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Mario Kendziorski a, c, *, Leonard Göke a, c, Christian von Hirschhausen a, c, Claudia Kemfert a, b,
Elmar Zozmann c
a

German Institute for Economic Research (DIW Berlin), Mohrenstraße 58, 10117, Berlin, Germany
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A B S T R A C T

In this paper, we explore centralized and more decentral approaches to succeed the energiewende in Germany, in the European context. We use the AnyMOD
framework to model a future renewable-based European energy system, based on a techno-economic optimization, i.e. cost minimization with given demand,
including both investment and the subsequent dispatch of capacity. The model includes 29 regions for European countries, and 38 NUTS-2 regions in Germany. First
the entire energy system on the European level is optimized. Based on these results, the electricity system for the German regions is optimized to achieve great
regional detail to analyse spatial effects. The model allows a comparison between a stylized central scenario with high amounts of wind offshore deployed, and a
decentral scenario using mainly the existing grid, and thus relying more on local capacities. The results reveal that the cost for the second optimization of these two
scenarios are about the same: The central scenario is characterized by network expansion in order to transport the electricity from the wind offshore sites, whereas
the decentral scenario leads to more photovoltaic and battery deployment closer to the areas with a high demand for energy. A scenarios with higher energy ef
ficiency and lower demand projections lead to a significant reduction of investment requirements, and to different localizations thereof.

1. Introduction
In the context of the European Green Deal and the move towards
climate neutrality, attempts are intensifying to deploy renewable en
ergies at all levels, from highly centralized generation, such as largescale offshore wind, to decentralized generation, e.g. local wind parks
and solar rooftop installations. While central approaches favour largescale producers and use the extension of the network to reduce con
gestions, decentral approaches are driven largely by residents and
incentivize generation close to the consumption. Amongst other coun
tries, Germany is exploring different pathways for an acceleration of the
energiewende, the low-carbon energy transformation with a high level
of citizen engagement. This implies the involvement of more decentral
units, such as cities, communities, and city neighborhoods. Nuclear
power and CO2-capture are considered to be no options and are not part
of the energy mix due to their high costs.
The German low-carbon transformation, called ”energiewende”, was
kicked off in the 1970s by citizen engagement and attempts to com
plement centralized energy production by local generation, closer to

demand, and is largely renewables-based (Morris and Jungjohann,
2016; von Hirschhausen et al., 2018). Likewise, the EU has adopted a
strategy to spur citizen engagement, and give local communities the
option to self-produce and, to a certain extent, self-consume (EC, 2019).
In this context, questions arise from the comparison of a more central
and a more decentral approach: For example, how does the generation
mix change, if one choses a more decentral approach? How costly would
a 100% renewable energy supply be if network costs and congestion
were taken into account (which is under today’s regulatory practices not
the case)? In addition, how would these costs compare with a more
centralized approach?
Modelling a fully renewable energy supply for Germany is not a new
topic by itself, and is addressed, amongst others by (SRU, 2011;
Jacobson et al., 2017; Bartholdsen et al., 2019; Zerrahn et al., 2018).
Also, different studies have highlighted different dimensions of pro
sumage, such as a rather small size of installations, a rather high degree
of self-consumption, and the proximity to demand (Schill et al., 2017).
Previous research also shows the interrelation between network pricing
and the structure of electricity generation: the more networks cost, and
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the more regional price signals are taken into account, the less need for
network extension occurs (Neuhoff et al., 2013; Kemfert et al., 2016);
this also holds for flexibility on the supply and the demand side,
including curtailment of generation (Grimm et al., 2016a,b). Last but not
least, network regulation and market design also affect issues of distri
butional justice, and can contribute to allocation schemes that are
perceived as more fair than others (Drechsler et al., 2017). However, the
interdependence between generation, network structure, storage and
demand has not yet been modelled at such a decentral level, which is the
major contribution of this paper.
The analysis in this paper relies on the energy system model Any
MOD that calculates an optimal mix of energy, storage, and network
infrastructure for a given energy demand (Section 2). The model decides
on how to satisfy an exogenous demand by deploying various technol
ogies that generate, convert, transport, and store various energy carriers.
The model covers the entire European energy system and has been
extended, for the purpose of this paper, to include 38 regions within
Germany (called “NUTS2-zones”, Nomenclature of Territorial Units for
Statistics). Another novelty is the coverage of full sector coupling:
AnyMOD combines the traditional electricity sector with demands from
industry, buildings, and mobility, as well as exogenously defined de
mand for synthetic gases, e.g. for use in industrial processes. We use two
quite different demand scenarios to cover a variety of possible futures:
the reference scenario (called “REF”) includes overall energy demand of
1,209 TWh, of which 1,070 TWh are electricity, and 139 TWh is demand
for hydrogen; an alternative demand scenario includes significant en
ergy savings and energy efficiency (called “EFF”) and, thus, only 610
TWh of final demand. Results from another project, which calculates a
path towards a fully renewable-based European energy system, are the
foundation for the model. The parameters are calibrated to the year
2040.
Sections 3 and 4 include the main questions and results of the
modelling: Section 3 compares a scenario in which network costs are
completely ignored (corresponding to the status quo in Germany), with
a situation in which network investment and operational costs are taken
into account in the energy system planning process. Model results sug
gest quite a strong effect of the latter modification on the nature of
energy generation and storage, and a push for more decentral activity:
Central generation, mainly offshore wind, is reduced from 50 GW to
below 20 GW, whereas onshore wind, PV, and battery storage, respec
tively, increase; network extension is reduced by over 50%. Section 3.3
focuses on a particularly interesting result, i.e. the effect of energy de
mand on generation, storage, and transmission infrastructure. The effi
ciency demand scenario (EFF), in which demand is significantly lower
than the reference scenario, leads to a drastic reduction of the need for
PV, onshore wind, as well as electrolyzers with reductions of over 50%
compared to the reference scenarios. Offshore wind, battery storage, and
network extensions almost disappear under this scenario.
Last but not least, in Section 4 we present and discuss model results
on the costs of more centralized and more decentral generation sce
narios (taking into account network costs in both cases). The stylized
decentral scenario is defined by very high levels of regional supplydemand balancing, with the transmission infrastructure fixed at the
2022 level; by contrast, the central scenario includes (exogenously
defined) 50 GW offshore wind and no constraint on network expansion.
Somewhat logically, the decentral scenario leads to higher investments
in PV and battery storage, whereas electrolyzers and hydrogen turbines
are only marginally affected. Most interestingly, both scenarios have
very similar total costs for the German electricity system. Section 5
concludes and draws policy implications.

model optimizes the investment in generating technologies (e.g. wind
turbines or solar PV), storage technologies (e.g. batteries), converting
technologies (e.g. electrolyser, hydrogen turbines), and transmission
infrastructure. The existing installed capacities are based on Hainsch
et al. (2020) which displays a decarbonization path of the energy system
until 2040.
2.1. Spatial and temporal dimension
The temporal resolution of the model varies for the different energy
carriers. The electricity sector is modelled in an hourly resolution in
order to capture the intermittent feed-in of wind and solar based tech
nologies and the resulting need for flexibility options. Electrical vehi
cles, space heat, and industry demand are balanced in 4 h blocks which
reflects the inherent flexibility of those sectors while it reduces
computational effort. The gaseous carriers (hydrogen and synthetic
methane) are modelled on a daily basis.
We solve the model in a two-step process: First, the model is solved at
the European level, where each country is represented by a node. In this
run the entire energy system of each European country is optimized in a
greenfield setting. Second, based on these results investment decision of
the European countries besides Germany are fixed. Subsequently, Ger
many is represented by 38 regions. A deviation in the investment deci
sion compared to the first run is possible while only the dispatch
decision can still be optimized in the other countries. This allows for a
high spatial resolution while the neighboring countries and their ex
change potential is still taken into account.
The trading potential between the European countries is limited to
the projects in the Ten-Year-Network-Development-Plan (TYNDP)
(ENTSO-E, 2019) which will be finished by 2025. An abstract repre
sentation of the existing transmission infrastructure between the 38
German regions is implemented (Fig. 1) and can be extended depending
on the analyzed scenario. However, in the model the transmission
network does not follow electrical alternating current (AC) load flow
rules and is therefore a simplified representation. To account for this
overestimation of transport capacity, it was reduced to 70% of its orig
inal value. Synthetic methane can be traded using the existing pipeline
infrastructure. Additional investments are necessary to upgrade the
pipelines to enable the transport of pure hydrogen. Imports of hydrogen
or electricity from outside the EU are not considered since we model an
energy-independent Europe. However, if cheap hydrogen imports were
available in the future, this would simplify the challenge of decarbon
izing the system.

2. Methodology and data
We use the AnyMOD framework (Göke, 2020) to create an energy
system model which, apart from the electricity sector, includes demand
from space heating, industry heat, electric vehicles, and hydrogen. The

Fig. 1. Spatial resolution of the model with existing trading capacities.
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2.2. Technologies and cost assumptions

Table 2
Renewable potentials for Germany from different sources.

To cover the given demands for electricity, space and industry heat,
methane, and hydrogen, a vast array of technologies can be used in the
energy system model. Table 1 contains the most important technologies
and the corresponding cost data. Other technologies (e.g. fermenter,
methanation, compressed-air energy storage, or pumped hydro stor
ages) are considered but play a minor role in the results. Capital costs of
investments are annualised with an interest rate of 2%.
The availability factors for intermittent renewables are taken from
Auer et al. (2020) for Europe and from Pfenninger and Staffell (2016)
and Staffell and Pfenninger (2016) for the NUTS2-Regions in Germany.
We base our estimation of standard grid costs on the (Moles et al.,
2014). Here the costs of a 500 MVA line are given as 480,000 €/km,
which translates into 2.74 Mil. €/km/GW assuming a line capacity of
175 MW. These costs are then multiplied with the respective length of
each line in the stylized grid to obtain specific investment costs. The
lifetime used to annualize these costs amounts to 60 years. We added the
corresponding information to the paper.

Technology

Installed capacity [GW]

Source

PVrooftop

100
208
161
900
226
1444
312
240
223
396
585

Bódis et al. (2019)
Mainzer et al. (2014)
Lödl et al. (2010)
Fraunhofer ISE (2021)
Fraunhofer ISE (2021)
Breyer et al. (2020)
Auer et al. (2020)
Breyer et al. (2020)
Auer et al. (2020)
Masurowski et al. (2016)
Masurowski et al. (2016)

PVopen space
PVtotal
Windonshore

et al. (2020). A large share of the space heat is covered by heat pumps
which results in additional electricity demand (91 TWh in Germany) for
our model run. Additional electricity demand comes from the industry
sector (456 TWh, e.g. electric furnaces etc.), private and freight trans
port (223 TWh, electric vehicles and cargo by rail). A minor share of the
demand from these sectors is covered by hydrogen (134 TWh) or syn
thetic methane (6 TWh). The conventional electricity demand accounts
for another 300 TWh.
This demand is distributed to the 38 regions using the population and
GDP as indicators as industry and GDP are heavily correlated in Ger
many (Kunz et al., 2017). An hourly demand is then generated based on
standardized load profiles of households, commerce, and industry in
Germany (BDEW, 2020).
We assume that the demand from heat pumps, industry, and electric
vehicles can be satisfied within 4-h blocks. This reflects the demand side
response and thus the flexibility from integrating energy sectors.

2.3. Renewable potentials
One of the key input parameters to an energy system model are the
upper bounds of renewable energies. Table 2 compiles a selection those
potential estimates for Germany from various sources. For this study, the
potentials are 226 GW for PV open space, 900 GW PV rooftop, 223 GW
wind onshore, and 80 GW wind offshore. From 50 GW onwards, wake
effects for wind offshore capacities are considered which result in lower
full load hours (Agora Energiewende et al., 2020).
The national potentials for PV (rooftop and open space) and wind
onshore are distributed to each of the 38 regions using the land use as
key parameters from the Copernicus Programme (2020). The available
shares of the categories urban, sub-urban, agricultural, and forested
areas are based on Nahmmacher et al. (2014) and Bódisa et al. (2019).
After determining total available land in each region, the quality of the
sites is assessed using geological data (Solargis, 2020; Technical Uni
versity of Denmark, 2020). The result is clustered into different groups
and the corresponding time series are scaled according to the site quality
in such as way that the total energy potential of each region is
unchanged.
Since the area for wind onshore and open space PV is limited to
agricultural and forested areas, the potential is high in areas with a
lower population density, In contrast, areas with a higher population
density have a high potential for rooftop PV. The wind offshore capac
ities are allocated to the closest onshore region.

3. Results I: generation and storages under different network
regulation
The decarbonization envisaged in the context of the sustainability
goals not only implies a restructuring of the energy supply in terms of
the technologies used, but also in terms of its spatial structure. Unlike
conventional generators, the costs and potentials of wind and solar
plants depend strongly on their locations. Consequently, when placing
renewable plants and flexibility options such as batteries, electrolyzers,
or hydrogen turbines, it is important to incorporate the grid expansion
costs in the assessment. Thus, taking into account network costs will in
general lead to a more decentral structure of generation. On the other
hand, a regime that ignores network costs in the dispatch decision, fa
vours central generation structures (Kemfert et al., 2016). While these
effects have been identified in the literature, scenario-based quantifi
cation including sector coupling have not.
The current centralized approach favours sites where the yields are
highest. Decentralized approaches, on the other hand, aim to generate
electrical energy where demand is high in order to harness the added
value of these plants locally and not leave power generation exclusively
to large energy operators. This approach not only leads to a reduction in

2.4. Demand
As a starting point we use the scenario from Hainsch et al. (2020)
which provides a fully renewable energy system for Europe. Key de
cisions such as the technology choices for space heating, industry heat,
private and freight transport were computed with the established energy
system model GENeSYS-MOD (Burandt et al., 2018) and data from Auer
Table 1
Cost assumption of the most important technologies in 2040.
Technology
PV (rooftop)
PV (open space)
Wind onshore
Wind offshore
Hydrogen turbine
Electrolyser
Battery
Hydrogen storage

Overnight cost

Overnight cost

Operational cost

Lifetime

[/kW]

[/kWh]

[/kW/y]

[y]

8.14
6.34
44.4
46.7–70.8
3.3
14.6
1.1

25
25
25
30
30
30
18

588
317
1140
2335–3540
185
418
74.7
4.9

164.1
0.00497
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Source
Fraunhofer ISE (2018)
Fraunhofer ISE (2018)
Fraunhofer ISE (2018)
Fraunhofer ISE (2018)
Auer et al. (2020)
OSMOSE (2019)
OSMOSE (2019)
Auer et al. (2020)
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grid expansion costs, but it can also increases the acceptance of the
energiewende if local citizens have the possibility to participate and are
able to profit from it. Moving generators closer to consumption can
reduce the amount of transmission capacity needed, resulting in fewer
bottlenecks in the transmission system. Consequently, the need for grid
expansion is lower compared to an expansion path in which proximity to
consumption is not a criterion. However, it is not yet possible to estimate
how large the differences in this regard are between a 100% renewable
based scenario that takes this into account and a scenario in which
proximity to consumption is irrelevant. Similarly, it remains unclear
what the differences between the two scenarios are in terms of total costs
(energy production costs, storage and load shifting costs, redispatch and
curtailment costs, and grid costs). This question is addressed in the
following.
3.1. Scenarios
The analysis of the relationship between network planning, spatial
structure of generation, flexibility options and decentralization is done
in two steps: First, two grid planning scenarios are contrasted, both
using the existing grid as a starting point. The decision about the gen
eration and grid infrastructure expansion is considered once by
neglecting the grid costs, as it corresponds to the common practice in
Germany when placing renewable generators (”disintegrated” scenario)
and once by considering the infrastructure costs (”integrated” scenario):
⋅ In the first case, the generation technologies as well as storage
technologies are placed under the assumption that there are no grid
bottlenecks (Germany is one single price zone), which corresponds to
today’s situation. As a result, plants are placed in such a way that they
generate the highest possible yield, but also lead to increased grid
expansion requirements that are not factored in (in the following, this
variant is called ”disintegrated”). This procedure roughly represents the
current planning process of the grid development plan. A large part of
the grid expansion costs are passed on to the end consumers as a grid fee,
which results in a redistribution in favour of the power plant operators.
⋅ The second variant considers the investment in grid expansion as
well as generation and storage capacities combined (called ”inte
grated”). This considers the trade-off between the highest return and the
necessary grid expansion costs. In such a procedure, the spatial
component also plays a role, as a location close to consumption can
reduce additional grid expansion. In this setting, investments into stor
age capacities can also be used as an alternative to upgrading line ca
pacity. This is likely to result in a more efficient system as storages can
act as a temporal or spatial buffer while additional line capacity is only
capable of doing the latter.

Fig. 2. Comparison of installed capacities and network expansion between the
disintegrated and the integrated scenario.

amount of hydrogen is produced over the year. The additional peak
generation from PV is largely absorbed by more battery storage or
consumed by other flexiblity options from the demand side (EV, heat
pumps, or industry).
While wind offshore parks are strongly restricted to certain areas,
solar PV and wind onshore capacities can be deployed almost every
where. Especially rooftop solar PV makes use of already sealed areas.
This comes at the cost of higher installation costs and a sub-optimal
orientation of the PV modules. Yet local proximity between generation
and demand can be beneficial: This can be observed in Fig. 3, in the
Integrated scenario: Most of the additional solar PV capacities are located
in the South, a region with high demand caused by many industrial sites
and a rather long distance to the shore. While generation cost might be
lower for wind offshore parks, the required network reinforcements to
transport that energy down south causes higher costs overall. In this
case, it is optimal to build more solar PV capacity even though sites with
high full load hours are already taken.
Similarly, the deployment of wind onshore capacities in the south is
higher in the Integrated scenario (Fig. 4). Even though full load hours of
wind turbines are below average, more wind turbines are built the due to

3.2. Incorporating network expansion costs leads to more decentral
structures
By taking grid expansion costs into account, decentralized genera
tion structures that are close to the load are strengthened. Fig. 2 provides
an overview of the alternative planning approaches: In both variants of
grid planning a combination of solar PV and wind onshore constitutes
the largest share of generation technologies. The deployment of wind
offshore decreases in the Integrated scenario from 50 GW to around 15
GW. This is mainly compensated by an increase of installed capacity
from solar PV, a moderate increase of wind onshore, and a slight in
crease in batteries. Since wind offshore facilities are geographically
located in the north, transmission infrastructure is necessary to transport
the generation to the demand. As a result, higher capacities of wind
offshore force more investments in the network expansion, meaning
more than doubling the amount compared to the Integrated scenario. The
reduction in hydrogen turbines are caused by the additional investment
in batteries, as these technologies both are used to cover the residual
peak load in times with low intermittent renewable feed-in. The in
vestment in electrolysers is unaffected since approximately the same

Fig. 3. Solar PV capacities in MW/km2 (left desintegriert, right integriert).
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capacities

in

MW/km2

(left

desintegriert,

the proximity of demand. The wind onshore potentials in every region
are almost fully utilised in the Integrated scenario, showing the impor
tance of wind onshore for a fully renewable energy system.
The more evenly distributed deployment of renewable energies re
duces the necessary network expansion and results in more balanced
exchange between the regions (Fig. 5). In the disintegrated scenario a
surplus is generated in the north and needs to be transported south.

Fig. 6. Comparison of installed capacities and network expansion between the
REF and the EFF scenario (both with the integrated approach).

Integrated scenario for a representative week in winter and summer. The
generation in winter times consists of the feed-in from wind onshore
with some solar PV peaks. The lacking electricity is generated by
hydrogen turbines and some imports from European neighbours. On the
other side, the consumption from heat pumps is quite high. Though they
have some flexibility to shift their demand for a few hours, the con
sumption is rather constant at this state. In this situation the demand
from industry and electric vehicles adapts to the generation pattern and
contributes to the integration of renewable generation.
In the summer the picture changes. Besides a lower wind onshore
generation, solar PV significantly increases the production which is
characterized by the diurnal pattern. Compared to the winter week,
there is almost a steady surplus of electricity which needs to be used.
However, as the consumption from heat pumps is almost non existent,
the demand is even lower than in the winter. Most of the excessive
power is consumed by electrolysers and stored in form of hydrogen. This
provides seasonal storage and also is needed in order to satisfy exoge
nous demand from hydrogen.

3.3. Efficiency measures heavily reduce infrastructure investments
The consumption of resources, land, and materials caused by elec
tricity generation can be reduced with systematic efficient measures.
Fig. 6 compares the result from using a reduced demand (EFF) to the
previous baseline assumption from REF. However, this analysis does not
take into account the costs of obtaining the efficiency gains proposed by
the scenario. In both cases the integrated approach is used. A significant
drop in the installed power of solar PV can be observed. This leads also
to a reduced investment in batteries. The investments in wind onshore
also decrease strongly and are almost equal to the installed capacity of
solar PV. Wind offshore investments are further reduced to 7 GW. The
missing exogenous hydrogen demand and overall lower feed-in from
renewables leads to lower capacities in electrolysers since the surplus
peaks are lower. The network expansion decreases to approximately one
fifth since required peak capacity to transport electricity generated by
wind from north to south is lower.
3.4. Sufficient electricity generation in winter time

4. Results II: Comparing decentral with central approaches

Fig. 7 depicts the electricity generation and consumption from the

Although decentralized approaches and communal ownership pre
vailed at the beginning of electrification, today’s energy system devel
oped in a highly centralized manner in the 20th century. Generation
sites were primarily resource-based (e.g. coal, hydroelectric) or policybased (e.g. nuclear) and interconnected by long-range transmission
grids. This approach, referred to as centralized in the following, leads to
cost degression in power generation, but also to substantial grid
expansion.
4.1. Scenarios
In the following, selected cost categories and sensitivities of the en
ergy system are analyzed with respect to a decentralized approach with
spatial proximity to consumption. In the decentralized scenario
(Decentral), the exchange between regions takes place via the already
existing transmission grid. This scenario represents a world in which
energy production is rather regional and local potentials and flexibility
are used. Accordingly, the energy system tends to be operated in a more

Fig. 5. Yearly net exchange for each region in TWh and network re
inforcements in GW (left disintegrated, right integrated).
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Fig. 7. Exemplary generation and consumption of a winter week (left) and a summer week (right) in Germany for the integrated scenario.

decentral way and specifics on site are taken into account to a greater
extent. The central scenario (Central) with 50 GW of offshore wind being
built and unlimited grid expansion, represents the other extreme
scenario.
To understand the gradual changes in between these two scenarios,
we add two sensitivity analysis. In the first one we set an upper limit for
grid expansion in order to understand which grid corridors are priori
tized. The second sensitivity analysis is performed for offshore wind,
which is considered a central element in the comparison with photo
voltaics and onshore wind. Due to the geography of Germany, the
addition of offshore wind creates a north-south disparity, as energy
demand tends to be located south. In order to find out how sensitive the
rest of the system reacts to offshore wind, scenarios are calculated in
which the expansion is step-wise specified in the range of 10 GW–50
GW.
4.2. The total cost are almost equal for the central und decentral scenario
As in section 3, the biggest deviation between the two scenarios
Central and Decentral is the installed capacity of solar PV and their
respective deployment locations. The absence of network expansion in
the Decentral scenario results in a more regionalized pattern of genera
tion and storage capacities. The wind onshore investment slightly in
creases to the maximal potential while wind offshore decreases from 50
GW to 15 GW (Fig. 8). The installed capacity of electrolysers increases a
little due to higher solar PV investments and the associated stronger
seasonality with higher feed-in peaks. Higher capacities of batteries
contribute to cover the peak load which reduces the need for hydrogen
turbines. A similar effect occurs for the deployment of solar PV and wind
onshore turbines between the Central and Decentral scenarios. Most of
the additional generation capacity is placed in the south-west and thus,
closer to the regions with high electricity demand.
The total cost of both scenarios are almost the same and differ less
than 0.5% of the total cost. Considering the amount of uncertain pa
rameters in the model that had to be assumed and estimated, this dif
ference is negligeable. The higher expenditures in batteries in the
Decentral scenario are offset by lower investments in the generation
capacities, operational costs, and network expansion investments
(Fig. 9).

Fig. 8. Comparison of installed capacities and network expansion between the
Central and the Decentral scenario.

curve for various technologies. The x-axis shows the network expansions
in relation the existing grid in percent. As to be expected from previous
results, solar PV has the strongest negative correlation. The required
electrolyzers and battery storages are slightly reduced by more grid
expansion, although not to the same extent as solar PV. There was hardly
any increase of offshore wind in the span studied, which is due to the fact
that it would require significantly higher amounts of grid expansion.
Additional wind offshore capacity becomes valuable when certain
threshold of grid expansion is reached which allows the produced
electricity to be transported. Besides wind offshore the other technolo
gies either have a linear correlation or do not change at all. The total
costs consequently also decrease in a linear way.

4.3. Network expansion can be substituted using PV with storage options
We add two sensitivity analyses, starting with a focus on network
expansion: From the existing grid with the assumption of no expansion,
the possible network extension is raised gradually. Fig. 10 shows the
results of the gradual expansion of the grid infrastructure as a substition

4.4. Wind offshore requires more network expansion
With the same method a sensitivity analysis was performed on the
installed wind offshore capacity. Starting from 10 GW it was step-wise
6
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5. Conclusion and policy implications
To the best of our knowledge, this is the first paper to discuss a fully
renewable energy system in the whole European Union, in Germany and
on the level of all 38 NUTS-2 regions. We are interested in the trade-of
between centralized grid expansion and a more decentral structure of
electricity generation and storage, and the spatial variation within the
German energy system, always considered in the context of the Euro
pean energy system. As the energiewende is proceeding, additional in
formation on spatial and temporal generation and demand patterns are
required. This paper uses a very detailed energy system model to shed
light on these questions, with a focus on different scenarios implemented
for Germany. To keep modelling and results trackable, we do not explore
similar scenarios, or different values for renewable potentials at the
broader European level.
Amongst other things, we find that the consideration of grid
expansion costs leads to a significant decrease of grid expansion and
strengthens decentral generation closer to loads. An hourly resolution of
the results shows that security of supply is guaranteed in all regions,
even in cold winter weeks. Grid expansion represents one of several
flexibility options, but in the status quo, neglecting grid costs leads to an
excessive strengthening of centralized power supply, especially with
offshore wind. Decentralized approaches with spatial proximity to
consumption do not show significant cost differences compared to
centralized approaches. The slightly higher investments in generation
and battery storage in the decentralized scenario are offset by lower grid
expansion costs. We do not go into detail with respect to other types of
costs (such as land consumption and external costs of grid expansion,
resource use for batteries and other equipment, etc., but conclude that
there is no prior for the central neither for the decentral solution. Energy
savings and efficiency are key drivers on the way to reduced generation
structures and resource consumption.
The paper sheds light on the classical debate about the localization of
generation and demand in the context of decarbonization. We can draw
two types of conclusions, one focusing on modelling issues, and one
focusing on policy issues. With respect to modelling issues, we find that a
comparison between different institutional arrangements of calculating
optimal investments and dispatch is important. Clearly, the two ideal
types that we have considered yield different results. From a welfare (or
cost minimization) perspective, clearly the costs of network

Fig. 9. Comparison of annualised costs between the Central and the Decen
tral scenario.

increased to 50 GW. Fig. 11 depicts the change of other parameters
based on the exogenously set wind offshore capacity. The investments in
solar PV and batteries are reduced and decline quite constantly. The
wind onshore capacity is reduced if the wind offshore capacity is higher
than 25 GW wind offshore capacity. Also, electrolyser capacity declines
for the first 30 GW of wind offshore capacity but then change very litte
towards 50 GW. Contrary to the installed power of batteries, the
installed capacity of hydrogen turbines increases by the same amount in
order to cover the peak load. The additional necessary network expan
sion grows linearly to the wind offshore capacity by approximately 4%
per 10 GW.

Fig. 10. Installed capacities subject to an upper bound of network expansion (100% corresponds to today’s grid).
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Fig. 11. Installed capacities subject to a fixed installed capacity of wind offshore in GW.

transmission should be taken into account in the overall optimization
algorithm. Neglecting these costs may distort the allocation of electricity
generating capacities. Our results also highlight the importance of tak
ing into account two “new” elements of the system: electrolyzers, and
storage infrastructure.
A concrete policy implication is that the current network ordnance in
Germany should be changed, to reap the potential benefits from the
overall cost minimization. Given the importance of flexibility, at least a
part of storage capacity should be considered as part of the (regulated)
infrastructure, which would facilitate investments. At a more general
level, our paper suggests the need to combine national energy system
planning with the European process, at least with the European neigh
bours. Last but not least, the paper also indicates a potential to save grid
infrastructure and generation assets for the ”energy saving-efficiency”
scenario with reduced energy demand. Even though the precise costs for
the efficiency measures were not quantified, it seems to make sense to
strengthen incentives for efficient energy use.

particular Maria Teresa Costa-Campi and Elisa Trujillo-Baute, two
anonymous referees for particularly useful and detailed comments,
furthermore participants at the DIW brown bag (März 2021), the “Berlin
Energy Days” (April 2021), and others colleagues for comments and
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Lacal Arántegui, R., Lazarou, S., Magagna, D., Carlsson, J., Perez Fortes, M.d.M.,
Marco, G.d., Jakubcionis, M., European Commission, Joint Research Centre, Institute
for Energy and Transport, SERTIS, 2014. Energy Technology Reference Indicator
(ETRI) Projections for 2010-2050. OCLC, p. 1056430159.
Morris, C., Jungjohann, A., 2016. Energy Democracy – Germany’s Energiewende to
Renewables. Palgrave Macmillan, London.
Nahmmacher, P., Schmid, E., Knopf, B., 2014. Documentation of limes-eu - a long-term
electricity system model for europe. Working Paper URL: https://www.pik-potsdam.
de/en/institute/departments/transformation-pathways/models/limes/Documentat
ionLIMESEU_2014.pdf.
Neuhoff, K., Barquin, J., Bialek, J.W., Boyd, R., Dent, C.J., Echavarren, F., Grau, T., von
Hirschhausen, C., Hobbs, B.F., Kunz, F., Nabe, C., Papaefthymiou, G., Weber, C.,
Weigt, H., 2013. Renewable electric energy integration: quantifying the value of
design of markets for international transmission capacity. Energy Econ. 40, 760–772.
https://doi.org/10.1016/j.eneco.2013.09.004. URL: http://linkinghub.elsevier.
com/retrieve/pii/S0140988313001990.
OSMOSE, 2019. Flexibility cost and operational data outlook (D1.2). URL: https://www.
osmose-h2020.eu/downloads/#.
Pfenninger, S., Staffell, I., 2016. Long-term patterns of european pv output using 30 years
of validated hourly reanalysis and satellite data. Energy 114, 1251–1265. https://
doi.org/10.1016/j.energy.2016.08.060.
Schill, W.P., Zerrahn, A., Kunz, F., 2017. Prosumage of solar electricity: pros, cons, and
the system perspective. Econ. Energy Environ. Pol. 6, 7–31. https://doi.org/
10.5547/2160-5890.6.1.wsch. URL: http://www.iaee.org/en/publications/eee
particle.aspx?id=151.
Solargis, 2020. Global solar atlas. URL: https://globalsolaratlas.info.
SRU, 2011. Pathways towards a 100% renewable electricity system. Special Report.
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