𝑐 ⋅ (𝛽crf

𝑐 + com
𝑐 ) ∀𝑐 (B.1)

with the capital recovery factor:

𝛽crf
𝑐 =

𝛽wacc ⋅ (1 + 𝛽wacc)𝜆𝑐
(1 + 𝛽wacc)𝜆𝑐 − 1

∀𝑐 (B.2)

This requires four input parameters: we extract the fix cost 𝑐fix
𝑐 , the

life time 𝜆𝑐 and the share of O&M cost of the fix cost com
𝑐 from all

four sources. For the weighted average cost of capital, we use our own
assumption of 2.5%. This allows us to compare the complete annual
cost between the sources and include differences between all three
input parameters.
Table B.2
Input data assumptions of energy carriers e.
Carrier CO2 emission factor Import cost Forced constant import power

kg
MWh

e

MWh

Biomass Digestible Energycrop 0 27.6 No
Biomass Oily Energycrop 0 116.0 No
Biomass Woody Energycrop 0 26.4 No
Biomass Digestible Residue 0 17.1 No
Biomass Woody Residue 0 15.3 No
H2 0 90 Yes
Gas 201 35 Yes
Oil 266 60 No
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Table B.3
Translation of commodities from the ENSPRESO data set [38] to energy carriers e.

ENSPRESO code ENSPRESO description ESTRAM biomass type

MINBIOAGRW1 Agricultural waste Digestible Residue
MINBIOGAS1 Manure solid, liquid Digestible Residue
MINBIOFRSR1a Residues from landscape care Woody Residue
MINBIOCRP11 Bioethanol barley, wheat, grain

maize, oats, other cereals and rye
Digestible Energycrop

MINBIOCRP21 Sugar from sugar beet Digestible Energycrop
MINBIOCRP31 Miscanthus, switchgrass, RCG Woody Energycrop
MINBIOCRP41 Willow Woody Energycrop
MINBIOCRP41a Poplar Woody Energycrop
MINBIOLIQ1 Sunflower, soya seed Oily Energycrop
MINBIORPS1 Rape seed Oily Energycrop
MINBIOFRSR1 Fuelwood residues Woody Residue
MINBIOWOO FuelwoodRW Woody Energycrop
MINBIOWOOa C&P_RW Woody Energycrop
MINBIOWOOW1 Secondary Forestry residues -

woodchips
Woody Residue

MINBIOWOOW1a Sawdust Woody Residue

As we show in Fig. B.1, our assumptions for all four technologies
re in the average of the other sources. For wind onshore, the IEA
ssumes 21% higher cost, while every other source assumes up to
0% lower cost. For wind offshore, by far the lowest cost assumption
omes from the IEA with 79e∕(kW a), which is almost half of our own
ssumption. Nevertheless, one national (Agora) and one international
Bogdanov et al.) assumes even higher cost than we do. For large-scale
V, Bogdanov et al. assume 22% lower cost, while the other three
ources assume 19 to 29% higher cost. For rooftop PV, the two national
ources have almost identical assumptions, while both international

ources use lower cost assumptions than we do.
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B.2. Sensitivity analysis: price of H2 imports

The import of green hydrogen is the only additional source of zero-
emission energy at land scarcity and therefore has a large impact onto
our results at low land availability and carbon neutrality. Therefore,
we tested the sensitivity of our results to the import price of green
hydrogen. For this analysis, we use an import price of 2e∕kg (or
60e∕MWh), which is way below usual scenarios for Germany such as
in [27], where the minimum import price is around 2.5e∕kg. We still
do not restrict the amount of imported hydrogen.

In Table B.7, we compare various key figures between the three
scenarios of 10% emissions and an import price of 90e∕MWh, 0%
emissions and an import price of 60e∕MWh and 0% emissions and an
import price of 90e∕MWh. The general effect of cheap import prices
is that hydrogen imports partially replace local production. This is
expressed in higher annual imports and a peak installed capacity of
large-scale PV that reduces from 1045 to 651 GW. Most key figures
lie between the scenario with 10% and 0% emissions and an import
price of 90e∕MWh. The reason is that cheap gaseous imports are
interchangeable and green hydrogen simply replaces fossil natural gas.
At higher land availability, local bioenergy crops replace green hydro-
gen imports instead of local PV production. However, the marginal
value of land where bioenergy is produced reduces from 269,000 to
211,000e∕(km2 a). Hence, bioenergy crops provide even less value
to the energy system and the dedicated land use for them remains
questionable.

Overall, the trends we identified are still valid under the assumption
of cheap imports of green hydrogen, but absolute numbers are closer to
our main results at 10% remaining emissions due to the exchangeability
between hydrogen and natural gas.
Table B.4
Input data assumptions of sources q.

Source Fix cost O&M cost Life time Max. full load hours LCOE Capacity potential
e

kW
% of Fix Cost

a
a h e

MWh
GW

Solar rooftop 546 2 25 913 44.4 278
Solar large-scale 295 2 25 846–981a 22.3–25.9a a

Wind onshore 900 3.5 25 1082–4045b 19.9–74.3b 210b

Wind offshore 1768 3 25 4708 31.7 70.8
Hydro 3000 1 50 3828 35.5 4.3c

a For the modeling of large-scale PV, please refer to Section 2.2.
b We use the ESTRAM feature of subclasses to model wind onshore power plants with different full load hours due to differing wind speeds across Germany. All subclasses
combined have a capacity potential of 210 GW and we assume a distribution across subclasses that is equivalent to todays locations of wind parks.
c The dimensioning of hydro power plants is not part of the optimization. Instead, we force the model to install today’s installed capacity of 4.3 GW.
Table B.5
Input data assumptions of converters x.

Converter Fix costa O&M cost Life time Efficiencyb Input Output
e

kW
% of Fix Cost

a
a %

Biogas PP 2900 4.5 30 37 Biomass Electricity district heating
Biomass heat plant 440 7.9 25 115 Biomass Electricity district heating
Biomethane facility 896 7.8 20 87 Biomass Gas
Combined cycle PP 963 4 30 56.1 Gas Electricity district heating
Electrolysis 360 5 20 66.7 Electricity H2
Fischer Tropsch + DAC 1447 5.2 25 61 H2 electricity Oil
Fischer Tropsch BtL 3460 2.5 25 30 Biomass Oil
HVO 800 5.4 25 97.7 Biomass Oil
Gas PP 450 4 30 43.7 Gas Electricity
H2 combined cycle PP 1100 4 30 56.1 Gas or H2 Electricity district heating
H2 PP 550 4 30 40 Gas or H2 Electricity
Large-scale heat pump 490 0.4 25 250c Electricity District heating
Methanization + DAC 716 4 20 58 H2 district heating electricity Gas
Wood chip biomethane 1500 1.6 20 65 Biomass Gas
Wood pellet PP 1940 2.8 25 29 Biomass Electricity district heating

a Cost always refer to the primary output power, e.g. the cost of a CHP plant are in kWel and those of electrolysis in kWH2
.

b For CHP plants, the efficiency only refers to electrical efficiency without heat extraction. The efficiency rate with heat extraction depends on the operating point. For converters
with multiple inputs or outputs, the efficiency refers to the combined efficiency of the energy E of all inputs i and outputs o: 𝜂 = 𝑠𝑢𝑚𝑜𝑢𝑡𝑝𝑢𝑡𝑠

𝑜 𝐸𝑖

𝑠𝑢𝑚𝑖𝑛𝑝𝑢𝑡𝑠
𝑖 𝐸𝑖

.
c The large-scale heat pump uses an hourly coefficient of performance (COP) that depends on the ambient temperature. The given COP of 2.5 is the time-weighted average over
the entire year and varies with the scenario, depending on the optimized dispatch.
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Table B.6
Input data assumptions of storages s.

Storage Fix cost power Fix cost energy O&M cost Life time Round trip efficiency Decay
e

kW
e

kWh
% of Fix Cost

a
a % %

week

Battery storage 30 130.7 1 15 90.3 0.8
Gas storage 575 0.45 0.25 30 85.7 0
H2 storage 575 0.45 0.25 30 85.7 0
Pumped storage 1065 75 1.5 80 74 0
Thermal storage 0 3x 3 25 98 4.3
Table B.7
Comparison of key figures of the energy system between our main results and results under the assumption of cheaper imports of green hydrogen for 60e∕MWh.

10% emissions H2 90e∕MWh 0% emissions H2 60e∕MWh 0% emissions H2 90e∕MWh

Min./max. fuel imports [TWh∕a] 418.7/418.7 127.7/415.8 0/365.1
Peak large-scale PV 𝑃 cap [GW] 355 651 1045
PV S30◦72MW/km2 from 𝛬 [% country area] 1.0 1.625 3.5
Value of land at 𝛬 0.5% country area [Mio.e∕km2∕a] 1.2 1.2 3.1
Total system cost at 𝛬 0.5% country area [bn.e] 74.4 95.4 104.8
Bioenergy crops cultivated from 𝛬 [% country area] 1.5 3.0 4.0
Value of land at bioenergy cultivation [e∕km2∕a] 13,000 211,000 269,000
Bioenergy crops peak production [TWh] 26 120 95
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