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Abstract—With the 2015 Paris Climate Agreement, the in-
ternational community has reaffirmed its commitment to tackle
anthropogenic climate change with the goal of limiting the
global average temperature increase below 1.5 °C, but to a max-
imum of 2 °C above pre-industrial levels. Against this back-
ground, we examine scenarios for a complete decarbonisation of
the European energy supply. Since such scenarios are based on
a high expansion of weather-dependent renewable energy
sources, the question arises, which flexible technologies are nec-
essary to balance supply and demand in such energy systems. In
this paper, a scenario analysis shows which capacity or volume
of energy storage, power interconnectors and synthetic fuels are
needed in decarbonization scenarios. To address this research
question three different energy system models are applied.
These models cover Europe and Germany, respectively, and are
able to explain different results of the single models based of the
corresponding model characteristics. The paper concludes that
the power sector is able to cover a considerable share of the en-
ergy demand in the heat and transport sector with the help of
flexible sector coupling technologies such as heat pumps and
electric mobility. All considered models manage to find solutions
for a deep decarbonization if flexibility and storage option are
available.

Keywords—Energy Storage, Power-to-X, Decarbonization
Scenario, Model comparison

I. INTRODUCTION

In order to counter the consequences of climate change,
the international community of states agreed in the 2015 Paris
Agreement to balance anthropogenic greenhouse gas (GHG)
emissions and sinks in the second half of the 21% century [1].
In response, the European Commission (EC) reconfirmed the
objective to become GHG neutral by 2050 in the proposal of

the first European Climate Law as part of the European Green
Deal [2].

Key strategies to reduce GHG emissions that are already
agreed upon include increasing energy efficiency measures
and substituting fossil fuels with renewable energy sources
(RES) [3,4]. Solar and wind energy are expected to become
the most important generation technologies in the electricity
sector due to their generation potential and relatively low cost
[5]. The weather dependency of these energy sources in-
creases the need for flexibility options to balance electricity
supply and demand at all times [6,7]. There is a common un-
derstanding that through electrification of appliances, a decar-
bonized electricity system can be the basis for emission reduc-
tions in many sectors. However, some energy services such as
aviation, long-distance transport or steel production remain
difficult to decarbonize [8].

Electricity-based fuels (synthetic or e-fuels) have the po-
tential to address both issues. On the one hand synthetic fuels
can serve as long-term electricity storage and are suitable to
provide upward and downward flexibility. On the other hand
synthetic fuels can be GHG neutral substitutes for fossil fuels
in energy services that are difficult to decarbonize.

For reaching very ambitious climate goals, the electricity
sector plays a crucial role. Decarbonizing many applications
currently relying on fossil fuels requires either a fuel switch to
electricity (e.g. the switch from internal combustion engine
cars to e-mobility) or switching to a climate neutral fuel. This
fuel can be either biogenic (biofuel) or generated from elec-
tricity (Power-to-X, PtX). As biomass supply is limited it is
clear that most of the energy in a decarbonized energy system
will be either electricity or fuels derived from electricity.
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Nevertheless, synthetic fuels compete with a wide range
of flexibility options, not only from the electricity sector itself
(battery storage, pumped hydro storage, electricity grids) but
also from the heat sector (heat pumps, electric boilers, heat
storage, combined heat and power (CHP) plants) as well as
from the transport sector (electric vehicles, eHighway trucks).
Therefore, the central research questions of this paper are:

e Which flexibility options are necessary to balance
supply and demand in decarbonized energy systems?

o Whatrole can especially synthetic fuels play as a flex-
ibility option and GHG reduction strategy?

A reduction of GHG emissions to net zero leads to strong
interactions between the already complex systems of electric-
ity, heat and transport. Scenario studies and models can be
used to address this complexity. They can offer orientation in
the possible solution space, help to evaluate political alterna-
tive courses of action, and support the decision-making pro-
cess for efficient decarbonization strategies [9]. The EC's
long-term strategic vision for a prosperous, modern, competi-
tive and climate neutral economy for reducing greenhouse
gases, e.g. is based on scenario calculations [10].

To some extent, the ambition level of decarbonization sce-
narios has increased over the last years, especially after the
Paris Accord. Before that, many scenarios studies were per-
formed reaching a reduction in GHG emissions of around
80 % compared to 1990. More ambitions scenarios, aiming for
a stronger decrease or even full decarbonization, were per-
formed mostly by NGOs. However, after the Paris Accord,
deep decarbonization scenarios came into the focus of studies
by governments or the EC.

Nevertheless, in published studies the authors came to dif-
ferent conclusions based on their modeled scenarios. There-
fore, the comparison and evaluation of different scenarios re-
quires a lot of knowledge about model characteristics and as-
sumptions. In this paper, we compare different scenarios with
different modeling approaches in order to gain a better under-
standing of the mechanisms of RES integration with different
flexibility options and the effects of synthetic fuels.

Table 1 gives an overview of different balancing technol-
ogies for RES integration (compare [11]). We are going to fo-
cus the analysis on the use of these technologies in three recent
studies for the German energy system and try to give a better
understanding how these technologies compete with the use
of synthetic fuels for GHG reduction.

Table 1.  Overview of different balancing technologies for RES integra-
tion (based on [11])
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The remainder of the paper is structured as follows: In sec-
tion Il we explain the analyzed models and scenarios. Sec-
tion 111 presents the results of the model and scenario compar-
ison. The paper closes with a summary and conclusion.

Il. METHODOLOGY

We are going to analyze three different scenarios for a
long-term (year 2050) decarbonization scenario for Germany
in the European context. The scenarios are the results of three
different energy system models (“Enertile”, “REMod” and
“SCOPE SD”). Table 2 gives an overview of the three models
and their main characteristics and Table 3 presents the most
relevant scenario assumptions. In the following subsections,
the most important model characteristics and scenario as-
sumptions are presented in more detail.

A. Scenario “Enertile - Hydrogen import”

1) Model description

The energy system model “Enertile” of Fraunhofer ISI is
a cost minimization model for the provision of electricity,
heat, and hydrogen [5,12,13]. The transport sector is modeled
based on results from the simulation model “Aladin” which
calculates power and hydrogen demand. The model Enertile
can optimize the charging of electric vehicles while eHighway
trucks are assumed to be inflexible. The central constraints of
the optimization include that exogenously specified demands

Sector Positive residual load Negative residual load
Controllable plants (e.g.
gas turbines) Curtailment
Power Battery storage Battery storage
sector (Pumped) Hydro storage (Pumped) Hydro storage
Flexible biogas plants Demand Side Management
Demand Side Management Power export
Power import
Heat pumps
Heating CHP plants Electric boilers
sector Heat storage (indirect influence)
Controlled charging of
;I'erstr;srport Vehicle-to-Grid electric vehicles
Hybrid eHighway trucks

Table 2. Overview of model characteristics
Criteria/Model Enertile REMod SCOPE SD
General model
charcteristics
Programming LP NLP LP
technic
Path until . .
Time horizont | 2050 (10 year Pa(tgatcjtr]\tllei?)SO 2050£:)n gle
steps) Y y
Time resolution Hourly Hourly Hourly
Spatial scope Europe Germany?® Europe
Investment
decision scope
Power plants | Endogenous Endogenous Endogenous
Wind and PV Endogenous Endogenous Endogenous
Hydro power Endogenous Exogenous Exogenous
Heating
technologies Endogenous Endogenous Endogenous
Insulation Exogenous Endogenous Exogenous
Vehicles Exogenous Endogenous Endogenous
Transm|55|9n Endogenous Endogenous Exogenous
capacity
Storage
technologies Endogenous Endogenous Endogenous
Partial Effi-
ciencies, Start-
up Costs,

. Ramping con- Ramping con-
Details of straints, Min. straints, Time-
Thermal None -

Generation downtlmgs and De_pengjgr)t
operating Auvailabilities
times, Time-
Dependent
Availabilities

2 Only RES generation of neighboring countries considered
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Table 3. Overview of scenario assumptions for 2050 with focus on Ger-
many
Enertile - SCOPE SD -
Criteria/Scenario Hydrogen REM.Od ) PtG/PtL im-
: Sufficiency
import port
GHG reduction
goal for the - 100 % -95% -100 %
energy sector
Investment costs
(Euro/kWe))
Wind onshore 1,298 1,335 920
Wind offshore 2,731 2,251 2,830
Solar PV 674 481 539

of the different energy forms are met in every hour of a year
and that predefined greenhouse gas reduction targets are
achieved. The cost minimization considers both capacity ex-
pansion and dispatch of relevant generation units and infra-
structures to meet the energy demand. The geographical scope
of Enertile covers Europe including the Western Balkans and
the Baltic States. The energy system is modeled in an hourly
resolution for the years 2020, 2030, 2040, and 2050 with path
dependency. Enertile is a linear, deterministic model and uses
perfect foresight.

In order to investigate the challenges for European high
decarbonization scenarios, one focus of the modeling in Ener-
tile is the detailed determination of potentials of fluctuating
RES. The determination of RES potentials is based on merg-
ing technical information of possible generation units with
land availability and historical weather data on a grid with an
edge length of 10 km. A second focus of the modelling is the
representation of flexibility options in systems with high
shares of RES. In addition to storages for different energy
forms, flexible charging of battery electric vehicles and Euro-
pean power transmission grids, the interactions between the
systems electricity, heat, and hydrogen are considered in de-
tail.

2) Scenario assumptions

The scenario “Enertile - Hydrogen import™ is a target sce-
nario with a total GHG reduction of 95 % in Europe in 2050
meaning a complete decarbonisation of the energy sector. The
main strategy of this scenario is to switch applications in the
demand sectors to direct use of electricity or hydrogen where
possible. The use of gaseous or liquid hydrocarbons is limited
to the available potential from biogenic sources.

Hydrogen can be generated in Germany or other European
countries, but it can also be imported from outside of Europe.
For the imports no distinction is made between “green hydro-
gen” from electricity and “blue hydrogen” from fossil sources.
The import price decreases to 55 Euro/MWh in 2050. It seem
reasonable, that at this price “green hydrogen” imports are
economically feasible, for example from Northern Africa.

The installed nuclear power generation capacity in Europe
follows an exogenously defined reduction path that reflects
current political decisions and expectations and decreases to
about 55 GW in Europe in 2050.

Major assumptions for Germany are:

e The conventional electricity consumption decreases
to 477 TWh due to efficiency gains.

e Hydrogen can serve two different purposes in the
model. On the one hand, hydrogen can be used as
energy storage for the conversion sector. Enertile
decides endogenously on the capacities and dispatch
of these hydrogen storage systems. On the other
hand, electrolysers can be built by the model to meet
hydrogen demand from the demand sectors. The de-
mand for hydrogen is partly exogenously predefined
and partly result of the optimization. The exoge-
nously determined hydrogen demand in this sce-
nario is dominated by the industry with about
145 TWh.

e  Capacity expansion and dispatch of net transfer ca-
pacities between neighboring countries is associated
with cost and determined endogenously by the
model.

e The transport sector is characterized by a high de-
gree of electrification. It is assumed that 50 % of us-
ers of battery electric vehicles charge in a controlled
way within certain restrictions.

B. Scenario “REMod - Sufficiency”

1) Model description

The energy system model “REMod” developed at Fraun-
hofer ISE calculates a cost optimized German energy system
[14,15]. Its main idea is to provide a deeper understanding of
national energy systems with particular regard to interdepend-
encies between different sectors and energy carriers. All en-
ergy carriers and consumer sectors are taken into account, in
line with meeting the declared climate targets and ensuring a
secure energy supply at all times. By running customized sce-
nario-based simulations, REMod is most suitable to answer
specific questions concerning the transformation of large en-
ergy systems. The fundamental functionality of REMod is
based on a cost-based (non-linear) optimization of a national
energy supply system, whose energy-related CO2-emissions
do not exceed a specified target value and/or target pathway.
The goal of the optimization is to decide on investment and
dispatch of all generators, storages, converters, and consumer
technologies at minimum costs, such that the energy balance
of the overall system is met in every hour from today until
2050. For this purpose, all four consumption sectors transport,
industrial process heat demand, electricity demand as well as
space heat and domestic hot water are represented. This en-
sures a detailed depiction of the interdependencies occurring
between different sectors and energy carriers and delivers ro-
bust suggestions for the transformation pathways of the en-
ergy system.

2) Scenario assumptions

The sufficiency scenario is one of the four main scenarios
published in [14]. In this scenario, a CO; reduction target of
95 % is defined for the energy sector. This means that in this
scenario the use of fossil fuels is still possible to a very limited
extend. The upper limits for installed renewable energy capac-
ity are 530 GWe for solar photovoltaics (PV) and 310 GWe
for wind power (on- and offshore). Import and export of elec-
tricity is limited to 40 GW¢ in 2050. In this scenario, the in-
fluence of sufficiency as main behavioral stream is examined.
Sufficiency coupled with strong efforts on energy efficiency
lead to a significant reduction of energy consumption. A pos-
sible reasoning can be, for example, a changing perspective
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due to the increasing number of extreme events caused by cli-
mate change. The central assumptions of the sufficiency sce-
nario are based on [16] and are summarized below:

e  Electricity demand: It is assumed that the electricity
demand for lighting, cooling, information and com-
munication technology and mechanical energy will
decrease by 45 % compared to today's level.

e Transport sector: Based on today's traffic volume, it
is assumed that individual and air transport will de-
crease by 30 % by 2050. Further, freight transport
will remain constant. Overall, the assumption is that
vehicles become more efficient and that end users
will use their car batteries to balance loads. EHigh-
way-truck are assumed to be inflexible.

e  Space heating and hot water: The lower boundary of
the renovation rate will be raised from 1 % to 2 %
from today's level to 2050 and the upper limit to 3 %.
The cost optimization chooses the optimal renova-
tion rate between these bounds.

o Industrial process heat: Industrial process heat de-
mand will decrease continuously by 0.75 % per year
until 2050.

C. Scenario “SCOPE SD - PtG/PtL import”

1) Model description

The optimization model “SCOPE Scenario Development”
(SCOPE SD) developed by Fraunhofer IEE determines an en-
ergy supply system (power, heat, and transport sector) at min-
imal cost [17]. The GHG reduction goal to be met can be spec-
ified. Security of supply or permanent coverage of demand in
all applications and sectors in hourly resolution is guaranteed.
Itis a linear, deterministic model. The economic optimization
can thus calculate the optimal dispatch of power plants based
on costs as well as rational investment decisions on the basis
of perfect foresight. It is abstracting from today’s regulatory
framework. The geographical scope of the modeled energy
system is Europe without the Balkans. In addition to the elec-
tricity and gas market, an overarching market for emission al-
lowances is included. The heat sector encompasses the de-
mand for space heating, domestic hot water and process heat.
The transport sector covers an hourly representation of the
(within certain limits) flexible power demand of electric vehi-
cles (battery electric, plug-in hybrid, range extender and
eHighway trucks). Each of the technologies presented inter-
acts with different markets. For the model, essential input data
are the potentials for wind energy and PV, which result from
area restrictions and distance regulations. Additionally, tem-
porally and spatially high-resolution time series for the feed-
in of wind energy and PV are included. The European hydro-
logical power plant park is modeled with historical inflow data
for running water, storage water and pumped hydro storage
power plants [18].

2) Scenario assumptions

We analyze a scenario for 2050 with a 95 % GHG reduc-
tion goal in Europe. Therefore, energy related GHG-emissions
have to be zero.

In Europe, it is assumed that there are in total 12.4 GW of
nuclear power plants left in the Czech Republic, Finland,
France, and Slovakia (existing plants with 50 years lifetime
and few plants that are currently under construction).

Atlantis Highlights in Engineering, volume 6

For Germany, the most important assumptions are:

e The conventional power demand decreases to
456 TWh due to efficiency increases. In the heating
sector, we assume a considerable reduction of final
energy demand due to energy-saving measures [19].
The potential for district heating is with 30 % almost
three times higher than today.

e  While we assume a demand for hydrogen in the in-
dustry sector (95 TWh [20]) there is no other tech-
nology option for hydrogen (e.g. power production)
modeled.

e The transport sector is characterized by a high de-
mand. We assume that 60 % of the electric cars use
controlled charging. EHighway trucks are consid-
ered as hybrid vehicles with an additional internal
combustion engine for times with low RES infeed.

e We assume a comparatively restricted potential of
sustainably produced biomass (135 TWh), which is
used partly for international transportation, non-en-
ergetic purposes but mainly as back up for district
heating or industry process heat with few full load
hours.

e Concerning power interconnectors in Europe, a ca-
pacity of 42 GW between Germany and its neighbors
is assumed, which is an exogenous assumption based
on [21].

I1l. RESULTS

In the following, we compare the three mentioned scenar-
ios concerning the composition of the energy system and es-
pecially the contribution of flexibility from different sectors
against the background of the use of synthetic fuels.

A. Power balance

In 2017, Germany’s final energy consumption amounted
to 2,560 TWh [22] while it decreases to approximately 1,500
TWh in the analyzed scenarios for 2050. This is due to effi-
ciency increases (building insulation, heat pumps, and electric
engines).

Fig. 1 presents the share of power generation of the single
technologies and the power consumption of the different con-
sumer types. In 2017, the net power consumption in Germany
was 556 TWh (including grid losses) [23]. The domestic
power generation in Germany was 610 TWh [24] of which
roughly one third came from RES.

In 2050 in all three scenarios, the power consumption rises
to 840 - 1,050 TWh due to additional demand from sector cou-
pling technologies. Electricity demand from the heating sector
(incl. industry process heat) varies between 150 and 410 TWh
and from the transport sector between 90 and 150 TWh. Ap-
proximately 30 to 210 TWh are used for electrolysis and
methanisation. The sufficiency scenario is the only one of the
three with net power export to its neighboring countries
(59 TWh) while in the other two scenarios the net power im-
port of Germany is between 36 and 75 TWh. In the hydrogen
import scenario this high import is (among other factors) the
result of nuclear power generation in France.
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Fig. 1. Power generation and power consumption (PtH - Power-to-Heat;
historical values from [23,24])

Power generation from wind power varies between 530
and 600 TWh and solar PV power generation between 140 and
330 TWh. The differences among the power generation of
wind and PV in the single scenarios are the result of individual
assumptions concerning available potential, full load hours
and investment costs (compare Table 2). Power generation
from controllable power plants varies between 30 and
140 TWh and is predominately from CHP plants (incl. fuel
cells). These plants are fueled by either hydrogen or renewable
methane. Only in the sufficiency scenario about one third of
the fuel of controllable power plants is fossil methane.

In the Enertile scenario, the option of importing hydrogen
has a large impact on the power system. Aside from genera-
tion from RES that plays the dominant role in all three scenar-
ios hydrogen reconversion also has a substantial share in
power generation. Hydrogen supplies not only peak demand
via hydrogen turbines, but CHP plants are additionally used to
supply heat grids.

B. Flexibility from the power sector

In the following, we analyze the scenario differences con-
cerning flexibility that comes from the power sector. First, we
compare power storage technologies (battery storage, pumped
hydro storage), secondly, we focus on controllable power
plants. Thirdly, the curtailment in the scenarios is compared.

Fig. 2 depicts installed capacities of battery storage and
pumped hydro storage in Germany. While in 2017 only ap-
proximately 0.1 GW battery storage plants were installed [25],
the three scenarios have considerably different results con-
cerning battery storage in 2050 ranging from zero to 110 GW.
In the hydrogen import scenario, battery storage is not cost ef-
ficient. In contrast batteries represent a valuable flexible op-
tion in the sufficiency scenario. Over 100 GWh of stationary
short-term energy storage (e.g. batteries) are used to store
electricity from wind and solar PV over a few hours each day.
Although the battery storage capacity in the PtG/PtL import
scenario is in a comparable range to the sufficiency scenario,
the different power-to-capacity relationship offers much
higher power in the sufficiency scenario than in the PtG/PtL

Atlantis Highlights in Engineering, volume 6
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Fig. 2. Installed capacities of battery and pumped hydro storage (histor-
ical values from [25])

import scenario. With respect to pumped hydro storage, none
of the scenarios reports new plants in Germany. Differences
among the installed capacities are only the result of different
data sources.

Table 4 reports the installed capacities of controllable
power plants in the scenarios. While all controllable power
plants in the hydrogen import scenario are fueled by hydrogen,
in the PtG/PtL import scenario they are run by nationally pro-
duced or imported renewable methane. In the sufficiency sce-
nario, plants are fueled by hydrogen or renewable or fossil me-
thane. Controllable plants reach 870 to 990 full load hours in
the sufficiency and the PtG/PtL import scenario while in the
hydrogen import scenario they are used twice as much. CHP
plants have roughly two to three times higher full load hours
than condensing plants or gas turbines without heat extraction.

Table 5 shows the necessary curtailment of RES in the
three scenarios. While in the hydrogen import scenario, almost
all RES generation can be integrated, in the PtG/PtL import
scenario 34.7 TWh or 4.4 % of the RES generation have to be
curtailed in Germany. The comparably high curtailment is a
result of possible savings of variable cost of wind power
plants, the comparably low transfer capacities to other coun-
tries (see section 111 E) and the low battery charging capacity.

The overall results show a relatively low curtailment of re-
newables due to the optimal design of the energy system with
many flexibility options. However, as local grid constraints
are not included, it should be assumed that the real curtailment
rate could be higher.

Table 4. Controllable power plants
Scenario Capacity (GW) Full load hours
Enertile - Hydrogen import 78 1,832
REMod - Sufficiency 105 990
SCOPE SD - PtG/PtL import 39 872
Table 5. RES Curtailment
. RES Curtailment
Scenario -
Absolute (TWh) Relative (%)
Enertile - Hydrogen import 0.2 0.0%
REMod - Sufficiency 9.0 1.0%
SCOPE SD - PtG/PtL import 34.7 4.4 %
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C. Flexibility from the heating sector

Several technologies in the heating sector are able to help
to integrate fluctuating RES. With respect to district heating
grids flexible CHP plants, electric boilers, large-scale heat
pumps, fuel back-up boilers and heat storage are important for
flexible heat supply. For decentral heat supply heat pumps
with heat storage can also operate in a flexible manner.

Fig. 3 depicts the installed capacities of the single technol-
ogies for central heat supply. While in the hydrogen import
scenario CHP plants are the main heat suppliers and heat
pumps deliver another third of heat, heat pumps are the dom-
inant heat supplier in the PtG/PtL import scenario (two third
of heat supply). Electric boilers play only a minor role in all
scenarios due to the efficiency disadvantage in comparison to
heat pumps. Although fuel back up boilers have a comparably
high power, their contribution for the heat supply is very low
as they are used only in times with low RES supply and very
high heat demand. Heat storages also play an important role.

Furthermore, electric heat pumps play a key role for de-
carbonization of the decentral heat supply. In the three ana-
lyzed scenarios there are approximately 12 to 15 mio. heat
pumps installed. If they are equipped by a heat storage like in
the PtG/PtL import scenario they are able to shift loads be-
tween several hours.

D. Flexibility from the transport sector

The electrification of the transport sector plays also a cen-
tral role for the decarbonization in all three scenarios. Possible
technologies for direct electrification are battery electric vehi-
cles (preferably with controlled charging) and eHighway
trucks. Indirect electrification can be achieved by using hydro-
gen or PtG/PtL as fuel.

Fig. 4 shows the number of vehicles differentiated by their
type. In all scenarios the total number of cars decreases from
today 49 mio. to 41 to 45 mio. in 2050 with the lowest number
in the sufficiency scenario. While in the hydrogen import and
the PtG/PtL import scenario the number of battery electric cars
(BEV) lies between 18.5 and 23 mio. The sufficiency scenario
counts 29 mio. BEVs what can be explained by the assumed
changing user behavior that increases the potential for BEVs.
For cases where BEVs are not able to meet the driving demand
pattern (e.g. long distances) hybrid cars or cars with either hy-
drogen or Power-to-liquid (PtL) fuels are used. The highest
number of hydrogen cars (8 mio.) can be found in the REMod

60
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Fig. 3. Capacities of different technologies for central heat supply
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Fig. 4. Composition of the passenger car fleet (BEV: battery electric ve-
hicle, PtL: Power-to-Liquid, PtG: Power-to-Gas; historical values from [26])

scenario. In the SCOPE scenario, cars with PtL (which is im-
ported from outside of Europe) make up 10.5 mio.

E. Flexibility through power exchange with neighbors

Fig. 5 presents the net transfer capacities of Germany to its
electric neighbors in 2017 in comparison to the 2050 scenar-
ios. The transfer capacity increases considerably in all scenar-
ios. The model Enertile is the only model that optimizes trans-
fer capacity endogenously and comes up with 72 GW, which
is four times today’s capacity.

Concerning full load hours of power export we notice a
decrease by roughly 50 % from 2017 to 2050 which is also a
result of the considerably increasing capacity. All three sce-
narios for 2050 show export full load hours between 2,000 and
2,500.

In contrast to the full load hours of the export capacities,
the full load hours of power import increase considerably to
3,000 to 3,200 in the hydrogen import and the PtG/PtL import
scenario while they decrease in the sufficiency scenario to
325. The electricity import in this scenario is low as neighbor-
ing countries do not provide much surplus electricity during
hours of high demand in Germany which has to be interpreted
against the background of the deviating model formulation in
comparison to the other two scenarios. In the hydrogen import
scenario the high import is (among other factors) the result of
nuclear power generation in France.
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Fig. 5. Net transfer capacities between Germany and its electric neigh-
bors and full load hours (historical values from [27])
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F. Synthetic fuels

In the following we analyze the usage of synthetic fuels.
We start with hydrogen followed by other fuels like renewable
methane and all types of liquid fuels (PtL).

Fig. 6 presents the usage of hydrogen in the three scenarios
by different applications. In the hydrogen import scenario the
hydrogen consumption is highest (450 TWh) of which more
than 95 % are imported. In the sufficiency scenario hydrogen
is roughly half imported and half nationally generated. In con-
trast in the PtG/PtL import scenario nearly all of the hydrogen
is nationally produced for industrial applications.

Fig. 7 shows the power consumption, electrolysis capacity
and electrolysis full load hours of all scenarios. The electroly-
sis capacity ranges between 16 and 29 GW in Germany. As in
the hydrogen import scenario most of the used hydrogen is
imported, national electrolysis has only 1,650 full load hours
and operates only in times with very high RES infeed. In con-
trast, in the other two scenarios the full load hours are between
4,000 and 6,000. In the PtG/PtL import scenario this is due to
a high industrial hydrogen demand and the assumption that no
national hydrogen grid exists and the hydrogen has to be pro-
duced at the industrial site.

Fig. 8 depicts the origin and usage of all other fuels ex-
cluding hydrogen. These fuels are mainly used in the transport
sector. Only in the PtG/PtL import scenario a considerable
share is also consumed in the power and heating sector. In this
scenario all these fuels are imported. Only in the sufficiency
scenario fossil fuels are still used.
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IV. SUMMARY AND CONCLUSIONS

In this paper, we compared three scenarios for the year
2050 with a carbon neutral energy system in Germany. We
found that depending on the assumptions used in the models
and in the scenarios some general trends are common while
some results vary substantially.

In all scenarios, electricity and fuels derived from electric-
ity become the central pillar of the energy system. Other en-
ergy sources (like biomass and geothermal or solar thermal
energy) play only a secondary role. For cars and space heating
direct electrification through e-mobility and heat pumps be-
comes dominant in all scenarios; for buildings, district heating
also plays a significant role.

The role and fields of application of hydrogen vary be-
tween the scenarios, as does its origin. In the SCOPE scenario
it is only used for the industry sector, REMod also foresees a
use in the transport sectors and in the Enertile scenario it plays
a major role in the conversion sector. The generation of the
hydrogen through electrolysis also varies substantially, not
least in the utilization of the electrolyzers. It seems that in
some models the electrolysis is used as a flexibility option,
while in other a high utilization of the facilities predominates.

The electricity system has to be constantly in balance. This
aspect is captured by all models used in this study at least in
an hourly level. Consequentially, the necessary flexibility is
fixed; insufficient flexibility would lead to a mismatch of de-
mand and supply with substantial consequences, such as
blackouts. In the electricity system of the previous decades
flexibility was provided mostly by thermal power plants and
(pumped) hydropower. In an electricity system dominated by
fluctuating generation from wind and solar energy, additional
flexibility options have to be utilized.

The models and scenarios compared in this paper have
many options in common, while some options are only used
in some models. Key options in all scenarios are:

e interregional and international balancing of RES
fluctuations,

o flexible and constantly available power plants;
the resulting capacity as well as the fuels used
(hydrogen or synthetic methane) varies between
the scenarios, though, and
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o flexible power demand (demand side manage-
ment) from charging of electric vehicles as well
as from power-to-heat applications.

Additional sources of flexibility are batteries, which play
a substantial role in the SCOPE and REMod scenarios, while
they are not cost optimal in the Enertile scenario. All consid-
ered models manage to find solutions for a deep decarboniza-
tion if flexibility and storage option are available.
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