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ARTICLE INFO ABSTRACT

Keywords: Increasing energy autonomy is one of the main reasons for municipalities to invest in renewable en-
Energy autonomy ergy technologies. In this study, the potential of weather-robust autonomous energy systems is evaluated
Off-grid for 11003 German municipalities in over one million parallelized techno-economic optimizations utilizing

Island system
Self-sufficiency
Municipal level

high-performance computing clusters. For this purpose, a holistic municipal-level energy system model
(ETHOS.FineRegions) was developed that minimizes annualized system costs in 2045. The completely energy
Energy system optimization autonomous supply can be established in around 90% of German municipalities corresponding to 50% of
Parallelized optimization the country‘s population. Especially highly populated municipalities often do not have the capacity to meet
Social acceptance their own energy demands due to low wind and open-field PV potentials. Large rooftop PV capacities
account for 40% of installed capacity in the autonomous municipalities. Seasonal storage needs are met by
large underground thermal storage tanks and batteries provide intraday storage. Furthermore, huge capacity
increases are often required for the final 20% of energy demand to be met in order to achieve a degree of
autonomy of 100%. The large storage and rooftop PV capacities lead to high specific system costs in the
autonomous municipalities with between 144 €/MWh and 174 €/MWh on average, depending on legislation
and opposition towards onshore wind installations. By paying a premium of up to 50% compared to the grid-
dependent system, 3945 municipalities with 17.2 million inhabitants could become completely autonomous by
2045. For regions that could achieve an autonomous energy supply at moderate costs, however, lost revenues
through energy exports could be a decisive argument against autonomy efforts.

1. Introduction in Germany with more than 4.4 million solar power plants spread
throughout the country [4]. The large number of distributed generators
Countries around the world are shifting towards low-carbon energy in the electricity system has led to various local producers generating

their own electricity.

There are many motivating factors for local electricity generation.
In surveys, economic incentives, environmental protection, as well as
self-sufficiency efforts are cited as reasons why ever larger segments of
the population are generating their own electricity [5]. Many of these
local energy systems operate at the collective level of communities
or municipalities. In German municipalities, the striving for energy
autonomy or self-sufficiency in so-called energy regions is becoming in-
creasingly prevalent. The motives of the actors to formulate such goals

sources to reduce carbon emissions from energy supply activities. In
2021, the energy sector in Germany contributed the largest share
to national greenhouse gas emissions, at 32%. The German Climate
Protection Act 2021 [1], has set the goal of decarbonizing Germany’s
energy supply by 2045, particularly through the expansion of renew-
able energy sources [2]. In 2022, the share of energy supplied using
renewable sources reached 46%, 17%, and 7% for electricity, heating,
and transport sectors, respectively [3]. The adoption and deployment
of new renewable technologies is mainly distributed, which is evident
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Nomenclature

Parameters and Variables

Cof fshoreWind Capacity of offshore wind turbines [MW]

ConshoreW ind Capacity of onshore wind turbines [MW]

Cpy Capacity of photovoltaic plants [MW]

CFo fshoreWind Capacity factor of offshore wind turbines
-]

CFppshoreWind Capacity factor of onshore wind turbines [-]

CFpy Capacity factor of photovoltaic plants [-]

CFrg Normalized generation by renewable en-
ergy sources [MW]

D Energy Demand [MWh]

Dg Electricity demand [MWh]

Dg,, Electricity-equivalent demand [MWh]

Dy Heat demand [MWh]

Dy, Hydrogen demand [MWh]

Dpy ur High-temperature process heat demand
[MWh]

Dpy.ir Low-temperature process heat demand
[MWh]

Dpy mr Medium-temperature process heat demand

' [MWh]

Export Energy exports [MWh]

Grid,,, Grid connection capacity [MWh]

Import Energy imports [MWh]

p Electricity price [€/MWh]

TACgpe, Specific system costs [€ /MWh]

TACg,, Total annual system costs [€]

€gp Heat pump coefficient of performance [-]

¢ Degree of energy autonomy [-]

Nelectrolyzer Electrolyzer efficiency [-]

NE—boiler Electric boiler efficiency [-]

NE- furnace Electric furnace efficiency [-]

are manifold. However, the main drivers are environmental aware-
ness, tax revenues and the desire for independence from superordinate
structures [6]. Furthermore, if municipalities involve the population
in participatory projects, the acceptance of local renewable energy
projects may be increased [7].

With recent increases in energy prices and concerns about energy
security in Germany, the topic of local energy autonomy has gathered
additional interest. Municipal energy systems employing decentralized
local generation can also be economically attractive compared to cen-
tralized energy supply, which requires higher grid expansion costs [8].
For individual municipalities aiming for energy autonomy, the required
investment depends on the type of energy autonomy it strives for. In
the case of complete energy autonomy, the municipal system strives for
no energetic interaction with the overarching grid and locally balances
generation and demand. Systems with balanced energy autonomy,
where the municipal system retains its grid connection, enable energy
exchange with other regions [9]. Therefore, for future grid planning
and the design of future energy systems, it is important to know the
techno-economic feasibility of municipal energy autonomy based on
different scenarios.

1.1. Literature review

Energy system models used for determining the cost-optimal re-
gional energy systems can be divided into simulation and optimization
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models (see Table 1). However, only Locherer [10] used a simulation
model to evaluate regional energy systems. The majority of studies use
optimization approaches, which can be distinguished between solving
linear optimization problems (LPs), or mixed-integer linear problems
(MILPs). The selection of the method must be weighted between com-
putational time and model accuracy. MILPs have the advantage that
binary variables can be considered, for example, to account for binary
investment decisions, but this increases computation time [11]. For
this reason, LPs are often applied for municipality- and county-level
analyses. Only a few energy system models such as REASON [12]
employ a MILP approach.

In addition, the spatial scope of the analyses varies. Most of the
literature examines single municipalities (e.g., Brodecki et al. [32]) and
case studies with up to 72 municipalities [10]. Weinand [19] employs
a regression analysis to project optimization results from 15 represen-
tative municipalities to the entirety of municipalities in Germany. In
addition, municipalities that host large industries are excluded a priori
from the over 10,000 German municipalities, which is why the number
of municipalities studied is 15 with the MILP model and 6314 with the
regression analysis. Yazdanie et al. [29] adopts a similar approach for
Switzerland and models 20 archetypical municipalities to quantify the
role of decentralized generation in all Swiss municipalities in 2050.

Table 2 provides an overview of the energy sources, sectors, and
infrastructures considered in the energy system models. The considered
energy carriers vary in the analyzed literature. While electricity and
heat are considered in almost all of the models, hydrogen in partic-
ular is often neglected — only Brodecki and Blesl [20] and Gabrielli
et al. [27] implement it as an energy carrier. Studies that explore
the transformation of the national energy systems (e.g., Stolten et al.
[331), conclude that hydrogen will play a significant role in the future
energy system. Consequently, the neglect of hydrogen as an energy
carrier in the regional energy system models represents a shortcom-
ing. The exploitation of power-to-X potentials can help reduce the
curtailment of renewable energy technologies. Accordingly, the com-
prehensive modeling of these, including the necessary energy forms,
is of corresponding importance in order to be able to fully evaluate
regional energy concepts.

One possibility for flexibilization through power-to-X is the use of
central, electricity-based heat generators in combination with district
heating networks and underground heat storage, as is already common
in Denmark [34]. Mainzer [18] utilized Open-Street-Map data [35]
to map the heat exchange between municipal districts through ex-
isting district heating networks in the RE3ASON model. Based on
this, Weinand et al. [36] implemented the costs of district heating
networks in municipalities by taking into account the specific heat
distribution costs within settlement areas, as well as the distance to
possible deep geothermal sites. Eggers [16] accounted for district heat-
ing network expansion by cost per meter of pipeline within a node and
estimated pipeline lengths based on the existing gas network.

The residential, commercial, industrial, and transportation sectors
are included in most of the energy system models considered. How-
ever, in some works such as Moeller [13], Mainzer [18], or Weinand
[19], individual sectors are modeled based on simplified consumption
increases, which means that the associated generation portfolio, as
well as power-to-X technologies, are not optimized as well (see Ta-
ble 2). Weinand [19], for example, excludes the energy-intensive part
of the industrial sector a-priori for the analyses of energy autonomous
municipalities.

In addition to the sectoral resolution of energy demand, the spatial
resolution requires sophisticated approaches for regional energy sys-
tems. As the literature is based on case studies for individual regions
and the only analysis for all municipalities in Germany [37] is based
on a regression analysis, the demand modeling approaches draw on
region-specific estimates. Moeller [13] incorporates the electricity re-
quirements of the regional master plan for this purpose and employs
standard load profiles as a temporal resolution. Other articles such
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Table 1
Regional energy system models in the literature.
Source Model Purpose Method? Resolution” Scope
C M

Moeller [13] oemof [14] Storage requirements and system costs LP X X 24 municipalities
for energy autonomous regions

Locherer [10] PROMET [15] Simulation of a sustainable regional Sim 100m x 100 m 72 municipalities
energy system

Eggers [16] KomMod [17] Techno-economic municipal energy LP - X 1 municipality
transition plan

Mainzer [18] REASON [12] Optimization of urban energy systems MILP X X 6 municipalities

Weinand [19] RE’ASON [12] Energy system analysis of autonomous MILP + RA - X 6314 municipalities
municipalities

Brodecki and Blesl TIMES Local [21] Implementing autonomy in energy LP - X 1 municipality

[20] system models

Alhamwi et al. [22] FlexiGis [23] & urbs [24] Storage/cellular structures in urban LP - X 1 municipality
energy systems

Scheller et al. [25] IRPopt [26] Competition between residential MILP - X 6 households community
flexibility options

Gabrielli et al. [27] D-MES model Seasonal storage in multi-energy systems MILP - X 1 city district

Jalil-Vega and Hawkes HIT Trade-offs between heat supply MILP - X 1 city

[28] technologies and network infrastructure

Yazdanie et al. [29] community TIMES [30] Decentralized generation potential in LP + RA - X - 20 archetypical municipalities
municipal energy systems

This study ETHOS. FineRegions [31] Energy system analysis of autonomous LP X X - 11 003 municipalities

municipalities

a LP: linear problem, MILP: mixed-integer linear problem, RA: regression analysis, Sim: simulation.

b C: county, M: municipalities and cities, D: city districts.

as [18], Weinand et al. [37], or Alhamwi et al. [22] utilize data about
the buildings (e.g., Census [38] or OpenStreetMap [35]) in a region to
estimate the energy demand.

The generation technologies considered vary depending on the pur-
pose of the analysis and scope of the model applied (see Table 2): while
rooftop PV is included in all models and wind, biomass and biogas in
almost all, open-field PV is only covered by Brodecki and Blesl [20],
although it makes up a large share of the electricity supply in national
energy system analyses, e.g., in Ref. [33].

In energy system models, the expansion of renewable energy sources
is limited by regional potential. The decisive factor is the potential
limit, as well as the regional distribution of the potentials, especially for
energy autonomy considerations. Moeller [13] and Eggers [16] use the
master plans from the regions of Osnabriick [39,40] and Steinfurt [41]
or Frankfurt [42], respectively. Locherer [10] also applies a region-
specific analysis to estimate the renewable potentials in a Bavarian
region. Alhamwi et al. [22] and Mainzer [18] utilize Open Street Map
data to designate sites for wind turbines. While Alhamwi et al. [22]
make further use of Open Street Map data to estimate rooftop PV poten-
tial, Mainzer [18] developed a new machine learning methodology for
this purpose based on satellite image recognition [43]. Weinand et al.
[44] also use hydrothermal temperature data [45] and have extended
the RE’ASON model [12] to include deep geothermal energy. The
study concludes that deep geothermal plants could have a significant
impact on the costs of autonomous municipal energy systems. Many
regional energy system models only use potential analyses for indi-
vidual regions. This approach is not sufficient to answer the research
questions of the present study. For this reason, this work utilizes the
site-specific resolved renewable energy data from Risch et al. [46].
Table 2 presents an overview of considered conversion and storage
technologies, as well as grid considerations within the regional energy
systems. Heat pumps are implemented for converting electricity into
heat in nearly all publications. Only Moeller [13] does not consider
these, as the heat supply is only simplistically modeled by an increase
in consumption and is therefore not optimized. As can be deduced
from the lack of consideration of hydrogen, the possibility of converting

electricity into gaseous energy carriers is not considered in the majority
of the models examined. Consequently, chemical energy storage using
hydrogen is only deemed to be possible by Gabrielli et al. [27]. While
direct electricity storage is considered in almost all of the models,
heat storage is only represented in five of the energy system models
(Locherer [10], Eggers [16], Brodecki and Blesl [20], Gabrielli et al.
[27] and Yazdanie et al. [29]). When considering the network, all
models except that in Jalil-Vega and Hawkes [28] apply a simplified
approach without considering network topology. Also in Jalil-Vega
and Hawkes [28], only a simplified greenfield approach is considered
and existing network topologies are ignored. Alternatively, in other
models costs and losses are approximated in a simplified way without
knowledge of the physically correct network. Most of the literature
on regional energy autonomy examines individual regions in order to
make statements regarding the potential for energy autonomy. All stud-
ies conclude that certain degrees of autonomy are techno-economically
feasible to achieve, but that extreme storage sizes lead to sharply in-
creasing system costs if these degrees are exceeded. Moeller [13] finds
for the Osnabriick-Steinfurt combined region that degrees of energy
autonomy above 80% are possible under increased system costs in 18
of the 24 municipalities studied, but complete autonomy is not investi-
gated. Moller et al. [47] also find that complete self-sufficiency would
be theoretically possible for the combined region under extreme storage
expansion. For the Berlin—-Brandenburg region, Moeller et al. [48] come
to the similar conclusion that complete autonomy can be achieved
with increased storage expenditures (gas and battery storage). Alhamwi
et al. [22] draw on the concept of energy cells and show that for the
Oldenburg region that autonomous operation does not make economic
sense. Ranalli and Alhamwi [49] also apply the model to Philadelphia
(USA) and use a residual load analysis to show that accurate planning
of the generation mix on a regional level can lead to strongly reduced
load residuals and thus lower grid requirements. Weinand et al. [37]
conclude with a combined cluster and regression analysis that 56%
of German municipalities could operate in an off-grid system without
imports.
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Energy sources, sectors, generation technologies, as well as conversion, storage and grid considerations in regional energy system models.

Source by reference number

[13] [10] [16] [18] [19] [20] [22] [25] [27] [28] [29] This study
Energy source
Electricity X X X X X X X X X X X X
Heat x? X X X X - X X X X
H, - - - - - X n.a. - - - - X
Gas/Biogas - X X X X X n.a. X X X X X
Biomass - - X X X - - - - X X
Sector
Residential X X X X X X n.a. X X X X X
Commercial x° X - x5 x® X n.a. - x5 x® X X
Industry x° X - x® x® X n.a. - - - X X
Transport xP - xP x® x® X na. - - - - X
Generation technology
Wind turbines X X X X X X X - - - - X
Rooftop PV X X X X X X X X X X X X
Open-field PV - - - - - X - - - - - X
Deep geothermal - - - - X - - - - - - -
Waste-to-energy - - - X X X - - - - X X
Biomass - X X X X X X - - X X X
Biogas X - X X X X X - - - X X
Hydropower - X - - - X X - - - X -
Conversion technology
Heat pumps - X X X X X - X X X X X
Large heat pumps - - - - - X - - - X - X
Direct heaters - - - - - X - - - X - X
Power-to-gas - - - - - X - - X - - X
Storage technology
Electricity storage X X X X X X X X X - X X
Heat storage - X X X X - - X - X X
Hydrogen storage - - - - - - - - X - - X
Grid infrastructure
Electricity grid x® x® X8 x® x® X8 X X8 x® X X8 x®
Heat grid - x® b x® x* n.a. - - - X X8 x®
Gas/hydrogen grid - x° x5 x® x5 n.a. - - x5 X x5 x5

‘x’ indicates inclusion in the study, ‘-’ indicates exclusion, ‘n.a.’ not available, ‘x?” modeled by increasing electricity demand , ‘x>’ only electricity

demand considered, ‘x®” simplified implementation.

1.2. Contribution

Based on the reviewed literature, the conclusion is that energy au-
tonomy is technically possible in many regions, but does not appear to
be economically efficient above certain degrees of autonomy. However,
the findings presented come from individual case studies and are not
based on an examination of a representative number of regions. In
addition, some models show shortcomings in the modeling of energy
carriers, generation and conversion technologies (power-to-X), which
could be, however, of great importance for achieving energy autonomy
in the regions.

To fill the identified gaps this study presents a regional energy
system model with the most comprehensive combination of considered
energy sources, sectors, generation technologies as well as conversion,
storage and grid considerations. This study aims to analyze the techno-
economic potential of all German municipalities, with a focus on the
following research questions:

1. How many German municipalities can technically reach a com-
pletely energy autonomous supply based on renewable energy
technologies?

2. What are the implications of municipalities’ energy autonomy
efforts for optimal technology choices and costs in the energy
system?

3. Is it economically viable for municipalities to achieve energy
autonomy as opposed to remaining connected to the existing
grid?

The developed regional energy system optimization model ETHOS.

FineRegions can evaluate the cost-optimal composition of future energy

systems, from districts to the municipal level. In addition, various
autonomy boundary conditions are modeled in order to represent the
different objectives of the municipalities.

This paper is structured as follows: first, Section 2 illustrates the
methodology by introducing the energy system model ETHOS.
FineRegions and explains the modeling approach adopted to analyze
the energy autonomy of German municipalities. Section 3 presents
the results obtained for the techno-economic potential of autonomy in
German municipalities and the implications of energy autonomy for the
optimal technology choices and cost in the energy system. Section 4
provides a discussion of the results obtained in relation to the other
relevant work from the literature. Finally Section 5 presents a summary
and conclusions.

2. Methods

In the following, the methodology of this study is presented. First,
in Section 2.1, the general energy system optimization framework is
described. Subsequently, Section 2.2 introduces the regional energy
system model ETHOS.FineRegions, before Section 2.3 explains the
calculation of specific system costs and Section 2.4 the modeling of
autonomy. In Section 2.5 the procedure for single-node optimization
of all German municipalities is presented and Section 2.6 discusses the
scenarios considered in this work.

2.1. Energy system optimization framework

To model the regional energy systems, this study extends the
open-source Framework for Integrated Energy System Assessment
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(ETHOS.FINE) [50]. The Python-based framework simplifies the for-
mulation of optimization problems for the modeling of energy systems.
The optimization objective function of ETHOS.FINE is to minimize the
annualized system cost, which is for the target year of 2045 in the
present study. To this end, five component classes are included in
ETHOS.FINE, namely: source, sink, conversion, storage, and transmis-
sion components. For each required technology, an instance of these
component classes can be created, which is then used to define the
contribution to the optimization objective function. The initialization of
each component specifies which commodity is converted, consumed or
generated by its operation. For example, a commodity can be an energy
flow or a fuel. ETHOS.FINE transforms the input parameters such as
the capacity constraints or modes of operation of the components
into corresponding constraints of the optimization. In addition, the
contribution to the energy or material balance of the energy system is
initialized for each component. The optimization model is implemented
in ETHOS.FINE using Pyomo [51] and then solved with a solver such
as Gurobi [52] or GLPK [53]. In the context of this study Gurobi is
utilized.

In general, both linear (LP) and mixed integer (MILP) problems
can be initialized in ETHOS.FINE. As all 11003 municipalities in Ger-
many are considered as individual single nodes in over one million
optimizations, the application of a and a calculation number of this
size in MILP model would exceed computational limits. Therefore, a
linear model was used in this work, which allows the research questions
defined at the beginning to be answered in a reasonable computing
time, despite the high number of individual nodes and the resulting
model size. Furthermore, the number of optimized time steps is reduced
by the open-source tsam package [54], which aggregates time steps
based on similarities with cluster methods. In this study, 40 typical days
and 12 segments within typical days are employed, thereby reducing
the optimized time steps from 8760 to 480. The impact of time series
aggregation on the results of this study is examined in sensitivity
analyses (see Supplementary Material).

For the wind turbines, an additional approach was developed to be
able to consider a minimum turbine size, despite the linear optimization
approach employed. For this purpose, after optimization a check was
made as to whether built wind turbines reach a minimum size of 2 MW.
If this is not the case and the built capacity is at the same time not equal
to zero (tolerance: 1kW), two further optimizations are commenced:
the target values of an optimization without wind turbines and an
optimization with wind turbines that are at least 2MW in size are
compared. Based on this comparison, the optimization model with the
lower annualized system cost is taken as the result for the associated
power system.

A hardware configuration with 2TB RAM memory and two CPUs
Intel Xeon Gold 6334 (3.6GHz base clock frequency) was used to
optimize the model.

2.2. Energy system optimization model

In this section, the ETHOS.FineRegions [31] regional energy system
model is presented. Fig. 1 shows a block diagram containing the
interconnections of the model components. To this end, the available
technologies are based on the scientific consensus for relevant technolo-
gies in the future German energy system, e.g., from Stolten et al. [33]
and Sensfuf et al. [55]. All techno-economic parameters (capital costs,
interest rate, operational costs, lifetime, and efficiencies) are based on
the study by Stolten et al. [33]. The most important input parameters
are depicted in Table 3.

ETHOS.FineRegions includes ten commodities that can be generated
by source technologies or converted from other commodities by means
of conversion technologies. The demands are modeled by sink tech-
nologies with fixed profiles, the derivation of which is presented in the
Supplementary Material. A fixed profile must be met by the model at
each time step, meaning that the operation of the component cannot

Energy Conversion and Management 309 (2024) 118422

Table 3
Most important techno-economic input parameters based on the study by Stolten et al.
[33].

Technology

CAPEX OPEX
1025 €/kW 2.5% of CAPEX 20 a

Economic lifetime

Wind turbines

Rooftop PV 528 €/kW 2.1% of CAPEX 20 a
Open-field PV 345 €/kW 1.7% of CAPEX 20 a
Heat pumps (decentral) 11111 €/kW 2.5% of CAPEX 20 a
Heat pumps (central) 760 €/kW 0.9% of CAPEX 20 a
Batteries (decentral) 311 €/kWh 2.5% of CAPEX 15a
Batteries (central) 142 €/kWh 2.5% of CAPEX 15a
Heat storages (decentral) 30 €/kWh 4.0% of CAPEX 20 a
Heat storages (central) 0.67 €/kWh 3.0% of CAPEX 20 a

Table 4

Overview of time series used in ETHOS.FineRegions. The maximum time series means
an upper bound for the operation of the respective component, whereas a fixed time
series must be met at all time steps.

Technology Maximum/fixed Number of time
time series series per region

Wind turbines Maximum 7

Rooftop PV Maximum 9

Open-field PV Maximum 1

Electricity demand Fixed 1

Heat demand Fixed 1

Hydrogen demand Fixed 1

Process heat demand Fixed 5

be reduced or increased. Electricity can be generated or imported from
the electricity sources of wind (wind onshore) and solar energy (rooftop
and open-field PV). The maximum generation from renewable energy
plants is constrained by potential limits. For onshore wind and PV, the
site-specific potential determination from Risch et al. [46] is used as
an input in the model. The Supplementary Material shows how the
potential for biomass and waste is modeled. Furthermore, electricity
imports can be limited by any autonomy constraints (see Section 2.4).

Table 4 summarizes the time series used in the model. For onshore
wind turbines, seven generation time series are employed for each
region. To this end, the generation profile of the location specific
sites of Risch et al. [46] are simulated using the open-source tool
RESKit [56]. Afterwards, if more than seven time series are available in
a region, the time series of all turbines are reduced to seven based on
the ETHOS.Spagat [57] tool for the spatial aggregation of technologies,
to reduce the complexity of the model. The rooftop PV modules are
modeled with nine time series to accommodate different orientations.
Here, an additional distinction is made between potential and existing
installations. As all open-field PV systems are placed in a southerly
direction and can thus be assumed to have nearly the same generation
profile across all systems within a municipality, they are modeled with
one time series. As the renewable technologies described are subject
to curtailment, e.g. due to insufficient demand, they are modeled with
maximum operation time series, i.e. the model can choose to generate
between zero and the values of the time series at any given time step.
In addition, electricity from other commodities can be converted: for
example, biomass, biogas and waste can be converted into electricity
in power plants or heat and electricity in CHP plants.

The intranodal network for distributing electricity within the node
is represented by a conversion, with network expansion costs based
on Stolten et al. [33]. In addition, as assumed by Stolten et al. [33], 40%
of rooftop PV generation is provided close to the point of consumption
without any necessary distribution infrastructure. Other generation,
as well as electricity from centralized battery storage, must first be
distributed through the grid.

The hydrogen demand arising in industrial settings or via conver-
sion technologies can be covered by hydrogen production in proton
exchange membrane (PEM) electrolysers, which internally induce an
additional electricity demand in the model. A conversion component



S. Risch et al.

Energy Conversion and Management 309 (2024) 118422

Rooftop-PV Heat Pump e > Electricity
! | (central) Demand
| Households
Electro Vessel Battery Storage
(central) rb (decentral)
Openfield-PV - Electricity
A "| Demand Industry
N Heat Pump
Wind Turbines | Battery Storage (decentral)
(onshore) <t (central) Electricity
—P Demand CTS
> Biomass Heating Plant B Eleciricity
Energetic - Demand
Biomass | )| Biomass Power Plant 5 P Transport
Potential |2
> Biomass CHP Plant | 15
z
i B Heat Storage
Energetic Biogas Power p| = (decentral)
Potential Plants Heat Storage || 2
Biogas District Heating v y Heat Demand
(central) T B! "1 Households
Waste Heating Plant
Energetic 2 I Hydrggen .
Potential Waste Power Plant |~ Condensing Boiler s ;
Waste > Fuel Cell eat Deman
Waste CHP Plant > | (decentral) | CTS
Hydrogen Turbine P
(central) ¥ Industrial Heat Pump
—» Low Temperature
Fuel Cell (central) Process Heat Demand
Hydrogen CHP >
Plant
Hydrogen

Electrolyzer (central)

Hydrogen Storage

/
j_’Demand Industry

Demand
Transport
> Electric Boiler
< Heating Plant
P

Medium Temperature
Process Heat Demand

(waste)

Heating Plant
(biogas)
Heating Plant
(biomass)

Industrial Furnace
(hydrogen)

Industrial Furnace

Biocoal

Torrefaction |

v

(electricity) High Temperature

Industrial Furnace Process Heat Demand

(biocoal)

Industrial Furnace
(biogas)

Fig. 1. Block diagram of the components of the optimization model ETHOS.FineRegions. Electricity flows and technologies are depicted in gray, heat flows and technologies in
red, hydrogen flows and technologies in blue, waste flows and technologies in purple, biogas flows and technologies in orange, and biomass flows and technologies in green. PV

technologies are shown in yellow and wind turbines in light blue.

is initialized to distribute the hydrogen within a node, which must be
expanded to supply the decentralized consumption components. The
hydrogen can then be stored centrally, without prior distribution, in
above-ground pressure tanks. Through subsequent reconversion in cen-
tral hydrogen turbines or fuel cells, an indirect possibility for electricity
storage is provided. Hydrogen imports are not considered in this study,
which means that the hydrogen is produced inside the municipalities,
e.g., by electrolyzers in conjunction with electricity generated inside
the municipal borders or electricity imports.

The industrial sector is usually greatly simplified in regional op-
timization models, for example, and is only modeled in the form
of an increase in energy demand (see Section 1.1). However, this
methodology does not allow any conclusions to be drawn regarding
technology selection in the industrial sector. In ETHOS.FineRegions on
the one hand, the hydrogen and electricity demand of the industry
is considered. On the other, the process heat demand of the industry

is represented by three additional commodities: the low-temperature
process heat represents the heat demand that occurs at temperatures
lower than 100 °C; the medium-temperature range is defined as being
between 100°C and 500°C; and the high-temperature range starts at
500°C. Table 5 shows which technologies are available in the model
for generating process heat.

Low-temperature heat can be provided by all technologies con-
nected to the district heating network. Alternatively, in regions where
a district heating network is not part of the cost-optimal system,
an industrial heat pump can be directly installed on-site. Medium-
temperature process heat demand can be met by heating plants that can
generate heat from biogas, biomass, or waste. In addition, an industrial
electric boiler can be used, which can convert electricity into medium-
temperature process heat. High temperature process heat is provided
by industrial furnaces using biocoal, biogas, hydrogen, or electricity
as energy sources. However, as not all industrial processes can be
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Table 5

Energy Conversion and Management 309 (2024) 118422

Generation technologies for process heat in the ETHOS.FineRegions model.

Process heat Technology

Energy source

Low-temperature

Technologies connected to the district heating network and industrial heat pump

Heating plant

Medium temperature ? . .
P Industrial electric boiler

Biogas, biomass or waste
Electricity

High-temperature Industrial furnaces

Biomass (biocoal), electricity, biogas or hydrogen

electrified, a non-electrifiable portion of the demand is defined: firstly,
in ETHOS.FineRegions the process heat demand for steel production
can only be covered by gaseous energy carriers (biogas and hydrogen)
by means of direct reduction [58] comparable to the modeling in Kull-
mann et al. [59]. Secondly, cement production cannot be electrified in
the model, and so only biocoal, biogas or hydrogen may be used [59].

The ETHOS.FineRegions model includes several flexibility options.
In addition to biomass, biogas and waste-to-energy plants, hydrogen-
fueled flexibility options are considered, such as hydrogen turbines.
Furthermore, flexibility is provided internally in the model through
sector coupling options, such as power-to-heat-technologies combined
with heat storage.

2.3. Calculating specific system costs

Municipalities differ significantly by area, population, demand
structure, and supply potentials. In order to facilitate a comparison
of costs between different systems with different conditions, specific
system costs (T ACg,,.) are introduced with Eq. (1).

TACs ). = % €
E.eq
The total annual system costs (T ACg,,) for meeting the municipal
demands are set in relation to an electricity-equivalent demand (Dg ).
The latter is the sum of all energy demands (electricity demand D,
heat demand Dy hydrogen demand Dy, , low-temperature process heat
demand Dpy 7, medium-temperature process heat demand Dpy pr,
and high-temperature process heat demand Dpy 1), which are con-
verted into electricity demand equivalents using the efficiencies (elec-
trolyzer efficiency #,/ecirolyzer» €lectric boiler efficiency ng_,,, electric
furnace efficiency #p_symqe..) and coefficients of performance (heat
pump coefficient of performance e p) of the technologies used for
meeting these demands (see Eq. (2)). A representative technology is
defined for each type of demand and used for the calculation. For
example, the conversion of heat demand into electricity demand is
performed by the average coefficient of performance of the heat pump
used in the model.

DH2 DPH,LT DPH,MT DPH,HT
+ + +

Dy
Dgy=Dp+—+
EHP rlelecrrr)lyzer Exp

(2)

NE—boiler r’E—furnace

Although the annual demands and conversion factors are input vari-
ables of the model, the total annual system cost (T'ACj,,) represents
the objective function of the optimization. The detailed formulation of
the objective function for minimizing costs can be found in Welder et al.
[50]. The specific system costs were calculated after the optimization.

2.4. Modeling of energy autonomy

A necessary scenario dimension for examining the research ques-
tions of the present work are the energy autonomy constraints. In the
case of a grid connected system with balanced energy autonomy, a
region generates at least the sum of its own demand over the period of
one year by means of its own plants. The degree of energy autonomy
(¢) is defined using the annual integral of energy imports (I mport) and
the annual integral of demand D (see Eq. (3)).

f Import(t)dt

3
[ D(ndt 3

¢ =

In the case of complete autonomy, i.e., off-grid operation, the degree of
autonomy is 1. Measures for the operation of the power grid, e.g., for
frequency conservation, are not considered. For the final evaluation of
autonomy, the grid connection capacity (Grid,,,) of the region must be
considered for imports and exports (Export, Eq. (4)).

Import(t) < Grid, Export(t) YtinT (©)]

cap 2

From a grid perspective, grid connection capacity is the most meaning-
ful indicator, as infrastructure costs can only be reduced by including
the time dimension in exchange limits. For example, high transmission
power peaks at a few points in the year can still lead to high degrees of
autonomy. Accordingly, from a network perspective, a capacity-based
exchange limitation may have advantages over a generation-based
one. McKenna [60] also highlights that limiting generation-based net-
work interactions by considering the degree of autonomy can lead to
macroeconomic disadvantages.

In order to consider the degree of autonomy in energy system
modeling, an additional constraint is implemented, namely the flow
outgoing through the transmission component (Export) is omitted
(Eq. (5)).

Zlmports(l—§)~ZD )
t t

2.5. Optimizing a large number of municipalities

For each of the 11003 municipalities, a separate optimization prob-
lem was formulated and solved. This has the advantage that the prob-
lems can be solved in parallel. The disadvantage of this approach is
that no exchange of information between the individual municipalities
is possible during the optimization. Therefore, conclusions regarding
exchange possibilities between individual municipalities are only pos-
sible to a limited extent. In order to nevertheless model an exchange,
an import and export are implemented as source and sink, respectively.
To maximize autonomy in the scenarios with complete autonomy,
the purchase price is set to 100000 €/MWh. Under the objective of
minimizing the system cost, this leads to using a power purchase only as
a last option to ensure that the optimization problem remains solvable.

In the grid-connected scenarios, an electricity price time series
is considered that takes into account the generation potentials from
renewable energy sources, so that high electricity prices result in times
of low generation potentials and low electricity prices in times of
high generation potentials. This allows modeling that, for example,
a high supply of PV electricity in the summer depresses the price of
electricity on the stock exchange. Thus, it is assumed that renewable
generation is the main price driver in the electricity market. First,
normalized generation by renewable energy sources (CFgp) is de-
fined as follows (see Eq. (6) which is given in Box I). The capacities
of PV plants (Cpy ), onshore wind plants (Cp,sorewing) and offshore
wind plants (Co/ fporewing) are chosen in such a way that they corre-
spond to the values of a national transformation scenario as in Stolten
et al. [33]. The capacity factors of the respective technologies (C Fpy,
C Fousnorewina @04 CFo £ ¢ cporewing) are defined by the averaged capacity
factors of the potentials used by Risch et al. [46]. The price time
series is calculated by the relative deviation of the weighted renewable
capacity factors C Fg from the mean value. In addition, an exponent X
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Cpy - CFPV(I) + ConshoreWind * CFOn:horeWind(t) + COff:horeWind . CFOffshareWind O}
CFrpt) = (6)
CPV + COnShoreWind + COj'fshoreWind
Box I.
is introduced to weight the fluctuations in the price (p, see Eq. (7a-b)).

[ X T ‘ I I 100 =
(T _ | TV ;
P+ =—=—""") Wpu =D for CFp() <CFrz (@ 22 i “ ’ H | | {1 | e s
CFrg = CFrg min ° | ‘ | \‘ L,
p() = X 2 157 | 60 g
_ CFrp() = CF, B - hd =
- <—RE RE ) (P = Ppin)» fOr CFrp(t) > CFrr (b) © 101 ‘ ” ‘ a0 3
CFRE.max - CFRE 8 \ i 5
I g5 | =]
%0 5 | 1 H 23
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Through this approach, the electricity price is low when the simulta- 0 50 100 150 200 250 300 350

neously available capacity of renewable energy is high and expensive
when the available capacity is low. Fig. 2 hypothetically illustrates the
price-time series for a spread between 0 €/MWh and 100 €/MWh and
X = 2. In the following, the described price time series will be referred
to as the PriceTimeSeries®, although in this paper only a price time
series with X = 2 is considered, i.e., PriceTimeSeries>.

2.6. Considered scenarios

In order to analyze the regional energy systems, various scenarios
are defined that depict possible future developments. For this purpose,
different scenario groups are formed in order to investigate different
influencing variables. Table 6 provides an overview of the defined
scenarios. First, a baseline autonomy scenario (NoGrid,, 1) is defined,
from which various specifications are varied in the subsequent sce-
narios. In the NoGrid,,, scenario, the degree of energy autonomy in
the municipalities is maximized, i.e., if possible, complete autonomy
is achieved (purchase price of 100000 €/MWh, see Section 2.5). For
wind development, the upper limit is given by an expansive scenario
(see Risch et al. [46]), i.e., minimum distances to inner settlement
areas are 1000 m, and to outer areas (e.g., single buildings outside
settlements) the minimum distances are three time the turbine height.
Turbine installations in forests are allowed. For open-field PV develop-
ment, the upper limit is a scenario in which potential is also available
on marginal strips along highways and railways, as well as agricultur-
ally disadvantaged land. For rooftop PV, all roofs are made available
to the model, so that the choice of orientation is the result of the opti-
mization. In the first scenario group (NoGridccopances NOGTid)ogisigrions
NoGrid, g, 1,ppy), the boundary conditions of the renewable energy
sources are varied compared to the NoGrid,,, scenario. Furthermore
the degree of energy autonomy is maximized in this scenario group,
i.e., complete autonomy is achieved. The scenarios have the following
characteristics:

* NoGrid,cceptance: Unlike the NoGrid,,, scenario, the expansion
of onshore wind is dictated by a restrictive scenario with min-
imum distances of 1000 m each to inner and outer residential
areas in order to estimate the maximum impact of social accep-
tance towards onshore wind on cost-optimal autonomous energy
systems. This scenario is defined to reflect the public opposi-
tion towards onshore wind [61] and the resulting decrease in
expansion numbers in Germany [62,63].

NoGrid,egigiation: Unlike the NoGridpg,, scenario, the wind poten-
tials are based on current legislation in the federal states, i.e., with
individual distance restrictions. The permitting of turbines in
forests is also individualized per state.

NoGrid, ¢ 0ppv: The CAPEX for rooftop PV are reduced by 50%,
to 264 €/kW, to favor rooftop PV development. Such a develop-
ment can be triggered, for example, by increasing subsidies for

Day of the year

Fig. 2. Electricity prices in the PriceTimeSeries* (0-100 €/MWh) over the course of a
year.

rooftop PV. To still reflect the total costs from a macroeconomic
perspective, the reduced share of costs is added to the total system
costs after the optimization. In the Result Section, only these total
costs from a macroeconomic perspective are discussed.

The influence of the autonomy conditions described in Section 2.4
is examined using the Grid,, ... Scenario.

* Gridpganceq: The generation in the municipalities must be at least
equal to their demand over the year, and the price signal is given
by the PriceTimeSeries>. This allows a comparison of completely
autonomous systems with balanced-autonomous systems.

In addition, the influence of the possibility of buying and selling
electricity for the municipalities is examined:

* Grid,¢: Imports and exports are allowed with the prices of the
PriceTimeSeries®>. With the help of this scenario, the cost-optimal
autonomous systems can be compared with the cost-optimal reg-
ular energy systems.

For the NoGrid,,; scenario, the sensitivity of the results to the follow-
ing influencing factors is also investigated:

» Weather years: to account for the variability of renewable gen-
eration over different years and to measure their impact on the
results, these are simulated for 40 weather years and the time se-
ries are used as inputs to the optimization model. This means that
all of the 11003 municipalities were optimized 40 times. Next,
the worst weather year was determined for each municipality
(critical weather year): first, the year in which the municipality
reaches the lowest degree of energy autonomy was chosen. If the
municipality achieves a degree of autonomy of 1 in all of 40 years,
the specific system costs are used as a second criterion.

Cost assumptions: for a variation in cost of +5%, +10%, +20%
and -50% (halving), or +100% (doubling), the impact of the
capital costs of wind, open-field PV, rooftop PV, battery storage,
thermal storage, and H, storage is examined. Halving and dou-
bling of the component costs are considered in order to analyze
potential extreme developments.

Time series aggregation: the influence of time series aggregation
is assessed by optimizing without using tsam [54].

In all 95 scenarios and sensitivity calculations, all 11003 munici-
palities are optimized, i.e., more than one million optimizations are
performed in this work. An automated workflow is employed to carry
out all optimizations. This involves providing a parameter file (JSON
file) to the model, which then adjusts the relevant parameters to
the desired values or triggers the relevant logic within the model.
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Table 6
Considered scenarios.
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Scenario Autonomy Electricity price Description
NoGrid,.¢ Complete - Expansive wind turbine scenario
NoGrid,ceprance Complete - Restrictive wind turbine scenario
NoGrid;egigtation Complete - Wind turbine scenario based on current legislation
NoGrid,ofioppv Complete - CAPEX for rooftop PV are reduced by 50%
Gridyanced Balanced PriceTimeSeries* -
Grid, - PriceTimeSeries’ Imports and exports are allowed
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Fig. 3. Maps with the degree of energy autonomy in German municipalities for the NoGrid,,, scenario (a, left) and the Gridy,, scenario (a, right); (b) illustrates the degree of

autonomy for all scenarios in relation to the population.

For instance, to analyze the sensitivity of the cost assumptions, the
JSON file specifies the cost data points. These files are automatically
generated for each municipality and each observation, and for each
JSON file a parallel process is initiated and a result file is written. In all
scenarios, energy systems are determined for 2045, all of which must
be greenhouse gas-neutral.

3. Results

The following section compares the results of the scenarios at the
municipality level. For this purpose, all municipalities are optimized
as single node models in parallel and without interconnection. First, in
Section 3.1, an overview of the feasibility and cost of energy autonomy
in all municipalities is given. Subsequently, Section 3.2 compares the
optimal energy systems in the scenarios with complete energy auton-
omy and addresses the impact of legislation and social acceptance
on the autonomous systems. This is followed by a comparison of the
results for different autonomy conditions, i.e., complete and balanced
autonomy (Section 3.3). In Section 3.4, the sensitivity of the results
to the use of various weather years and different cost assumptions is

examined. While the results are described at a high level through-
out this section, in the Supplementary Material, the results for two
individual municipalities are described in detail as case studies.

3.1. Techno-economic potential of energy autonomy

In the NoGrid,,; scenario, completely autonomous energy systems
are developed in 10231 (93%) of the German municipalities, with a total
of 43.4 million inhabitants (52%) and an average population of 4240
(see Fig. 3). In total, 7884 of these municipalities have fewer than 5000
inhabitants, which classifies them as rural [64]. Similarly, according
to the classification by Dornbusch et al. [65], 7298 of the autonomous
municipalities are categorized as rural (<150 inhabitants/km?) and 2764
as rural dense (<750inhabitants/km?) (see Fig. 4a). For example, in
sparsely-populated areas in Mecklenburg-Vorpommern and Branden-
burg, an autonomous energy system is achievable for many municipal-
ities in the NoGrid,,, scenario, due to the large renewable potentials
and lower energy demand in these regions. On the other hand, there are
39.8 million inhabitants in 772 municipalities (on average 51 500 inhab-
itants per municipality), for which an autonomous energy supply is not
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Fig. 5. Scatter plot of system costs versus installed wind capacity as a percentage of total renewable capacity for all municipalities that are not fully exploiting their wind potential.

possible. First, the municipalities with larger populations have higher
final energy demands, and second, the potential for the expansion of
open-field PV and onshore wind is lower due to land use competition.
For example, major cities such as Hamburg, Berlin, Munich, or the
metropolitan areas in North Rhine-Westphalia (e.g. Cologne) cannot
achieve an energy autonomous supply (see Fig. 3a). Furthermore,
Fig. 4a demonstrates that even sparsely-populated municipalities with
high specific demands, for example due to industrial sites, cannot
achieve complete energy autonomy. One example of a municipality
with high energy demand from industry and a low degree of energy
autonomy (0.002) is “Ludwigshafen am Rhein”.

Without the requirement of complete autonomy and with the possi-
bility to import and export electricity at the prices of the
PriceTimeSeries? in the Gridpg, + scenario, the degree of autonomy
decreases for the majority of the municipalities (see Fig. 3). Especially
in southern Germany and North Rhine-Westphalia, optimal degrees of

10

autonomy are between 0.3 and 0.7 for many regions. On the other hand,
northern Germany has a large share of municipalities with degrees
of autonomy higher than 0.8. In the case of the latter municipalities,
this can be explained by their large, cost effective wind potentials.
This leads to significant overcapacities in order to obtain revenues
from the generated electricity. As a side effect, the renewable capacity
built is so large that the municipalities’ electricity needs can be met
almost entirely from their own generation. For 486 municipalities, this
even results in an autonomous supply structure, despite the possibility
of importing electricity. 204 of these regions are unpopulated areas
and so do not import electricity. In the remaining 282 municipalities,
the excess capacities are so large that even in the cost-optimal case
no imports are needed. By comparing the Grid scenarios with the
NoGrid,,; scenario, the economic disadvantages of autonomous supply
structures become apparent: while autonomous supply in the NoGrid,,,
scenario results in population-weighted average costs of 144 €/MWh,
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the costs for the same municipalities in the Grid,,,..q scenario with
70 €/MWh and Gridg,, scenario with 55 €/MWh are much more
favorable (see Fig. 4b). However, for 12.3 million residents in the
NoGrid,,, scenario, energy autonomy at the municipal level is possible
for costs below 100 €/MWh. In addition, by paying a premium of
up to 50% compared to the Gridp,, scenario (referred to as extended
economic potential — see Kleinebrahm et al. [66]), 3945 municipalities
with 17.2million inhabitants could become completely autonomous.
Nevertheless, the untapped source of revenue in the NoGrid,, , scenario
through energy exports possible in the Gridg,, scenario represents a
significant disadvantage from a municipal perspective.

3.2. Impact of legislation and social acceptance

In the NoGrid,,,,,,py Scenario, a similar distribution of the degree
of energy autonomy is evident compared to the NoGrid,,, scenario
(see Fig. 3b), as only the cost of rooftop photovoltaics is reduced. In
contrast, in the NoGrid,ccoprance @A N0Grid ogis101i0n SCEMarios, other
onshore wind power potentials are altered, thereby reducing the maxi-
mum population in energy autonomous municipalities from 43.4 million
to 42.6million in the NoGridj ;s a1, Scenario and to 39.8 million in
the NoGrid . opanc. Scenario. For 540 municipalities with 22.6 million
inhabitants, the degree of autonomy changes by an average of 12%
from NoGrid,,; to the NoGrid,,opanc. Scenario. Relative to all 11003
municipalities, the mean deviation of the degree of autonomy is only
0.6%. There are three reasons for the low impact of the wind poten-
tial scenario on the autonomy distribution: first, 3826 municipalities
in the NoGrid,,; and NoGrid,. ... Scenarios have identical wind
potential. Second, in 2496 municipalities, despite the reduced potential,
the capacity of wind turbines needed for the cost-optimal configu-
ration of the energy system can still be built in the NoGrid, . .pance
scenario. Third, the remaining 4141 municipalities must reduce the
wind capacity built compared to the cost optimum in the NoGrid,,,
scenario, but continue to achieve the same degree of autonomy de-
spite the adjusted energy system design. In the following, the impact
of legislation and social acceptance on system costs (Section 3.2.1),
installed renewable energy capacity (Section 3.2.2), storage capacity
(Section 3.2.3), low-temperature heat supply (Section 3.2.4), process
heat supply (Section 3.2.5) and curtailment (Section 3.2.6) is presented.

3.2.1. System costs

The adaption of autonomous energy systems can lead to signifi-
cantly higher costs. Fig. 4b depicts the specific system costs of the
municipalities in the four scenarios with complete energy autonomy.
The costs vary widely across all municipalities: for example, in the
NoGrid,,, scenario, the specific costs in Neuschoo in Lower Saxony are
67 €/MWh, whereas in Kahl am Main in Bavaria with 2042 €/MWh,
the highest costs occur. The costs in Kahl am Main are about twice
as high as in Urmitz, whose cost-optimal autonomous energy system
is shown in detail in the Supplementary Material. These municipalities
can only achieve an autonomous energy system with extreme and very
expensive measures.

For municipalities with a total population of 30 million, an au-
tonomous energy system can be achieved in the NoGrid,,, scenario
with costs below 151 €/MWh, with an average cost of 122 €/MWh per
municipality, whereas the population-weighted average is higher with
144 €/MWh. This demonstrates that highly populated municipalities
face higher specific costs on average. The NoGrid . opanc. SCENario, due
to reduced wind capacity, exhibits the highest costs of all scenarios.
First, possible overcapacities that lead to the cost-optimal system in the
NoGrid,,, scenario cannot be built. Second, PV-heavy systems are more
often deployed, in which the battery storage must be larger in order
to ensure an optimal system integration of PV. This translates into an
average cost in the NoGrid ,ccepranc. Scenario of 138 €/MWh per munic-
ipality, and a population-weighted average cost of 174 €/MWh. For a
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population of 30 million, specific system costs are below 189 €/MWh
in the NoGrid . oprance SCENArio.

The reduced costs for rooftop PV systems in the NoGrid,, r,,ppy
scenario, which are added to the system costs after the optimization,
also lead to higher system costs compared to the NoGrid,,, scenario.
The lack of information in the model about the actual cost of rooftop PV
systems leads to a deviation from the overall macroeconomic cost op-
timum. Accordingly, the population-weighted average is 149 €/MWh,
which is slightly above the NoGrid,,, scenario but significantly below
the NoGrid.copance SCENArio.

Fig. 5 displays a scatter plot of specific system costs versus wind
capacity share in renewable generation capacity for all 5948 (54%)
municipalities in the NoGrid,,, scenario in which the wind potential
is not fully exploited in the cost-optimized systems. This means that
the 5948 depicted municipalities could theoretically add more wind ca-
pacity. 99% of the considered municipalities are above 12% and below
59% wind share in renewable capacity at specific system costs below
151 €/MWh. On average, the specific system costs of municipalities are
100 €/MWh. Compared to the entirety of autonomous municipalities
in the NoGrid,,, scenario, the specific system costs are therefore 18%
or 44% lower, respectively. Thus, a diversified generation mix and
the flexibility to choose renewable technologies is crucial for attaining
moderate system costs in the municipalities.

3.2.2. Installed renewable energy capacity

Fig. 6a presents the installed renewable generation technologies
for the municipalities that achieve a completely autonomous supply
structure in all four scenarios. The installed capacity is predominated
by rooftop PV systems in the scenarios. For example, in the NoGrid,,,
scenario, rooftop PV systems account for 108 GW, which is about 40%
of the installed capacity. In the NoGrid,panc. Scenario, the share of
rooftop PV increases to 162 GW and 51%, respectively, due to reduced
wind capacity. In the NoGrid,,,,,py scenario, the built rooftop PV
capacity increases even more to 208 GW and 69% of the total capacity.
However, due to the simultaneity in PV generation, the open-field PV
capacity is mainly reduced in this scenario (-59%), whereas the wind
capacity only decreases by 10% compared to the NoGrid,,, scenario.

The reasons for the dominance of rooftop PV capacity in the scenar-
ios are manifold: first, the full-load hours of PV plants are lower than
those of onshore wind plants, so that for the NoGrid,,, scenario, gen-
eration by onshore wind plants (135 TWh) is larger than by rooftop PV
plants (98 TWh) at smaller capacity. Second, the proximity of rooftop
PV to consumption is of great importance in autonomy considerations
and is a major advantage of the technology. The greater expansion
of rooftop PV in the autonomous municipalities can also be explained
by urban municipalities, which can barely reach a degree of energy
autonomy of 1. In these municipalities, the full renewable potential is
exploited snd there is a lack of flexibility to compose the system in
a cost-optimal way. This is expressed, for example, by the fact that
rooftop PV modules are also built in a northern orientation in these
municipalities (see detailed results for Urmitz in the Supplementary
Material).

3.2.3. Installed storage capacity

Fig. 7a illustrates the storage capacities in the autonomous munici-
palities. In addition, the normalized storage levels in all municipalities
are shown over one year in Fig. 7b for the NoGrid,,, scenario. The
seasonal storage demand in the energy autonomous municipalities is
mainly met by a thermal storage capacity of 54 TWh in the NoGrid,,,
scenario with two charging cycles® (capacity-weighted average). In
addition, hydrogen tanks are used, but these are sized one order of
magnitude smaller in all scenarios. For example, in the NoGrid,,, sce-

2 The charging cycles are defined as complete discharges and charges over
the year. Partial cycles are summed up and thus also taken into account.
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Fig. 6. Electricity generation capacities (a), low-temperature heat generation capacities (b), process heat generation (c) and renewable generation curtailment (d) in the energy

autonomous municipalities.

nario, 1.6 TWh are installed (14 charge cycles in the capacity-weighted
average). Centralized battery storage is used as inter-day storage, with
correspondingly smaller sizes due to this use case and higher capacity-
specific costs (NoGrid,,, scenario: 285 GWh with 179 charge cycles in
the capacity-weighted average). In the NoGrid, . ,pianc. SC€Nario, the
seasonal and interday storage is significantly larger. The battery stor-
age, hydrogen storage, and thermal storage have higher capacities by
58%, 69%, and 54%, respectively, compared to the NoGrid,,, scenario.
One reason for this is the seasonal and intra-day variation in PV-driven
power generation in the NoGrid,, opanc. SC€Nario, which requires more
storage for optimal system integration than wind.

3.2.4. Low-temperature heat supply

Fig. 6b shows the capacities for supplying low-temperature heat in
the autonomous municipalities. Through the use of power-to-heat tech-
nologies, the electricity and heat systems are coupled. In conjunction
with the large heat storage facilities, this also makes the electricity
system more flexible. Accordingly, in the NoGrid,ccopiance Sc€Nario, the
largest large-scale heat pump capacities (81 GW) and electrode boiler
capacities (19 GW) are built in combination with the large-scale heat
storage systems. In the NoGrid,,, scenario (large-scale heat pumps:
58 GW, electrode boilers: 18 GW), NoGrid ;s ai,n SCenario (large heat
pumps: 68GW, electrode boilers: 19GW) and NoGridg,,rioppy SCE-
nario (large-scale heat pumps: 56 GW, electrode boilers: 18 GW), the
capacities are correspondingly smaller.

3.2.5. Process heat supply

The configuration of process heat generation in the autonomous
municipalities is shown in Fig. 6¢. There is little difference in the gen-
eration of process heat in the scenario comparison. While the district
heating network takes the largest share for the low temperature sector
in the NoGrid,,; scenario, waste with 66% and biomass with 11%
are used as energy sources for the medium temperature sector. The
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high-temperature demand is met by using biogas (27%) and biochar
(21%) obtained from biomass by means of torrefaction. As the avail-
ability of biomass and biogas in the municipalities is limited, there is
a regional discrepancy between the emergence of bioenergy sources
and the demand for process heat generation. Due to this, a significant
portion of medium- (23%) and high-temperature heat generation (49%)
is electrified. Hydrogen is used only at 3% for high temperature process
heat generation. It should be noted that the material hydrogen demand
of industry is not included in these quantities.

3.2.6. Curtailment

Despite the large-scale storage, about 39 TWh of possible generation
is curtailed in the NoGrid,,, scenario (see Fig. 6d). In a fully renewable
energy system, a comparatively higher level of curtailment can be
expected, but the curtailment of an average of 11% must still be con-
sidered large. This fact highlights the trade-off between storage sizing,
further flexibility in the system, and curtailment at the cost optimum:
the larger the storage capacity is, the smaller the curtailment may be.
On the other hand, extreme storage sizes lead to high costs, such that
curtailment can be cost-optimal in case of high renewable generation,
especially in autonomous municipalities. The curtailment reduces the
need for storage capacities for peak generation, such as electrolyzers for
H, storage. In some municipalities, virtually every kilowatt-hour must
be utilized, meaning that no curtailment occurs in any of the scenarios
in these municipalities (cf. Supplementary Material).

Although the PV capacities in the NoGrid, . pamc. ScCenario are
proportionally larger than in the NoGrid,, scenario with 91% of
the installed renewable capacity and so there is a higher simultane-
ity of generation, the curtailment is only slightly higher by 12%.
However, the storage facilities are significantly larger, as described
above, which explains the moderate increase in curtailment due to a
shift within the trade-off between flexibility and curtailment. In con-
trast, in the NoGrid,,,,,py Scenario, the curtailment increases more
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Fig. 7. Storage capacities in the energy autonomous municipalities in the scenario comparison (a). Normalized state of charge in all municipalities in the NoGrid,,, scenario over

the year (b).

significantly to 14% because the additional rooftop PV capacity built
is cost-optimal, despite the increased curtailment due to artificially-
reduced costs. This is also reflected in the large share of rooftop PV
systems in the curtailment (see Fig. 6d).

3.3. Impact of autonomy type on system composition

While in the NoGrid,,, scenario a total of 306 GW renewable ca-
pacity is installed, grid connection and the external price signal in
the Gridy,,,..q Scenario increase the capacity significantly to a total
of 738 GW due to the potential revenues (see Fig. 8a). The scenario
comparison in this section is limited to the 10231 municipalities that
can establish an autonomous supply structure in the NoGrid,, ; scenario
(see Fig. 3). These autonomous municipalities tend to be regions with
large revenue opportunities due to extensive renewable resources. Due
to the autonomy constraint, the total capacities in the Grid,,nceq
scenario are 82GW (11%) larger than in the Grid,, ¢ scenario. How-
ever, for 6019 of the 10231 municipalities and 46% of the population,
respectively, an identical energy system results for both scenarios. The
remaining municipalities are forced to build capacity that deviates from
the cost optimum, most of which is rooftop PV. Therefore, rooftop PV
capacity is 73GW higher in the Grid,,,,..q scenario, which explains
89% of the deviation in capacity. Accordingly, the objective of balanced
autonomy or targets for demand-related minimum generation from
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renewable energy sources at the regional level is not a problem, as
long as the region manages to meet these targets while respecting
national expansion plans. Otherwise, there is a risk that uneconomic or
unneeded capacities are developed, which in turn can have a negative
impact on the overall system through required grid extensions or
energy justice considerations (see the discussion of network charges
in McKenna [60]).

Considering the other generation capacities, it is evident that the
largest flexibility options are needed for achieving complete autonomy:
the capacity of biogas power plants is the largest at I0GW in the
NoGridpg,, scenario, followed by the capacity of biomass CHP plants
(6GW,)). On the other side of the spectrum is the Gridg,, scenario, in
which no biomass or biogas power plant capacity is built.

Despite the fact that flexible generators can help reduce the need to
build excess capacity, the curtailment is still highest in the NoGridpg,,
scenario (see Fig. 8b). In addition, the results indicate that non-
southern-facing PV systems are deployed in energy systems with greater
flexibility needs, despite the lower full load hours, due to their diver-
gent generation profiles. Accordingly, support instruments should be
developed in the future that do not remunerate renewable generation
across the board, but help to provide targeted incentives, taking into
account the regional and temporal dimension, to increase flexibility
and thus integrate renewables into 100% renewable energy systems and
reduce their curtailment.
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Fig. 8. Total electricity generation capacities (a) and curtailment (b) under different autonomy conditions, for the 10231 municipalities that can establish an autonomous supply
structure in the NoGrid,,, scenario. These 10231 municipalities can satisfy the autonomy requirements in all scenarios.

3.4. Sensitivity analyses

This section focuses on the impact of weather years and techno-
economic assumptions on the techno-economic potential of all mu-
nicipalities for complete energy autonomy. The influence of the time
series aggregation approach on the results is not significant and hence
is described in the Supplementary Material.

3.4.1. Impact of weather years

To evaluate the impact of different weather years on the results, the
renewable generation in the NoGrid,,, scenario was varied by using
40 different weather years. In addition to the results for the different
years, a scenario with the worst weather year was chosen for each
municipality: first, the weather year leading to the lowest degree of
energy autonomy was selected for each municipality. In municipalities
for which autonomous supply is possible for all weather years, the
maximum specific system costs were used as an evaluation criterion.
This scenario is referred to as the critical weather year in the following.

The weather year of the N oGrid,, scenario (2014) is associated
with medium degrees of autonomy in the optimized municipalities
compared to the other weather years (see Fig. 9a). By definition,
the critical weather year represents the lower limit of the degree of
autonomy. Compared to the weather year of the NoGrid,,, scenario,
the critical year leads to a decrease of the population in municipalities
in which energy autonomy is technically feasible by 2.4 million. As the
demand must be met regardless of weather conditions, the critical year
represents a more robust estimate of potential degrees of autonomy in
German municipalities. In terms of the specific system costs, however,
there are no significant deviations between the critical year and the
NoGrid,,; scenario (see Fig. 9b) for much of the population. Thus,
on average, the specific system costs in the municipalities increase
on average by 8% to 127 €/MWh, or if population-weighted by 18%
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to 150 €/MWh. For 30 million inhabitants, the costs only increase
by up to 7%. For the remaining municipalities, stronger deviations
between the weather years result. These deviations are due to the fact
that systems with increased costs can only barely realize a completely
autonomous supply in the NoGrid,, scenario. For these municipalities,
changes in generation therefore have a particularly large impact on
system costs. Accordingly, the cost for about one million residents in
the critical year is 797 €/MWh and on average (population-weighted)
2.75 —fold higher than in the NoGrid,,, scenario.

The share of the population in potentially energy autonomous mu-
nicipalities decreases at most from 52% to 49% when considering
several weather years. The overall results regarding autonomous supply
in German municipalities can thus be considered relatively robust, as
mainly municipalities achieve autonomy that can mobilize further po-
tential for energy supply in unfavorable weather years. With regard to
the costs and built capacities in the municipalities, it can be stated that
the systems display a medium sensitivity to the weather year used. The
stability of these systems may also be questioned, as this section only
examines sensitivity to historical weather conditions. Potentially more
significant generation lulls in the future could lead to the emergence of
even more expensive systems or unmet demand.

3.4.2. Impact of cost assumptions

Fig. 10 shows the sensitivity of the NoGrid,,, scenario to capital
cost assumptions. For +20% deviations in investment, moderate devia-
tions in installed capacity of about +5% can be seen for thermal storage
and open-field PV systems. For battery storage, rooftop PV systems,
hydrogen tanks, and wind systems, the deviations are slightly higher
at approximately 10%. For the mean specific system costs, the largest
variation of -3% results from a change in the capital costs of the wind
turbines. The influence of the costs in the investment variation range
of £20% on the results of the NoGrid,,, scenario can thus be classified
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Fig. 9.

(a) Population-weighted distribution of the degree of energy autonomy for different weather years. (b) Population-weighted distribution of specific system costs of

completely autonomous municipalities for different weather years. (c) Relative change in selected capacities compared to the NoGrid,,; scenario.

as moderate. If costs are halved (—50%) or doubled (+100%), the largest
impact on specific system costs comes from the capital costs of rooftop
PV and onshore wind. For these technologies, the lowest amount of
substitution opportunities exist for municipal systems. For rooftop PV,
the behavior can be explained by the full exploitation of open-field
PV potential in the municipalities, which leaves no alternative for
the use of rooftop PV in many municipalities. For wind turbines, the
effect results from the beneficial generation profile. The impact due
to battery and thermal storage on system costs is somewhat smaller
due to existing substitution options. Halving or doubling battery capital
costs symmetrically varies battery capacity by +31% compared to the
NoGrid,,, scenario. The interaction with the CAPEX variations of
the other technologies turns out to be comparatively small, with the
maximum capacity increase when doubling the capital costs for wind
turbines (8%). The positive correlation can be attributed to the decrease
in wind turbine capacity and the accompanying increase in PV capacity
in the systems, which necessitates higher battery storage capacity for
evening and nighttime hours.

Doubling or halving the capital costs of thermal storage results in
a change in capacity of —21% and +22%, respectively. The absolute
deviation is significant due to the large heat storage capacities in
the NoGrid,,, scenario with —14 TWh and +14 TWh, respectively. In
addition, the heat storage capacities are found to interact especially
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with the capital costs of the rooftop PV systems and the capital costs
of the hydrogen tanks. In the case of hydrogen tanks, this is due to
the seasonal use of both storage technologies in the energy system
models (see Section 3.1). This effect is particularly measurable when
the capital cost of hydrogen storage is reduced. If hydrogen storage
costs are halved, 11% less thermal storage is built. This interaction
can also be observed for the capacity of the hydrogen tanks: doubling
the capital costs of the heat storage tanks results in an increase in the
capacity of the hydrogen tanks by 25%. For the hydrogen tanks’ capital
costs, an asymmetrical outcome occurs: halving the cost leads to an
increase in the capacity of 71%, whereas doubling the cost leads to a
reduction of 27%.

For the rooftop PV plants, there is also a larger impact due to a
reduction than an increase in capital costs. Two reasons account for
this: first, municipal energy systems only have limited flexibility to
reduce rooftop PV capacity due to the lack of substitution options.
A doubling of costs only leads to a reduction of capacity by 21%.
Second, there is a large interaction with open-field PV plants due to
the similar generation profiles. Thus, when costs are halved, a system
change occurs in which large shares of the open-field PV capacity are
replaced with rooftop PV capacity. Increasing rooftop PV capacity by
102 GW (46%) is matched by a reduction in open-field PV capacity by
61 GW. The effects of changing open-field PV capital costs to rooftop PV
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Fig. 10. Sensitivity of the results in the NoGrid,,, scenario to CAPEX assumptions for +5%, +10%, +20%, and halving or doubling of the costs.

capacity are also asymmetrical: doubling the cost leads to an increase
in rooftop PV capacity to 191 GW on the one hand, while decreasing the
cost leads to no measurable change in rooftop PV capacity, on the other.
This can be explained by the already low costs for open-field PV in the
NoGrid,,; scenario, which leads to a preference for open-field PV over
rooftop PV in the municipalities. Nonetheless, an increased open-field
PV capacity of 19% results through a halving of capital costs, which
primarily substitutes wind capacity. Accordingly, an increase in wind
turbine capital costs also leads to an increase in open-field PV capacity
of 16%, and wind capacity is reduced by 32%. Halving the capital cost
of wind turbines leads to an increase in wind capacity by 44%.

For the heat pump capacities, a positive correlation with the capital
costs of the battery storage system can be identified: for a doubling of
the battery storage costs, an increase in the heat pump‘s capacity by
14% arises. For a halving of the battery cost, the capacity decreases by
6%. This demonstrates that the heat pump, in conjunction with the heat
storage capacities, is an alternative to make the power system more
flexible. In particular, excess heat pump capacity can be understood as
an alternative measure to intraday storage in batteries. Consequently,
a negative correlation of heat pump capacity towards the capital costs
of heat storage can also be seen as the technologies are deployed in
combination.

In the Grid,,, scenario, the impact of cost changes on the results is
greater than in the NoGrid,,, scenario because the constraint that elec-
tricity must be generated and used within the region no longer applies.
With import and export options, technologies and measures must now
withstand cost pressures from additional substitution options, meaning
that cost changes lead to larger deviations compared to the NoGrid,,,
scenario. At the same time, the interactions between technologies are
smaller, as they do not necessarily have to interact in the energy system.
For more details on the impact of cost changes in the Grid,,, scenario,
see the Supplementary Material.
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4. Discussion

In this section, the results obtained are placed in the context of
the literature and critically discussed. To this end, Section 4.1 first
discusses the impacts of energy autonomy at different spatial scales and
Section 4.2 the socio-economic effects of autonomous energy systems.
Subsequently, the results are compared with the findings from previous
literature (Section 4.3) and the limitations of this study (Section 4.4)
are discussed.

4.1. Economies of scale

In larger energy systems, economies of scale and temporal smooth-
ing contribute to enhanced economic efficiency [60]. The optimal scale
of energy autonomy is discussed in multiple studies using different per-
spectives and modeling approaches (e.g., for buildings in Kleinebrahm
et al. [66] or larger regions and countries in Trondle et al. [67]). Studies
on the European scale conclude that widespread, highly interconnected
systems result in the lowest costs by exploiting the best renewable
resources and balancing local supply and demand fluctuations through
spatial smoothing over large areas [67]. Kleinebrahm et al. [66], on
the other hand, investigate the techno-economic potential of energy
autonomy of freestanding single-family buildings within the European
building stock under framework conditions in 2020 and 2050. In
comparison to large-scale electricity systems, the spatial proximity
of rooftop PV and electricity and heat demand requires integrated
systems that allow the efficient use of small-scale co-generation tech-
nologies. While energy transport losses are minimized, high marginal
costs for achieving the final degrees of self-sufficiency prevent eco-
nomic operation as long as no fixed grid charges are introduced [66].
In contrast to energy autonomous supply concepts at the building
level, the high marginal costs at high degrees of self-sufficiency can be
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significantly reduced at the municipal level through the combination
of wind turbines and PV in combination with large scale heat storage
and distribution systems. However, especially in the planning and
implementation of municipal energy systems, purely techno-economic
analyses must be expanded to include the expectations and interests
of stakeholders such as local authorities, citizens, utilities, and com-
panies [68]. Therefore, the question arises as to which degree different
stakeholder groups are willing to pay additionally for energy autonomy.
The design of residential energy supply systems is a decision based
on the homeowner’s personal preferences, increasing the likelihood of
deviation from purely economically-driven investments.

4.2. Socio-economic impacts of regional energy autonomy

While complete energy autonomy is hardly understood as an ob-
jective in real world energy regions, balanced energy autonomy is
often considered desirable for various stakeholders, such as in the
projects 100ee-Region [69] and bioenergy villages [70]. Engelken et al.
[6] highlight that decision-makers often strive for energy autonomy
out of ecological conviction, because of tax revenues, and to achieve
independence from private companies. Furthermore, Ecker et al. [71]
show that individuals in autonomous supply structures have a higher
willingness to pay. Especially at the household level but also at the
urban one, the endowment effect [72] occurs, which means that in-
dividuals attribute a higher value to goods simply because they own
them [71]. From an economic perspective, regional value creation can
be further strengthened and jobs created in a region [73]. In addition to
economic effects, energy regions can help increase public acceptance of
the energy transition by increasing the involvement and participation
of the region’s residents [74]. Furthermore, end-use energy savings can
be achieved by engaging the public and making consumers more aware
of the energy use [75]. Accordingly, the Easter package of the German
Federal Ministry for Economic Affairs and Climate Action (BMWK)
states that the financial participation of local authorities should be
further developed in the interest of local acceptance [2].

Despite the positive influences of regional energy concepts men-
tioned, the macroeconomic effect, as well as the influence on the
superordinate energy system of autonomous energy regions is hardly
explored [19,60]. The pursuit of balanced energy autonomy potentially
leads to high peaks in transmission output but low utilization of trans-
mission infrastructure. McKenna [60] highlights that balanced energy
autonomous regions may contribute little to network costs as a result,
leading to macroeconomic disadvantages.

4.3. Comparison with previous studies

With the exception of Weinand et al. [37], existing studies (see
Section 1.1) on the energy autonomy potential of municipalities only
evaluate individual regions. Weinand et al. [37] project the results from
15 representative municipalities to the entirety of German municipali-
ties, with the result that 56% of German municipalities and 14% of the
population, respectively, could become autonomous. The results differ
compared to the NoGrid,,, scenario of the present study, in which 93%
of German municipalities, encompassing 51% of the population could
become autonomous. There are several reasons for these discrepancies,
such as the consideration of additional technologies including open-
field PV plants or seasonal storage highlighted in the present study,
which are shown here to be significant for achieving energy autonomy.
Furthermore, in contrast to this article, Weinand et al. [37] consider
four extreme days per year, during which demand peaks and no solar
irradiation or wind is present.

Beyond that, Moeller [13] shows for the municipality of Greven
that a degree of energy autonomy of 80 % is associated with a specific
system cost of 122 €/MWh, but higher degrees of autonomy are not
investigated. Electricity not generated within the municipality can be
imported at a cost of 67 €/MWh. Taking over this electricity price in
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the present work and under the assumptions of the NoGrid,,, scenario,
a degree of autonomy of 80% results in a cost of 141 €/MWh for
the autonomous system in Greven, which is comparable to the costs
outlined in Moeller [13].

4.4. Limitations

Most of the studies modeling regional energy systems (listed in
Section 1.1), including this study, follow a greenfield approach which
assumes all of the energy technologies are installed anew. In reality,
the already installed energy technologies which are yet to complete
their operational lifetime will have an impact on the optimum design
of the municipal energy systems. These existing energy technologies
can lead to path dependencies. For example, an older district heating
system which is still operational might impact investment in new,
more efficient and carbon-neutral district heating technologies [76].
Another aspect which can impact the optimal design of municipal
energy systems is the hosting capacity related constraints of the existing
grid infrastructure. Integration of renewable energy technologies can
cause voltage imbalance and thermal overload in the electrical net-
work [77,78]. Mitigation of these operational challenges requires grid
reinforcement which can be expensive. Therefore, it is important to
consider the grid capacity and grid-related constraints in decentralized
energy system modeling [79]. The current optimization model used in
this study considers grid capacity-related constraints for the import and
export of energy. Further constraints related to hosting capacity and the
costs of grid reinforcement can be added in the future.

As observed within the results, local energy supply potential plays
a major role in the possible autonomous operation of the munici-
palities. For smaller municipalities lacking wind and open-field PV
supply potential, autonomous power supply is not possible. If several
smaller municipalities are merged together, they can share their supply
resources. This can benefit in terms of added complementarity in the
aggregated demand as well as supply profiles of merged municipalities.
This can make autonomous operation possible for the group of these
municipalities which would not have been possible individually. The
smoothing of demand and supply as a result of merging the munic-
ipalities will also result in a lower residual load which will lead to
lower flexibility and cost requirements for autonomous operation. This
aspect requires further investigation to analyze what is the optimal
scale of spatial aggregation for autonomous operation [80]. The results
obtained also show that the autonomous operation of the municipalities
heavily relies on the deployment of hydrogen-based seasonal storage.
It is assumed that the hydrogen is produced locally in the off-grid
scenarios and can be easily imported in the scenario considering the
grid supply. The availability of hydrogen infrastructure as well as
the land use constraints related to its deployment need to be further
analyzed in future studies.

When looking at the technologies used in the autonomous mu-
nicipalities in this work, it is noticeable that a large portion of the
flexibilization of the energy supply is provided on the heating side. By
combining underground heat storage with central heat pumps within
the district heating network, surplus electricity can be used flexibly to
supply heat. The use of this combination of technologies is also evident
in the scenarios in which electricity may be imported and exported.
The sensitivity analysis (Section 3.4.2) also shows that central heat
storage remains in the cost-optimal system in both the Grid,,, scenario
and the NoGrid,,, scenario, even when the capital cost assumption
is doubled. The utilization of so-called Carnot batteries [81] could
make heat-side flexibilization even more attractive in future studies.
Regenerative power generation could be investigated, for example,
using steam turbines in an Organic Rankine Cycle.

Given the first-time consideration of all municipalities in Germany
and the associated computation times, this work refrained from formu-
lating a mixed-integer linear optimization problem, as was done, for
example, by Weinand et al. [37]. By employing larger computational
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capabilities in future work, the results of this work could be made more
precise by using a mixed-integer linear problem formulation. Further-
more, the spatial resolution within municipalities could be improved
through a multi-node implementation that would allow the network
infrastructure within a region to be represented in greater detail. In
addition, further base-load capable technologies such as deep geother-
mal plants for heat [36] and power [82] supply could be beneficial
in future autonomous municipal energy systems [44], but were not
included in the present work. This technology has great potential in
Europe and Germany in particular, can supply electricity and heat,
and caries further opportunities for revenue generation such as direct
lithium from hydrothermal water [83].

5. Conclusions

The results demonstrate that 10231 (93%) German municipalities
are capable of establishing a completely energy autonomous supply.
Furthermore, the calculated system costs for the autonomous energy
systems are partly lower than the mean electricity prices of around
155 €/MWh for household consumers excluding taxes and adjusted
for inflation in the European Union for 2023 [84]. However, the
comparison of the autonomous municipalities in the reference sce-
nario with a scenario with grid connection, in which the purchase
and sale of electricity is allowed, shows that no economic potential
exists for energy autonomous municipalities. For regions that could
achieve an autonomous energy supply at moderate costs, lost revenues
constitute a decisive argument against autonomy efforts. Autonomous
regions with high energy demands are associated with very high system
costs; other regions cannot meet their demands at all autonomously.
However, by paying a premium of up to 50% compared to the grid-
dependent system, 3945 municipalities with 17.2 million inhabitants
could become completely autonomous by 2045. Appropriate political
instruments should be developed or expanded to give regions a greater
share of revenues in order to curb the pursuit of complete autonomy
in municipalities where energy autonomy is not the optimum from a
macroeconomic perspective.

The results of this study on the techno-economic feasibility of
energy autonomy in municipalities can be transferred to other countries
with similar conditions in terms of renewable potentials or demand pat-
terns, such as in Central Europe. The methodology demonstrated here
can be transferred to any municipalities in other countries with sim-
ilar data availability using the open-source energy system framework
presented.

CRediT authorship contribution statement

Stanley Risch: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Methodology, Investi-
gation, Formal analysis, Data curation, Conceptualization. Jann
Michael Weinand: Writing — review & editing, Writing — original
draft, Visualization, Supervision, Conceptualization. Kai Schulze:
Writing — review & editing, Methodology, Investigation. Sammit
Vartak: Writing — review & editing, Writing — original draft. Max
Kleinebrahm: Writing — review & editing, Writing — original draft.
Noah Pflugradt: Writing — review & editing, Supervision, Funding
acquisition, Conceptualization. Felix Kullmann: Writing — review
& editing. Leander Kotzur: Supervision, Conceptualization. Russell
McKenna: Writing — review & editing, Writing - original draft.
Detlef Stolten: Writing — review & editing, Supervision, Funding
acquisition.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to
influence the work reported in this paper.

18

Energy Conversion and Management 309 (2024) 118422
Data availability
Data will be made available on request.
Acknowledgments

This study is based on the dissertation of Stanley Risch. This
work was supported by the German Federal Ministry for Economic
Affairs and Climate Action, Germany (BMWK, 03EE5031D) and by
the Helmholtz Association, Germany as part of the program, “Energy
System Design”. Parts of the text were translated using www.DeepL.
com/Translator (free version).

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.enconman.2024.118422.

References
[1] Bundes-klimaschutzgesetz vom 12. Dezember 2019 (BGBI. I S.2513), das durch
artikel 1 des gesetzes vom 18. August 2021 (BGBL. I S. 3905) gedndert worden
ist. 2021, URL: https://www.gesetze-im-internet.de/ksg/BJNR251310019.html.
Bundesministerium fiir Wirtschaft und Klimaschutz (BMWK). Entwurf eines
gesetzes zu sofortmaflnahmen fiir einen beschleunigten ausbau der erneuerbaren
energien und weiteren mafnahmen im stromsektor (EEG 2023). 2022.
Bundesministerium fiir Wirtschaft und Klimaschutz B. Aktuelle informationen:
Erneuerbare energien im Jahr 2022. 2022, URL: https://www.erneuerbare-
energien.de/EE/Navigation/DE/Service/Erneuerbare Energien _in_Zahlen/
Aktuelle-Informationen/aktuelle-informationen.html.
Marktstammdatenregister. Bundesnetzagentur fiir Elektrizitdt, Gas, Telekommu-
nikation, Post und Eisenbahnen; 2022.
Burckhardt L, Pehnt M. Plug-in-photovoltaik in deutschland: Eine technische,
6konomische und soziale analyse. In: Energiewirtschaftliche tagesfragen (ET).
2017.
Engelken M, Romer B, Drescher M, Welpe I. Transforming the energy
system: Why municipalities strive for energy self-sufficiency. Energy Policy
2016;98:365-77. http://dx.doi.org/10.1016/j.enpol.2016.07.049.
Hildebrand J, Jahnel V, Rau I, Salecki DS. Die energiewende in kommunen.
Technical report 92, Berlin: Agentur fiir Erneuerbare Energien e. V.; 2023.
Kendziorski M, Goke L, von Hirschhausen C, Kemfert C, Zozmann E. Centralized
and decentral approaches to succeed the 100% energiewende in Germany
in the European context — A model-based analysis of generation, network,
and storage investments. Energy Policy 2022;167:113039. http://dx.doi.org/10.
1016/j.enpol.2022.113039, URL:
S0301421522002646.
McKenna R, Herbes C, Fichtner W. Energieautarkie: Vorschlag einer arbeitsdefi-
nition als grundlage fiir die bewertung konkreter projekte und szenarien. Z Energ
2015;39(4):235-52. http://dx.doi.org/10.1007/s12398-015-0164-1.
Locherer V. Entwicklung eines physikalisch basierten,
modellansatzes zur simulation eines nachhaltigen energiesystems auf regionaler
(Ph.D. thesis),

[2]

[3]

[4]

[5]

[6]

[71

[8]

https://linkinghub.elsevier.com/retrieve/pii/

[91

[10]

rdumlich expliziten
ebene am beispiel Miinchen:
Ludwig-Maximilians-Universitdt Miinchen; 2021.

Weinand JM, Sorensen K, Segundo PS, Kleinebrahm M, McKenna R. Research
trends in combinatorial optimization. Int Trans Oper Res 2022;29:667-705.
http://dx.doi.org/10.1111/itor.12996.

Mainzer K. RE’ASON: A tool for the analysis and optimization of urban energy
systems. 2018.

Moeller C. Speicherbedarf und systemkosten in der stromversorgung fiir en-
ergieautarke regionen und quartiere (Ph.D. thesis), Universitétsbibliothek der TU
Clausthal; 2020, http://dx.doi.org/10.21268/20201021-0.

oemof contributors. Open energy modelling framework (Oemof): A modular open
source framework to model energy supply systems. 2021.

Mauser W, Bach H, Frank T, Hank T, Koch F, Marke T, Muerth M, Prasch M,
Strasser U, Zabel F. PROMET - Processes of mass and energy transfer. 2015.
Eggers J-B. Das kommunale energiesystemmodell kommod - Konzeption, im-
plementierung und anwendung an den praxisbeispielen frankfurt am main und
freiburg-haslach (ph.d. thesis), Berlin: Technische Universitédt Berlin; 2017.
Energiesystemmodelle am fraunhofer ISE - Fraunhofer ISE. Fraunhofer-Institut
fiir Solare Energiesysteme ISE; 2021.

Mainzer K. Analyse und optimierung urbaner energiesysteme - entwicklung
und anwendung eines {ibertragbaren modellierungswerkzeugs zur nachhaltigen
systemgestaltung (Ph.D. thesis), Karlsruher Institut fiir Technologie (KIT); 2019,
http://dx.doi.org/10.5445/IR/1000092481.

des bayerischen oberlandes

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]


http://www.DeepL.com/Translator
http://www.DeepL.com/Translator
http://www.DeepL.com/Translator
https://doi.org/10.1016/j.enconman.2024.118422
https://www.gesetze-im-internet.de/ksg/BJNR251310019.html
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb2
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb2
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb2
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb2
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb2
https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Aktuelle-Informationen/aktuelle-informationen.html
https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Aktuelle-Informationen/aktuelle-informationen.html
https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Aktuelle-Informationen/aktuelle-informationen.html
https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Aktuelle-Informationen/aktuelle-informationen.html
https://www.erneuerbare-energien.de/EE/Navigation/DE/Service/Erneuerbare_Energien_in_Zahlen/Aktuelle-Informationen/aktuelle-informationen.html
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb4
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb4
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb4
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb5
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb5
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb5
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb5
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb5
http://dx.doi.org/10.1016/j.enpol.2016.07.049
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb7
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb7
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb7
http://dx.doi.org/10.1016/j.enpol.2022.113039
http://dx.doi.org/10.1016/j.enpol.2022.113039
http://dx.doi.org/10.1016/j.enpol.2022.113039
https://linkinghub.elsevier.com/retrieve/pii/S0301421522002646
https://linkinghub.elsevier.com/retrieve/pii/S0301421522002646
https://linkinghub.elsevier.com/retrieve/pii/S0301421522002646
http://dx.doi.org/10.1007/s12398-015-0164-1
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb10
http://dx.doi.org/10.1111/itor.12996
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb12
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb12
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb12
http://dx.doi.org/10.21268/20201021-0
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb14
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb14
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb14
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb15
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb15
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb15
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb16
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb16
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb16
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb16
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb16
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb17
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb17
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb17
http://dx.doi.org/10.5445/IR/1000092481

S. Risch et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]

Weinand JM. Energy system analysis of energy autonomous municipalities (Ph.D.
thesis), Karlsruher Instituts fiir Technologie (KIT); 2020.

Brodecki L, Bles] M. Modellgestiitzte bewertung von flexibilitdtsoptionen und
versorgungsstrukturen eines bilanzraums mit hohen eigenversorgungsgraden mit
energie. In: Symposium energieinnovation. Graz; 2018, p. 15.

TIMES: The integrated MARKAL-EFOM system - Modellgenerator zur model-
lierung von energiesystemen. IER Institut fiir Energiewirtschaft und Rationelle
Energieanwendung | Universitéit Stuttgart.

Alhamwi A, Medjroubi W, Vogt T, Agert C. Development of a GIS-based platform
for the allocation and optimisation of distributed storage in urban energy
systems. Appl Energy 2019;251:113360.

Alaa Alhamwi. FlexiGIS: An open source GIS-based platform for modelling energy
systems and flexibility options in urban areas. 2019.

Dorfner J, Schonleber K, Dorfner M, Sonercandas, Froehlie, Smuellr, Dogauzrek,
WYAUDI, Leonhard-B, Lodersky, Yunusozsahin, Adeeljsid, Zipperle T, Herzog S,
Kais-Siala, Akca O. Tum-ens/urbs: Urbs v1.0.1. Zenodo; 2019, http://dx.doi.org/
10.5281/ZENODO.3265960.

Scheller F, Burkhardt R, Schwarzeit R, McKenna R, Bruckner T. Competition
between simultaneous demand-side flexibility options: the case of community
electricity storage systems. Appl Energy 2020;269:114969. http://dx.doi.org/10.
1016/j.apenergy.2020.114969, URL: https://linkinghub.elsevier.com/retrieve/
pii/S0306261920304815.

Scheller F, Burgenmeister B, Kondziella H, Kiihne S, Reichelt DG, Bruckner T.
Towards integrated multi-modal municipal energy systems: An actor-oriented
optimization approach. Appl Energy 2018;228:2009-23. http://dx.doi.org/10.
1016/j.apenergy.2018.07.027, URL:  https://www.sciencedirect.com/science/
article/pii/S0306261918310559.

Gabrielli P, Gazzani M, Martelli E, Mazzotti M. Optimal design of multi-energy
systems with seasonal storage. Appl Energy 2018;219:408-24. http://dx.doi.org/
10.1016/j.apenergy.2017.07.142, URL: https://www.sciencedirect.com/science/
article/pii/$0306261917310139.

Jalil-Vega F, Hawkes AD. Spatially resolved model for studying decar-
bonisation pathways for heat supply and infrastructure trade-offs. Appl
Energy 2018;210:1051-72. http://dx.doi.org/10.1016/j.apenergy.2017.05.091,
URL: https://www.sciencedirect.com/science/article/pii/S0306261917305962.
Yazdanie M, Densing M, Wokaun A. The nationwide characterization and model-
ing of local energy systems: Quantifying the role of decentralized generation and
energy resources in future communities. Energy Policy 2018;118:516-33. http://
dx.doi.org/10.1016/j.enpol.2018.02.045, URL: https://www.sciencedirect.com/
science/article/pii/S0301421518301228.

Yazdanie M, Densing M, Wokaun A. Cost optimal urban energy systems planning
in the context of national energy policies: A case study for the city of Basel.
Energy Policy 2017;110:176-90. http://dx.doi.org/10.1016/j.enpol.2017.08.009,
URL: https://www.sciencedirect.com/science/article/pii/S0301421517305037.
Weinand JM, Vandenberg G, Risch S, Behrens J, Pflugradt N, Linfen J, Stolten D.
Low-carbon lithium extraction makes deep geothermal plants cost-competitive in
future energy systems. Adv Appl Energy 2023;11:100148. http://dx.doi.org/10.
1016/j.adapen.2023.100148.

Brodecki L, Tomaschek J, Fahl U, Wiesmeth M, Gutekunst F, Siebenlist A,
Salah A, Baumann M. Analyse des energie-autarkiegrades unterschiedlich groer
bilanzrdume mittels integrierter energiesystemmodellierung. Technical report,
2017.

Stolten D, Markewitz P, Schob T, Kullmann F, Kotzur L, Risch S, GroB T,
Hoffmann M, Franzmann D, Triesch T, Kraus S, Maier R, Gillessen S, Heinrichs H,
Pflugradt N, Grube T, Linssen J. Neue ziele auf alten wegen? strategien fiir
eine treibhausgasneutrale energieversorgung bis zum jahr 2045. Technical report,
Jiilich: Forschungszentrum Jiilich GmbH Institut fiir Energie- und Klimaforschung
Techno-6konomische Systemanalyse (IEK-3); 2022.

Renoth PY, Duedahl MJ, Slente HP. District energy. Technical report, State of
Green; 2018.

OpenStreetMap contributors. Open street map. 2021.

Weinand JM, Kleinebrahm M, McKenna R, Mainzer K, Fichtner W. Developing
a combinatorial optimisation approach to design district heating networks based
on deep geothermal energy. Appl Energy 2019;251:113367. http://dx.doi.org/
10.1016/j.apenergy.2019.113367.

Weinand JM, Ried S, Kleinebrahm M, McKenna R, Fichtner W. Identification of
potential off-grid municipalities with 100% renewable energy supply for future
design of power grids. IEEE Trans Power Syst 2020;1. http://dx.doi.org/10.1109/
TPWRS.2020.3033747.

Statistisches Bundesamt. [Dataset] ZENSUS2011 - Bevoélkerungs- und woh-
nungszdahlung 2011. 2011.

Landkreis Osnabriick. Masterplan 100% klimaschutz des landkreises osnabriick.
Technical report, Osnabriick; 2014.

Stadt Osnabriick. Masterplan 100 % klimaschutz osnabriick. Technical report,
Osnabriick; 2014.

Kreis Steinfurt. Masterplan 100 % klimaschutz fiir den kreis steinfurt: Vom
projekt zum prinzip. Technical report, Steinfurt; 2013.

19

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Energy Conversion and Management 309 (2024) 118422

Schumacher P, Stroh K, Schurig M, Ellerbrok C, Ramonat A, Link S. Gener-
alkonzept im rahmen des masterplans ,,100% klimaschutz“ der stadt frankfurt
am main. Technical report, Fraunhofer-IBP; 2015, p. 409.

Mainzer K, Killinger S, McKenna R, Fichtner W. Assessment of rooftop photo-
voltaic potentials at the urban level using publicly available geodata and image
recognition techniques. Sol Energy 2017;155:561-73. http://dx.doi.org/10.1016/
j.solener.2017.06.065.

Weinand JM, McKenna R, Kleinebrahm M, Mainzer K. Assessing the contribution
of simultaneous heat and power generation from geothermal plants in off-
grid municipalities. Appl Energy 2019;255:113824. http://dx.doi.org/10.1016/
j.apenergy.2019.113824.

Weinand JM, McKenna R, Mainzer K. Spatial high-resolution socio-energetic data
for municipal energy system analyses. Sci Data 2019;6(1):243. http://dx.doi.org/
10.1038/541597-019-0233-0.

Risch S, Maier R, Du J, Pflugradt N, Stenzel P, Kotzur L, Stolten D. Potentials
of renewable energy sources in Germany and the influence of land use datasets.
Energies 2022;15(15):5536. http://dx.doi.org/10.3390/en15155536.

Moller C, Kuhnke K, Reckzugel M, Pfisterer H-J, Rosenberger S. Energy storage
potential in the Northern German region Osnabriick-Steinfurt. In: 2016 interna-
tional energy and sustainability conference. IESC, Cologne, Germany: IEEE; 2016,
p.- 1-7. http://dx.doi.org/10.1109/IESC.2016.7569497.

Moeller C, Meiss J, Miiller B, Hlusiak M, Breyer C, Michael K, Twele J. Trans-
forming the electricity generation of the Berlin-Brandenburg region, Germany.
Renew Energy 2014;12.

Ranalli J, Alhamwi A. Configurations of renewable power generation in cities
using open source approaches: With Philadelphia case study. Appl Energy
2020;269:115027. http://dx.doi.org/10.1016/j.apenergy.2020.115027.

Welder L, Ryberg DS, Kotzur L, Grube T, Robinius M, Stolten D. Spatio-temporal
optimization of a future energy system for power-to-hydrogen applications in
Germany. Energy 2018;158:1130-49. http://dx.doi.org/10.1016/j.energy.2018.
05.059.

Bynum ML, Hackebeil GA, Hart WE, Laird CD, Nicholson BL, Siirola JD,
Watson J-P, Woodruff DL. Pyomo-optimization modeling in python. third ed..
vol. 67, Springer Science & Business Media; 2021.

Gurobi optimizer reference manual. Gurobi Optimization, LLC; 2022.
Andrew Makhorin. GLPK (GNU linear programming kit). 2012, URL:
//www.gnu.org/software/glpk/#TOCintroduction.

Hoffmann M, Kotzur L, Stolten D. The Pareto-optimal temporal aggregation
of energy system models. Appl Energy 2022;315:119029. http://dx.doi.org/10.
1016/j.apenergy.2022.119029.

Sensful F, Lux B, Bernath B, Kiefer C, Pfluger B, Kleinschmitt C, Franke K,
Deac G. Langfristszenarien fiir die transformation des energiesystems in
deutschland. Technical report, Berlin: Bundesministerium fiir Wirtschaft und En-
ergie (BMWi); 2021, URL: https://www.langfristszenarien.de/enertile-explorer-
wAssets/docs/LFS_Kurzbericht_final_v5.pdf.

Ryberg DS, Kotzur L, Heinrichs H, Stolten D. [GitHub repository] renewable
energy simulation toolkit for python (RESKit). 2020, http://dx.doi.org/10.5281/
ZENODO.1122558.

Patil S, Kotzur L, Stolten D. Advanced spatial and technological aggregation
scheme for energy system models. Energies 2022;15(24):9517. http://dx.doi.org/
10.3390/en15249517.

Otto A, Robinius M, Grube T, Schiebahn S, Praktiknjo A, Stolten D. Power-to-
steel: Reducing CO2 through the integration of renewable energy and hydrogen
into the German steel industry. Energies 2017;10(4). http://dx.doi.org/10.3390/
en10040451, URL: https://www.mdpi.com/1996-1073/10/4/451.

Kullmann F, Markewitz P, Kotzur L, Stolten D. The value of recycling for low-
carbon energy systems - A case study of Germany’s energy transition. Energy
2022;256:124660. http://dx.doi.org/10.1016/j.energy.2022.124660, URL: https:
//www.sciencedirect.com/science/article/pii/S0360544222015638.

McKenna R. The double-edged sword of decentralized energy autonomy. Energy
Policy 2018;113:747-50.

Weinand JM, McKenna R, Kleinebrahm M, Scheller F, Fichtner W. The impact
of public acceptance on cost efficiency and environmental sustainability in
decentralized energy systems. Patterns 2021;100301. http://dx.doi.org/10.1016/
j-patter.2021.100301.

Weinand JM, McKenna R, Heinrichs H, Roth M, Stolten D, Fichtner W. Exploring
the trilemma of cost-efficiency, landscape impact and regional equality in
onshore wind expansion planning. Adv Appl Energy 2022;7:100102. http://dx.
doi.org/10.1016/j.adapen.2022.100102.

Weinand JM, Naber E, McKenna R, Lehmann P, Kotzur L, Stolten D. Historic
drivers of onshore wind power siting and inevitable future trade-offs. Environ
Res Lett 2022;17:074018. http://dx.doi.org/10.1088/1748-9326/ac7603.
Bundesinstitut fiir Bau-, Stadt- und Raumforschung (BBSR). Raumgliederungen
auf gemeindebasis - Stadt- und gemeindetyp. 2017.

Dornbusch H-J, Hannes L, Santjer M, Bohm C, Wiist S, Zwisele B, Kern M,
Siepenkothen H-J, Kanthak M. Vergleichende analyse von siedlungsrestabfillen
aus reprasentativen regionen in deutschland zur bestimmung des anteils an prob-
lemstoffen und verwertbaren materialien. Technical report, Umweltbundesamt;
2020.

https:


http://refhub.elsevier.com/S0196-8904(24)00363-7/sb19
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb19
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb19
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb20
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb20
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb20
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb20
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb20
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb21
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb21
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb21
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb21
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb21
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb22
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb22
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb22
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb22
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb22
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb23
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb23
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb23
http://dx.doi.org/10.5281/ZENODO.3265960
http://dx.doi.org/10.5281/ZENODO.3265960
http://dx.doi.org/10.5281/ZENODO.3265960
http://dx.doi.org/10.1016/j.apenergy.2020.114969
http://dx.doi.org/10.1016/j.apenergy.2020.114969
http://dx.doi.org/10.1016/j.apenergy.2020.114969
https://linkinghub.elsevier.com/retrieve/pii/S0306261920304815
https://linkinghub.elsevier.com/retrieve/pii/S0306261920304815
https://linkinghub.elsevier.com/retrieve/pii/S0306261920304815
http://dx.doi.org/10.1016/j.apenergy.2018.07.027
http://dx.doi.org/10.1016/j.apenergy.2018.07.027
http://dx.doi.org/10.1016/j.apenergy.2018.07.027
https://www.sciencedirect.com/science/article/pii/S0306261918310559
https://www.sciencedirect.com/science/article/pii/S0306261918310559
https://www.sciencedirect.com/science/article/pii/S0306261918310559
http://dx.doi.org/10.1016/j.apenergy.2017.07.142
http://dx.doi.org/10.1016/j.apenergy.2017.07.142
http://dx.doi.org/10.1016/j.apenergy.2017.07.142
https://www.sciencedirect.com/science/article/pii/S0306261917310139
https://www.sciencedirect.com/science/article/pii/S0306261917310139
https://www.sciencedirect.com/science/article/pii/S0306261917310139
http://dx.doi.org/10.1016/j.apenergy.2017.05.091
https://www.sciencedirect.com/science/article/pii/S0306261917305962
http://dx.doi.org/10.1016/j.enpol.2018.02.045
http://dx.doi.org/10.1016/j.enpol.2018.02.045
http://dx.doi.org/10.1016/j.enpol.2018.02.045
https://www.sciencedirect.com/science/article/pii/S0301421518301228
https://www.sciencedirect.com/science/article/pii/S0301421518301228
https://www.sciencedirect.com/science/article/pii/S0301421518301228
http://dx.doi.org/10.1016/j.enpol.2017.08.009
https://www.sciencedirect.com/science/article/pii/S0301421517305037
http://dx.doi.org/10.1016/j.adapen.2023.100148
http://dx.doi.org/10.1016/j.adapen.2023.100148
http://dx.doi.org/10.1016/j.adapen.2023.100148
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb32
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb33
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb34
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb34
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb34
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb35
http://dx.doi.org/10.1016/j.apenergy.2019.113367
http://dx.doi.org/10.1016/j.apenergy.2019.113367
http://dx.doi.org/10.1016/j.apenergy.2019.113367
http://dx.doi.org/10.1109/TPWRS.2020.3033747
http://dx.doi.org/10.1109/TPWRS.2020.3033747
http://dx.doi.org/10.1109/TPWRS.2020.3033747
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb38
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb38
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb38
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb39
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb39
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb39
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb40
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb40
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb40
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb41
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb41
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb41
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb42
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb42
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb42
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb42
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb42
http://dx.doi.org/10.1016/j.solener.2017.06.065
http://dx.doi.org/10.1016/j.solener.2017.06.065
http://dx.doi.org/10.1016/j.solener.2017.06.065
http://dx.doi.org/10.1016/j.apenergy.2019.113824
http://dx.doi.org/10.1016/j.apenergy.2019.113824
http://dx.doi.org/10.1016/j.apenergy.2019.113824
http://dx.doi.org/10.1038/s41597-019-0233-0
http://dx.doi.org/10.1038/s41597-019-0233-0
http://dx.doi.org/10.1038/s41597-019-0233-0
http://dx.doi.org/10.3390/en15155536
http://dx.doi.org/10.1109/IESC.2016.7569497
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb48
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb48
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb48
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb48
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb48
http://dx.doi.org/10.1016/j.apenergy.2020.115027
http://dx.doi.org/10.1016/j.energy.2018.05.059
http://dx.doi.org/10.1016/j.energy.2018.05.059
http://dx.doi.org/10.1016/j.energy.2018.05.059
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb51
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb51
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb51
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb51
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb51
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb52
https://www.gnu.org/software/glpk/#TOCintroduction
https://www.gnu.org/software/glpk/#TOCintroduction
https://www.gnu.org/software/glpk/#TOCintroduction
http://dx.doi.org/10.1016/j.apenergy.2022.119029
http://dx.doi.org/10.1016/j.apenergy.2022.119029
http://dx.doi.org/10.1016/j.apenergy.2022.119029
https://www.langfristszenarien.de/enertile-explorer-wAssets/docs/LFS_Kurzbericht_final_v5.pdf
https://www.langfristszenarien.de/enertile-explorer-wAssets/docs/LFS_Kurzbericht_final_v5.pdf
https://www.langfristszenarien.de/enertile-explorer-wAssets/docs/LFS_Kurzbericht_final_v5.pdf
http://dx.doi.org/10.5281/ZENODO.1122558
http://dx.doi.org/10.5281/ZENODO.1122558
http://dx.doi.org/10.5281/ZENODO.1122558
http://dx.doi.org/10.3390/en15249517
http://dx.doi.org/10.3390/en15249517
http://dx.doi.org/10.3390/en15249517
http://dx.doi.org/10.3390/en10040451
http://dx.doi.org/10.3390/en10040451
http://dx.doi.org/10.3390/en10040451
https://www.mdpi.com/1996-1073/10/4/451
http://dx.doi.org/10.1016/j.energy.2022.124660
https://www.sciencedirect.com/science/article/pii/S0360544222015638
https://www.sciencedirect.com/science/article/pii/S0360544222015638
https://www.sciencedirect.com/science/article/pii/S0360544222015638
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb60
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb60
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb60
http://dx.doi.org/10.1016/j.patter.2021.100301
http://dx.doi.org/10.1016/j.patter.2021.100301
http://dx.doi.org/10.1016/j.patter.2021.100301
http://dx.doi.org/10.1016/j.adapen.2022.100102
http://dx.doi.org/10.1016/j.adapen.2022.100102
http://dx.doi.org/10.1016/j.adapen.2022.100102
http://dx.doi.org/10.1088/1748-9326/ac7603
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb64
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb64
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb64
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb65

S. Risch et al.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Kleinebrahm M, Weinand JM, Naber E, McKenna R, Ardone A, Fichtner W.
Two million European single-family homes could abandon the grid by 2050.
Joule 2023. http://dx.doi.org/10.1016/j.joule.2023.09.012, URL: https://www.
sciencedirect.com/science/article/pii/$2542435123004026.

Trondle T, Lilliestam J, Marelli S, Pfenninger S. Trade-offs between geographic
scale, cost, and infrastructure requirements for fully renewable electricity in Eu-
rope. Joule 2020;52542435120303366. http://dx.doi.org/10.1016/j.joule.2020.
07.018.

McKenna R, Bertsch V, Mainzer K, Fichtner W. Combining local preferences with
multi-criteria decision analysis and linear optimization to develop feasible energy
concepts in small communities. European J Oper Res 2018;268(3):1092-110.
http://dx.doi.org/10.1016/j.ejor.2018.01.036, Community Operational Research:
Innovations, internationalization and agenda-setting applications.

Peter Moser, Steffen Benz, Cord Hoppenbrock. Projekt 100%-erneuerbare-energie-
regionen (2009): Schriftliche befragung von erneuerbare-energie-regionen in
deutschland- regionale ziele, aktivitdten und einschétzungen in bezug auf 100%
erneuerbare energie in regionen. Technical report, deENet; 2009.

Ruppert H, Fachagentur Nachwachsende Rohstoffe, editors. Wege zum bioen-
ergiedorf: Leitfaden fiir eine eigenstdndige wirme- und stromversorgung auf
basis von biomasse im lidndlichen raum. Nachwachsende-rohstoffe.de, 3. Aufl
ed.. Giilzow: Fachagentur Nachwachsende Rohstoffe; 2010.

Ecker F, Hahnel UJJ, Spada H. Promoting decentralized sustainable energy
systems in different supply scenarios: The role of autarky aspiration. Front Energy
Res 2017;5:14. http://dx.doi.org/10.3389/fenrg.2017.00014.

Kahneman D, Knetsch JL, Thaler RH. Anomalies: The endowment effect, loss
aversion, and status quo bias. J Econ Perspect 1991;5(1):193-206. http://dx.
doi.org/10.1257/jep.5.1.193.

Petrakopoulou F. The social perspective on the renewable energy autonomy
of geographically isolated communities: Evidence from a mediterranean Island.
Sustainability 2017;9(3):327. http://dx.doi.org/10.3390/5u9030327.
Schumacher K, Krones F, McKenna R, Schultmann F. Public acceptance of
renewable energies and energy autonomy: A comparative study in the French,
German and Swiss Upper Rhine region. Energy Policy 2019;126:315-32. http:
//dx.doi.org/10.1016/j.enpol.2018.11.032.

Spéth P. Understanding the social dynamics of energy regions—the importance of
discourse analysis. Sustainability 2012;4(6):1256-73. http://dx.doi.org/10.3390/
su4061256.

20

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Energy Conversion and Management 309 (2024) 118422

Vadén T, Majava A, Toivanen T, Jérvensivu P, Hakala E, Eronen J. To continue
to burn something? Technological, economic and political path dependencies
in district heating in Helsinki, Finland. Energy Res Soc Sci 2019;58:101270.
http://dx.doi.org/10.1016/j.erss.2019.101270, URL: https://www.sciencedirect.
com/science/article/pii/$2214629619303007.

Bayer B, Matschoss P, Thomas H, Marian A. The German experience with
integrating photovoltaic systems into the low-voltage grids. Renew Energy
2018;119:129-41. http://dx.doi.org/10.1016/j.renene.2017.11.045, URL: https:
//www.sciencedirect.com/science/article/pii/S0960148117311461.

Dudjak V, Neves D, Alskaif T, Khadem S, Pena-Bello A, Saggese P, Bowler B,
Andoni M, Bertolini M, Zhou Y, Lormeteau B, Mustafa MA, Wang Y,
Francis C, Zobiri F, Parra D, Papaemmanouil A. Impact of local energy
markets integration in power systems layer: A comprehensive review. Appl
Energy 2021;301:117434. http://dx.doi.org/10.1016/j.apenergy.2021.117434,
URL: https://www.sciencedirect.com/science/article/pii/S0306261921008266.
Morvaj B, Evins R, Carmeliet J. Optimization framework for distributed energy
systems with integrated electrical grid constraints. Appl Energy 2016;171:296—
313. http://dx.doi.org/10.1016/j.apenergy.2016.03.090, URL:  https://www.
sciencedirect.com/science/article/pii/S0306261916304159.

Weinand JM, Scheller F, McKenna R. Reviewing energy system modelling
of decentralized energy autonomy. Energy 2020;117817. http://dx.doi.org/10.
1016/j.energy.2020.117817.

Jacob R, Hoffmann M, Weinand JM, LinBen J, Stolten D, Miiller M. The
future role of thermal energy storage in 100% renewable electricity systems.
Renew Sustain Energy Transit 2023;4:100059. http://dx.doi.org/10.1016/j.rset.
2023.100059.

Kleinebrahm M, Weinand JM, Naber E, McKenna R, Ardone A. Analysing
municipal energy system transformations in line with national greenhouse gas
reduction strategies. Appl Energy 2023;332:120515. http://dx.doi.org/10.1016/
j-apenergy.2022.120515.

Goldberg V, Dashti A, Egert R, Benny B, Kohl T, Nitschke F. Challenges and
opportunities for lithium extraction from geothermal systems in Germany—part
3: The return of the extraction brine. Energies 2023;16(16). http://dx.doi.org/
10.3390/en16165899.

eurostat. Electricity price statistics. 2024, URL: https://ec.europa.eu/eurostat/
statistics-explained/index.php?title=Electricity_price_statistics#Electricity_prices_
for_household_consumers.


http://dx.doi.org/10.1016/j.joule.2023.09.012
https://www.sciencedirect.com/science/article/pii/S2542435123004026
https://www.sciencedirect.com/science/article/pii/S2542435123004026
https://www.sciencedirect.com/science/article/pii/S2542435123004026
http://dx.doi.org/10.1016/j.joule.2020.07.018
http://dx.doi.org/10.1016/j.joule.2020.07.018
http://dx.doi.org/10.1016/j.joule.2020.07.018
http://dx.doi.org/10.1016/j.ejor.2018.01.036
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb69
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://refhub.elsevier.com/S0196-8904(24)00363-7/sb70
http://dx.doi.org/10.3389/fenrg.2017.00014
http://dx.doi.org/10.1257/jep.5.1.193
http://dx.doi.org/10.1257/jep.5.1.193
http://dx.doi.org/10.1257/jep.5.1.193
http://dx.doi.org/10.3390/su9030327
http://dx.doi.org/10.1016/j.enpol.2018.11.032
http://dx.doi.org/10.1016/j.enpol.2018.11.032
http://dx.doi.org/10.1016/j.enpol.2018.11.032
http://dx.doi.org/10.3390/su4061256
http://dx.doi.org/10.3390/su4061256
http://dx.doi.org/10.3390/su4061256
http://dx.doi.org/10.1016/j.erss.2019.101270
https://www.sciencedirect.com/science/article/pii/S2214629619303007
https://www.sciencedirect.com/science/article/pii/S2214629619303007
https://www.sciencedirect.com/science/article/pii/S2214629619303007
http://dx.doi.org/10.1016/j.renene.2017.11.045
https://www.sciencedirect.com/science/article/pii/S0960148117311461
https://www.sciencedirect.com/science/article/pii/S0960148117311461
https://www.sciencedirect.com/science/article/pii/S0960148117311461
http://dx.doi.org/10.1016/j.apenergy.2021.117434
https://www.sciencedirect.com/science/article/pii/S0306261921008266
http://dx.doi.org/10.1016/j.apenergy.2016.03.090
https://www.sciencedirect.com/science/article/pii/S0306261916304159
https://www.sciencedirect.com/science/article/pii/S0306261916304159
https://www.sciencedirect.com/science/article/pii/S0306261916304159
http://dx.doi.org/10.1016/j.energy.2020.117817
http://dx.doi.org/10.1016/j.energy.2020.117817
http://dx.doi.org/10.1016/j.energy.2020.117817
http://dx.doi.org/10.1016/j.rset.2023.100059
http://dx.doi.org/10.1016/j.rset.2023.100059
http://dx.doi.org/10.1016/j.rset.2023.100059
http://dx.doi.org/10.1016/j.apenergy.2022.120515
http://dx.doi.org/10.1016/j.apenergy.2022.120515
http://dx.doi.org/10.1016/j.apenergy.2022.120515
http://dx.doi.org/10.3390/en16165899
http://dx.doi.org/10.3390/en16165899
http://dx.doi.org/10.3390/en16165899
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics#Electricity_prices_for_household_consumers
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics#Electricity_prices_for_household_consumers
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics#Electricity_prices_for_household_consumers
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics#Electricity_prices_for_household_consumers
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_price_statistics#Electricity_prices_for_household_consumers

	Scaling energy system optimizations: Techno-economic assessment of energy autonomy in 11000  German municipalities 
	Introduction
	Literature review
	Contribution

	Methods
	Energy System Optimization Framework
	Energy System Optimization Model
	Calculating specific system costs
	Modeling of energy autonomy
	Optimizing a large number of municipalities
	Considered Scenarios

	Results
	Techno-economic potential of energy autonomy
	Impact of legislation and social acceptance
	System costs
	Installed renewable energy capacity
	Installed storage capacity
	Low-temperature heat supply
	Process heat supply
	Curtailment

	Impact of autonomy type on system composition
	Sensitivity analyses
	Impact of weather years
	Impact of cost assumptions


	Discussion
	Economies of scale
	Socio-economic impacts of regional energy autonomy
	Comparison with previous studies
	Limitations

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A. Supplementary data
	References


