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Abstract 

Attention on decentralised autonomous energy systems has increased exponentially in the past three 

decades, as demonstrated by the absolute number of real-world projects and the share of publications in 

the corpus of scientific literature. This is due to the energy transition and the related environmental 

awareness as well as the desire of citizens to play an active role in energy supply and to be less dependent 

on central markets and structures. However, local decision-makers, who often lack the necessary 

expertise, need decision support in energy system planning. To this end, this thesis follows the objective 

to develop novel methods for the technical, economic and environmental assessment of a large number 

of completely energy autonomous municipalities and their impacts on the overall energy system. 

Completely energy autonomous municipalities are disconnected from the gas and electricity grid and 

supply themselves with energy from plants owned and operated by the municipality. 

Novel methods of energy system analysis were developed in this thesis as part of seven original research 

articles. Germany is used as a case study, but the general approach, methods and results are transferable 

to other contexts. First of all, the 11,131 German municipalities were clustered with regard to their 

suitability for decentralised energy systems. Based on this municipality typology, representative 

municipalities were selected to be investigated in an already existing holistic municipal energy system 

optimisation model (RE³ASON). This model was extended by novel and transferable approaches to 

design deep geothermal plants and district heating networks. These base-load capable technologies were 

selected to reduce the storage costs in energy autonomous municipalities. The technical feasibility and 

economic expenditures of energy autonomy could finally be determined in all 11,131 German 

municipalities by combining the extended energy system optimisation model with a stepwise linear 

regression.  

The energy system optimisations showed that in the case of complete energy autonomy, deep geothermal 

plants in combination with district heating networks could reduce the total costs by up to 50%. On 

average, the energy system costs until 2030 in German municipalities increase by about 0.41 €/kWh in 

the energy autonomous case compared to the optimised reference case with grid connection. While a 

technical potential to achieve energy autonomy is present in 56% of the German municipalities, there 

seem to be no economic advantages through energy autonomy compared to the optimised reference 

energy system. The novel methodological approach of this thesis enabled to obtain optimisation results 

for a high number of energy systems (6,314 municipalities) with practicable computational expenses. In 

addition to the original data and planning tools published alongside the articles, the findings of this thesis 

can also support local decision makers in determining suitable municipal energy systems.  

In order to increase the realizability of the case study results, some methodological extensions should 

be investigated in future studies such as other perspectives than that of a central planner, higher temporal 

model resolutions or social aspects like consumer acceptance of specific technologies or a security of 

supply below 100%.  
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1. Introduction  

In 2015, 197 countries agreed on the Paris Climate Convention, which includes limiting global warming 

to below 2 °C and reducing greenhouse gas emissions (BMWi 2019a). Germany, which is examined as 

case study in this thesis, aims to reduce its greenhouse gas emissions until 2050 by at least 80% below 

the 1990 level (BMWi 2019b). To achieve this objective, a decarbonisation of the energy sector is 

necessary, since this sector is responsible for about 80% of the greenhouse gas emissions (eurostat 

2020). Increasing the share of low-emission renewable energy in the energy mix and increasing energy 

efficiency would contribute to this decarbonisation. In fact, the share of renewable energies in Germany 

has increased steadily in the past years: in 2019, renewable energies already accounted for 17.1% of 

gross energy consumption in Germany (UBA 2020). This expansion of renewable energy sources is 

mainly decentralised due to their characteristics. Thus, about 95% of the installed capacity of renewable 

energy plants in Germany are connected to the distribution grid (BDEW 2017) and the owner structure 

of energy plants in Germany has changed (trend:research 2017): the majority of renewable energy plants 

are actually owned and operated by private individuals, farmers and communities.  

In this context of local renewable energy expansion, the concept of energy autonomy (cf. section 2) has 

become established especially for municipalities (McKenna et al. 2015; Rae and Bradley 2012). Many 

municipalities claim energy autonomy as their central motivation for investing in local renewable 

energies (McKenna 2018). Section 2 divides energy autonomy into balanced energy autonomy (i.e. 

annual energy supply by local renewable energy plants is at least as high as local demand) and complete 

energy autonomy (i.e. disconnection from the gas and electricity grid). Due to the possible impacts of 

balanced autonomous municipalities on the energy sector mentioned in section 2, the present thesis 

focuses on complete municipal energy autonomy, as this state could be more advantageous for the 

national energy system. Furthermore, in contrast to balanced energy autonomy, this state is less 

dependent on political framework conditions and thus more generally applicable conclusions can be 

drawn. In addition, novel methodological developments on this topic are also relevant for many other 

applications, for example in case studies of islands or communities that are not connected to the national 

transmission grid.  

The associated questions to be answered in this thesis would include for which German municipalities 

complete energy autonomous systems would make economic sense and what the consequences would 

be for the overarching, mainly centralised energy system. For example, the necessary expansion of the 

transmission grid could be reduced by many completely energy autonomous municipalities. To analyse 

this in detail, it would first be necessary to examine the energy systems of a large number (> 1,000) of 

German municipalities, in order to identify municipalities in which complete energy autonomy based 

on renewable energies is feasible from a techno-economic perspective. To meet this central objective, it 

is necessary to develop an approach that allows to analyse a multitude of energy systems with practicable 

computational expenses. First of all, therefore, a typology of the energy systems to be investigated is 
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needed. Subsequently, selected energy systems that represent this typology have to be optimised from a 

techno-economic perspective. In the final step, the results of the optimisations must then be transferred 

to all energy systems. This approach is generally transferable to other case studies, in the case of this 

thesis it is applied to energy system analyses of completely autonomous municipalities. Thereby, this 

thesis also addresses the following research questions: 

1) What must be improved in energy system analyses of autonomous systems (Weinand et al. 

2020b)? 

2) How can municipalities be grouped using socio-energetic indicators for the purposes of energy 

system analysis (Weinand et al. 2019a; 2019b)? 

3) How do additional measures such as exploitation of excess heat potentials of the German biogas 

stock or technologies like district heating and base-load capable deep geothermal energy affect 

the technical feasibility and economic expenditure for municipal energy autonomy (Weinand et 

al. 2019c; 2019d; 2019e)? 

4) In which municipalities is complete energy autonomy of all consumption sectors (industry, 

commercial, residential and private transport) technically feasible, and what are the associated 

costs of each of these municipal energy systems (Weinand et al. 2020a)? 

In this thesis, novel methods for techno-economic energy system analysis are developed. The generated 

planning tools and planning knowledge on municipal energy system analysis can support local planners 

and decision makers in the design of municipal energy systems. Especially the typically smaller 

municipalities striving for energy autonomy require support in energy system analyses due to a lack of 

expertise and resources. In a first step, data on the 11,131 German municipalities are generated and 

compiled in order to cluster the municipalities with regard to their suitability for decentralised energy 

systems (Weinand et al. 2019a; 2019b). In addition, a generic model is developed to determine the 

potential of deep geothermal energy in arbitrary municipalities and to represent the economic and 

technical restrictions of this technology in an optimisation model (Weinand et al. 2019e). In connection 

with this, an approach based on combinatorial optimisation is developed for the design of district heating 

networks in municipalities in order to use the heat from deep geothermal plants in heating networks 

(Weinand et al. 2019c; 2019d). The combination of the latter two approaches opens the possibility to 

investigate the heat and electricity side of a deep geothermal plant in an optimisation model for the first 

time (Weinand et al. 2019e). Furthermore, an existing holistic municipal energy system optimisation 

model is extended by the above mentioned technologies as well as the consumption sectors industry, 

commerce, and private transport in the form of electric vehicles to investigate the technical feasibility 

and economic expenditures of a multitude of energy autonomous German municipalities (Weinand et 

al. 2020a). The additional consideration of heat grid infrastructure and alternative technologies such as 

deep geothermal energy provides local decision makers a comprehensive picture of the available 

resources at their disposal and their economic and technical impacts. Thereby it is important, that the 
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approaches of energy system optimisation in this thesis are all automatically applicable to arbitrary 

German municipalities in order to be able to analyse a large number of municipalities. The results of the 

thesis are then to be applied, among other things, to examine scenarios with many energy autonomous 

municipalities in future national energy system designs and transmission network analyses. Although 

Germany is used as a case study in the present thesis, the approach and the newly developed methods 

are also suitable to be transferred to other contexts and countries with similar data availability.  

This framework chapter is structured as follows. First, the concept, motives and consequences of energy 

autonomy are presented in the following section 2. The literature review in section 3 then shows the 

evolution of the research area of energy autonomy as well as research gaps filled by this thesis. 

Subsequently, in section 4 the methods of seven studies conducted for this thesis (Weinand et al. 2019a; 

2019b; 2019c; 2019d; 2019e; 2020a; 2020b) are summarised before the results of these studies are 

presented in section 5. Section 6 then shows potential for improvement and possible future research 

projects. Finally, the thesis is summarised in section 7 and the most important findings are demonstrated. 
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2. Background on energy autonomy 

In the growing body of literature on energy autonomy (cf. section 3), different terms are used to describe 

this concept: energy autarky (Müller et al. 2011), self-sufficiency (Engelken et al. 2016) or off-grid 

energy systems (Chmiel and Bhattacharyya 2015) are just a few of those terms. This number of terms 

alone illustrates the diversity within the literature, which also extends to its definition. Three rough 

distinctions can be made between complete energy autonomy (i.e. off-grid), balanced energy autonomy 

and a tendency towards higher energy autonomy through decentralised renewables (McKenna et al. 

2015). Whereas in the case of complete energy autonomy no energy imports are permitted, in the case 

of balanced energy autonomy only the annual energy supply by local energy plants must exceed the 

annual demand. For the latter, energy imports are therefore permitted to compensate for supply gaps 

(McKenna et al. 2015).  

In particular, autonomous energy systems need to exhibit the basic criteria defined by Rae and Bradley 

(2012). First, the local system is able to generate at least enough energy to meet the demand. Second, 

the local system allows energy shifting possibilities for times in which there is a temporal mismatch 

between demand and supply (i.e. through storage or in the case of balanced autonomy through energy 

infrastructure). Third, the system is capable of operating independently on a stand-alone or off-grid 

basis. Thereby, local autonomy efforts are related to active participation of the community or rather the 

system components are owned by the community members. In general, autonomy efforts are directly 

related to the notion of self-governance and community ownership (Rae and Bradley 2012). These 

previously mentioned definitions also apply to this thesis. Figure 1 shows a schematic representation of 

decentralised (autonomous) energy systems. 

 

Figure 1: Schematic representation of a decentralised energy system (Weinand et al. 2020b). In contrast to the completely 

energy autonomous case (off-grid), imports from the national level are permitted in the case of balanced energy autonomy. 
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Whereas these autonomous energy systems exist in developing countries mainly due to cost 

considerations, there are also efforts by municipalities and regions to become energy autonomous in 

industrialized countries with complete electrification like Germany (Weinand et al. 2020b). This is due 

to the energy transition and the related environmental awareness (Engelken et al. 2016) as well as the 

desire of citizens to play an active role in energy supply and to be less dependent on central markets and 

structures (Boon and Dieperink 2014). The majority of municipalities with energy autonomy aspirations 

in Germany strive for balanced energy autonomy and the focus is usually on electrical energy (Engelken 

et al. 2016). An analysis of the German energy project "100%-Renewable-Energy-Communities", in 

which the participating municipalities strive for energy autonomy, confirms these findings of Engelken 

et al. (2016). According to Figure 2, the number of municipalities in this project has increased 

exponentially since 1995. In 2016, the 1,300 municipalities corresponded to 12% of all municipalities 

in Germany and account for 15% of the population (Weinand et al. 2019e).  

 

Figure 2: Development of the number of 100%-Renewable-Energy-Communities in Germany since 1995. The grey areas in the 

maps show the municipalities. 

Thus, as described above, a large number of German municipalities are striving for an autonomous 

energy system. Municipalities that become balanced energy autonomous would utilize the electricity 

network structure more than traditional consumers. Due to the volatile generation characteristics of 

renewable energy plants (such as wind and solar), large parts of the electricity generated would have to 

be fed into the national grid. On the one hand, the municipalities would benefit from the grid feed-in of 

surplus electricity. On the other hand, the municipalities would make a much lower contribution to the 

costs of this infrastructure, currently charged per unit of electricity used, due to lower export amounts 

(McKenna 2018). As a result, economic inefficiencies compared to the established system of centralised 

generation, transmission and distribution could emerge (Jägemann et al. 2013). Furthermore, the large 

expansion of renewable energies in the municipalities could make the expansion of the German 

electricity grid structures even more essential, as it would require the physical integration of the large 

amount of volatile renewable electricity (i.e. for power transports, Schaber et al. 2012). Alternatively, a 

nationally or even internationally coordinated expansion of renewable energies could limit the expansion 

of the electricity grid and the associated costs to a necessary extent. Based on these considerations, the 
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0

200

400

600

800

1000

1200

1400

1995 2000 2005 2010 2016N
u
m

b
er

 o
f 

1
0
0
%

-R
E

-

m
u
n
ic

ip
al

it
ie

s

Year

2005 2010 2016



 

7 
 

all. Otherwise, a change in political framework conditions (e.g. adjusted subsidy mechanisms / 

distribution of network fees) could bring this development to a halt. 



 

8 
 

3. Literature review on municipal energy autonomy1 

In the context of the decentralised expansion of renewable energies, the number of scientific publications 

on the topic of municipal energy system analysis is also increasing. The share of these municipal energy 

system analyses in all publications on energy system analyses has increased from 8% to 20% between 

1990 and 2019. Similarly, the share of articles on energy autonomy (cf. dark curve in Figure 3) in 

publications on municipal energy system analyses (cf. bright curve in Figure 3) has increased from 0% 

to 15% between 1990 and 2019. Thereby the number of publications has increased exponentially in 

recent years (cf. Figure 3). Municipal energy system analyses in general and with a focus on energy 

autonomy are therefore becoming increasingly relevant, as well as the implementation of projects (see 

municipal energy autonomy projects in section 2). Therefore, this section is intended to provide an 

overview of the studies on municipal energy autonomy and to highlight research gaps which are 

addressed by the present thesis. Thereby, this section serves to show the novelty of this thesis as a whole. 

Further information can be found in the literature reviews of the individual articles (Weinand et al. 

2019a; 2019b; 2019c; 2019d; 2019e; 2020a; 2020b). 

 

Figure 3: Development of the number of journal publications for two search queries in Scopus (Weinand et al. 2020b). The 

bright curve contains the publications on energy system analyses at the local level. For the dark curve, the search query has 

been adjusted so that the studies also deal with autonomous energy systems. The search in Scopus was performed on November 

20, 2019. 

This literature review is largely based on the review study Weinand et al. (2020b). However, not all 123 

discussed articles can be addressed at this point. Therefore, the most relevant results of the review study 

                                                
1 This literature review is largely based on the review study Weinand et al. (2020b). 
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as well as selected articles (cf. Table 1) are shown in this section. Peter (2013), Scheffer (2008) and 

Woyke and Forero (2014), which are not English language journal articles, have been added because 

they deal with energy autonomy in German municipalities and are therefore particularly interesting for 

this thesis. The criteria in Table 1 will be explained column by column in the following paragraphs. 

The methods for investigating municipal energy autonomy range from simple energy balancing 

calculations (e.g. Chmiel and Bhattacharyya (2015) or Jenssen et al. (2014)) to linear optimisation (e.g. 

the present thesis, Alhamwi et al. (2019) or Šare et al. (2015)), multi-objective optimisation (e.g. Sameti 

and Haghighat (2018)) or multi-criteria decision analysis (MCDA, e.g. McKenna et al. (2018)). As is 

generally the case for energy system analyses, a compromise between scope and level of detail is 

necessary in order to be able to perform the optimisations at all or at least within a reasonable time. For 

example, Schmidt et al. (2012) and Sameti and Haghighat (2018), which both apply complex methods, 

use only two or eighteen hourly time slices for their calculations to obtain results for an entire year. 

Schmidt et al. (2012) compare energy autonomy with conventional energy supply in Sauwald, a rural 

region with 21,000 inhabitants in Austria. In order to include land use competition in energy system 

optimisation, this study combines the energy system model BeWhere with the land use optimisation 

model PASMA. In Sameti and Haghighat (2018), a net-zero energy district is investigated in three 

scenarios with grid connection and one as a stand-alone variant without grid connection. The district is 

examined with a bottom-up method, i.e. individual buildings and streets of the district are part of the 

analysis.  

In most studies, only scheduling of the energy system technologies is considered. In such cases, long-

term energy system planning is not really beneficial, since no investment decisions can be made. Instead, 

studies with investment decisions should always have a long-term planning horizon in order to consider 

possible future investments. These investments may be influenced by price developments or existing 

technologies such as already installed photovoltaic modules which have to be decommissioned in the 

future. Municipal energy autonomy studies that model these long-term investment decisions are the 

present thesis and McKenna et al. (2018). The study of McKenna et al. (2018) includes a participatory 

approach to developing feasible energy concepts for small municipalities. Thereby, for determining the 

optimal energy system in the case study municipality of Ebhausen, a linear optimisation is combined 

with a MCDA.  

Furthermore, grid infrastructures are only marginally considered in municipal energy system analyses 

or local energy autonomy studies. In the FlexiGIS model in Alhamwi et al. (2019), OpenStreetMap is 

used to obtain data on lines and substations of the distribution network in order to determine the optimal 

placement of a battery storage in an urban area. Unfortunately, power grid data is not yet completely 

included in OpenStreetMap and therefore this method is only usable for very few case studies. In 

McKenna et al. (2018) the grid infrastructures are at least indirectly considered through network flows 

between various districts of a municipality. In Sameti and Haghighat (2018), designing of district heating 
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networks in a city district is included. An approach for the design of district heating networks was also 

developed in the present thesis (cf. section 4.2). It differs from the bottom-up approach of Sameti and 

Haghighat (2018) by designing the district heating network for an entire municipality (top-down) and at 

the same time optimising the location of the district heating plant. Furthermore, this approach is 

automatically transferable and applicable for each (German) municipality. The reason for the 

consideration of district heating in this thesis is shown in the next paragraph. However, as an emerging 

technology, district heating is also the most emerging technology in terms of research on energy system 

planning at the municipal level (Weinand 2020). 

In order to cover the demand of a municipality without imports, either storage systems to flexibly use 

the fluctuating renewable energies, or base-load capable technologies are needed. Many studies come 

to the conclusion that energy autonomy is associated with very high costs. For example in Scheffer 

(2008), high investments are necessary for balanced energy autonomy in a rural model region with 

10,000 inhabitants. Storable biomass is highlighted as the most important energy source for achieving 

autonomy. However, the agricultural land is not sufficient for an additional use of biomass as transport 

fuel. Jenssen et al. (2014) also come to this latter conclusion in their case study of an "average" German 

municipality. In addition, they show, that complete energy autonomy is technically achievable through 

the "Bioenergy Village" approach, albeit at high cost. Peter (2013) demonstrates that fluctuating 

renewable energies (PV, wind and solar thermal energy) could cover the electricity demand of an 

"example village" with 3,850 inhabitants but with tremendous storage costs. The author therefore 

concludes that base-load-capable technologies such as biomass, hydropower or deep geothermal energy 

should be included in energy system planning of autonomous municipalities. According to Schmidt et 

al. (2012), energy autonomy implies a decline in local production of food and feed as well as high costs 

for consumers. Complete energy autonomy in Pellworm, an island municipality in Germany with 1,100 

inhabitants, which has been regarded as a model location for the construction of renewable energies, is 

assessed in Woyke & Forero (2014). Due to grid restrictions, complete energy autonomy is not feasible 

with the current energy system in Pellworm. Furthermore, the case study in Alhamwi et al. (2019) on 

Oldenburg, a German city with 165,000 inhabitants, shows that complete energy autonomy in a city of 

this size is technically and economically not practicable. These examples have led to the consideration 

of further technologies in this thesis, which could possibly lead to the technical feasibility and cost 

reduction of autonomous municipal energy systems. In this context, deep geothermal energy was 

identified as a potentially advantageous technology, as it is base load capable and has a high and 

widespread potential in Germany (Eyerer et al. 2020). In order to utilise the geothermal heat not only 

for electricity generation but also as a heating technology, an approach for the design of district heating 

networks in municipalities had to be developed in this thesis, as already indicated above.  

More and more studies emphasize the importance of planning the siting of renewable energy plants 

together with the expansion of the transmission network (e.g. Neumann and Brown (2019)). For this 
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purpose, future scenarios are often designed on the development of the share of renewable energies in 

different regions. However, the simultaneous impact of potential completely energy autonomous 

municipalities on transmission grid planning has not yet been addressed. In general, studies on municipal 

energy autonomy have not yet examined any influences on the surrounding (national) energy system. 

The present thesis provides a starting point for this, by determining the technical feasibility and 

economic expenditures for complete energy autonomy in all 11,131 German municipalities (cf. 

section 5.5). As discussed in the outlook in section 7, (extreme) scenarios for future energy system 

analyses or transmission grid planning at the national level with many energy autonomous municipalities 

can be derived from this.  

In addition to the above-mentioned novel methods and applications, such as the additional consideration 

of heat grid infrastructure and alternative technologies, this thesis presents a novel and transferable 

methodology to investigate a large number of municipalities with practical computational expenses (cf. 

section 4). This is a major improvement to the literature on decentralized energy autonomous energy 

systems, in which only individual energy systems have been investigated as case studies so far (Weinand 

et al. 2020b). 



 

12 
 

Table 1: Overview of the most relevant studies for this thesis from Weinand et al. (2020b)  

(B = energy balancing, LP = linear programming, MILP = mixed-integer linear programming, MCDA = multi-criteria 

decision analysis, MH = metaheuristics, MO = multi-objective, S = scheduling, I = investment planning, EN = electricity 

network, HN = heat / gas network, F = fluctuating, BLC = base load capable)  

Study  Method Planning 

type 

Transition 

pathway 

Network 

infra-

structures 

Techno-

logies 

System 

impacts 

Transfer-

ability 

Alhamwi et al. (2019) LP S, I overnight EN F, BLC ✕ (✓) 

Azaza and Wallin (2017) MO, MH S, I overnight ✕ F, BLC ✕ ✕ 

Bonati et al. (2019) MILP S overnight ✕ F, BLC ✕ ✕ 

Chmiel and Bhattacharyya 

(2015) 
B S overnight ✕ F, BLC ✕ ✕ 

Dorotić et al. (2019) MILP S long-term ✕ F ✕ ✕ 

Drysdale et al. (2019) MILP S long-term ✕ F, BLC ✕ ✕ 

Jenssen et al. (2014) B - overnight ✕ BLC ✕ ✕ 

Kötter et al. (2016) MILP S, I overnight ✕ F, BLC ✕ ✕ 

Krajačić et al. (2009) B - long-term ✕ F ✕ ✕ 

McKenna et al. (2018) 
MILP & 

MCDA 
S, I long-term 

(EN), 

(HN) 
F, BLC ✕ ✓ 

Oldenbroek et al. (2017) B - overnight ✕ F ✕ ✕ 

Østergaard and Lund 

(2011) 
MILP S overnight ✕ F, BLC ✕ ✕ 

Peter (2013) B - overnight ✕ F ✕ ✕ 

Peura et al. (2018) B - overnight ✕ F, BLC ✕ ✕ 

Sameti and Haghighat 

(2018) 
MO, MILP S, I overnight HN F, BLC ✕ ✕ 

Šare et al. (2015) MILP S overnight ✕ F ✕ ✕ 

Scheffer (2008) B - overnight ✕ F, BLC ✕ ✕ 

Schmidt et al. (2012) MILP S, I overnight ✕ F, BLC ✕ ✕ 

Woyke and Forero (2014) B - overnight ✕ F, BLC ✕ ✕ 

This thesis MILP S, I long-term (EN), HN F, BLC (✓) ✓ 
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4. Methodology 

The frame of the thesis is the comprehensive literature review study Weinand et al. (2020b), which was 

already presented in part in section 3 and also includes large parts of the critical appraisal in section 6. 

The other six studies (Weinand et al. 2019a; 2019b; 2019c; 2019d; 2019e; 2020a) comprise the 

methodology of the present thesis, which can be divided into three parts (cf. Figure 4) and is explained 

in the following subsections. First of all, in order to investigate a large number of energy systems, a 

typology of these energy systems was needed. For this purpose, a municipality typology of the 11,131 

German municipalities was developed to show the general suitability of municipalities for decentralised 

energy systems (cf. section 4.1). Subsequently, selected energy systems that represent this typology had 

to be optimised. Therefore, novel approaches were developed for estimating the potential and costs for 

deep geothermal plants and district heating networks (cf. section 4.2) as well as for implementing these 

technologies in a holistic optimisation model of a municipal energy system. The energy system 

optimisations as well as the necessary extensions of the optimisation model are explained in section 4.3. 

In the third step, the results of the optimisations were transferred to all German municipalities (cf. section 

4.3.2). This overall approach (cf. Figure 4) is generally transferable to other case studies, in this thesis 

it is applied to energy system analyses of completely autonomous municipalities. The novelties of the 

individual articles and the methods developed in connection therewith are summarised in Table 2. 

4.1. Municipality typology 

A central challenge in energy modelling is to make compromises between model resolution, scope and 

computational feasibility. As already described in sections 1 and 3, the potential for energy autonomy 

should be determined in all German municipalities in this thesis. A detailed examination of all 11,131 

German municipalities is not feasible in a reasonable amount of time. Weinand et al. (2019a) make a 

significant contribution to complexity reduction by clustering all 11,131 German municipalities using 

34 pre-identified socio-energetic indicators. These indicators are mainly based on open data relating to 

the consumption sectors of Private Households and Transport, as well as indicators relating to the 

potentials for renewable energies. The method involves two main steps, namely a factor analysis and a 

cluster analysis. For the former, different methods are compared with each other, and the most effective 

methods for allocating the indicators to factors are chosen. Selected cluster validation methods are then 

used to determine an appropriate number of clusters to which the 11,131 municipalities are distributed. 

The study not only applies cluster analysis to all 11,131 German municipalities for the first time, but 

also uses novel indicators to classify the municipalities. Therefore, many of the indicators, such as 

hydrothermal potential at 5000 m depth or wind energy potential, were determined at the municipal 

level. The potentials of renewable energies were assigned to the individual municipalities using the 

Geographical Information System (GIS) QGIS. Since this and the allocation of census data to the 

municipalities involved a great effort, the whole data set was published open access in Weinand et al. 

(2019b).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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Figure 4: Overview of the novel methodological approach of this thesis, divided into three parts. Parts of the figure are from Weinand et al (2019a) and Weinand et al (2019e). 
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Table 2: Overview of the main novelties of each study of the present thesis. 

Study Main novelties 

 Methodological Application-related 

Weinand et 

al. (2019a) 

1) Determination of wind potential and deep geothermal 

energy potential at the municipal level 

1) Classification of all 11,131 German 

municipalities  

2) Clustering with socio-energetic 

indicators 

Weinand et 

al. (2019b) 

 1) Open access publication of the 

calculated and consolidated data from 

Weinand et al. (2019a), Mainzer et al. 

(2014) and McKenna et al. (2014) 

Weinand et 

al. (2019c) 

1) Combination of a survey on biogas plants excess heat 

fraction with a heuristic to connect heat sources (biogas 

plants) with heat sinks (settlements) 

2) Determination of the heat demand of all 38,414 

settlements in Germany 

3) Heuristic to design up to 1.5 million district heating 

pipelines simultaneously 

1) Case study in Germany to determine 

the potential of utilising excess heat 

of the 10,446 biogas plants in 

residential buildings 

2) Determining contribution of biogas 

excess heat to energy autonomy in the 

11,131 German municipalities 

Weinand et 

al. (2019d) 

1) Simultaneous optimisation of district heating network 

and location of district heating plant in municipalities 

2) Combinatorial optimisation problem based on the theory 

of minimum spanning trees with several adjustments 

3) Three-stage heuristic to make the problem feasible for 

large municipalities 

4) Heuristic automatically applicable to arbitrary 

municipalities 

1) District heating network based on 

deep geothermal energy 

2) Application of the problem to several 

German municipalities 

Weinand et 

al. (2019e) 

1) Method to assess the hydrothermal potential in every 

German municipality 

2) Generic approach for modelling deep geothermal plants 

3) Integration of the geothermal plant model and the district 

heating design from Weinand et al. (2019d) in a holistic 

energy system optimisation model in order to 

simultaneously optimise heat and electricity generation 

1) Application of the energy system 

model to several German 

municipalities 

2) Determination of costs for achieving 

complete energy autonomy in the 

residential sector 

Weinand et 

al. (2020a) 

1) Modelling approach to consider the demand of 

commercial, industrial and personal transport sector in 

arbitrary municipalities 

2) Combination of energy system optimisations and 

regression analyses to transfer results to other 

municipalities 

1) Determination of the technical 

feasibility and economic expenditure 

for complete energy autonomy in all 

11,131 German municipalities 

Weinand et 

al. (2020b) 

 1) Comprehensive overview and 

quantitative analysis of applied 

methods in studies on decentralised 

energy autonomy 

2) Compilation of costs for 

decentralised energy autonomy 
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4.2. Modelling of geothermal plants and district heating networks 

Section 3 already demonstrated that many case studies on municipalities show a limited base load 

potential (e.g. land-use restrictions for biomass), which could lead to high costs for energy autonomy. 

Additional base load capable technologies like deep geothermal plants could therefore be an option to 

reduce these costs. Therefore, a novel generic optimisation model of a geothermal plant (cf. Figure 5) is 

developed in Weinand et al. (2019e), which for the first time simultaneously optimises the electricity 

(Pel) and heat (Q̇th) side of the the plant (cf. Eqs. 1-2).  

𝑉̇𝐵 ⋅ 𝜌𝑤 ⋅ 𝑐𝑝,𝑤 ⋅ (𝑻𝑷𝑾(𝑡) − 𝑻𝑶𝑹𝑪,𝒐𝒖𝒕(𝑡)) = 𝑷𝒆𝒍(𝑡)/𝜂𝑒𝑙                       ∀𝑡 1 

𝑉̇𝐵 ⋅ 𝜌𝑤 ⋅ 𝑐𝑝,𝑤 ⋅ (𝑻𝑶𝑹𝑪,𝒐𝒖𝒕(𝑡) − 𝑻𝑫𝑯𝑷,𝒓𝒆𝒕𝒖𝒓𝒏(𝑡)) = 𝑸̇𝒕𝒉(𝑡)/𝜂𝑡ℎ          ∀𝑡 2 

  with 

  V̇B  – volumetric flow rate of the geothermal water 

  ρw  – density of the geothermal water 

  cp,w  – heat capacity of the geothermal water 

  TPW(t)  – temperature of the geothermal water before utilisation in the 

     electricity plant in time slice t 

  TORC,out(t) – temperature of the geothermal water after utilisation in the 

     electricity plant in time slice t 

  TDHP,return(t) – temperature of the geothermal water after utilisation in the 

     heating network in time slice t 

  ηel  – efficiency of the electricity generation 

  ηth  – efficiency of the heat utilisation 

The optimisation variables are shown in bold, the others are parameters. Variable drilling depths and 

thus geothermal water temperatures represent some of the novel modelling approaches. As input for the 

optimisation, a linear regression estimates the achievable geothermal water temperatures and the 

required drilling depths in the municipalities. Some cost estimations for the geothermal plant, such as 

drilling costs, had to be linearised for this purpose.  

 

Figure 5: Schematic illustration of the geothermal plant considered in this study. The heat flow in the condenser of the Organic 

Rankine Cycle process could be water or air. Adapted figure from Weinand et al. (2019e). 
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Besides the Organic Rankine Cycle plant for electricity generation, district heating networks are 

necessary to utilise the heat from the deep geothermal plant within buildings. In addition, as already 

mentioned in section 3, district heating is one of the key research subjects in the field of municipal 

energy system planning. Therefore, approaches for district heating network modelling in municipalities 

were developed.  

In a first study on district heating, the technical potential for utilising excess heat from biogas plants is 

analysed (Weinand et al. 2019c), in order to supply local settlements through district heating. Based on 

a survey of around 600 German biogas plant operators, the fractions of excess heat from the cogeneration 

unit in these plants have been analysed. The analysis was carried out for the surveyed population as well 

as scaled up to the whole German biogas plant stock. A heuristic was developed to connect biogas plants 

(heat sources) with local settlements (sinks) in order to determine a least-cost district heating supply for 

residential buildings. A heuristic is necessary since more complex methods like linear optimisations are 

hardly applicable for these problem sizes. In total, 10,446 biogas plants and 38,414 settlements were 

included and up to 1.5 million district heating pipelines could be designed simultaneously in the analysis 

for Germany. Thereby two criteria were employed, namely the CO2 abatement costs and the payback 

period, which represent the macro- and microeconomic perspectives respectively. By taking these 

criteria into account and balancing heat supply and demand, the heuristic can cover different district 

heating network configurations (cf. Figure 6).  

 

Figure 6: Exemplary illustration of district heating networks for the use of excess heat from biogas plants (green circles) in 

several municipalities in Baden-Württemberg (Weinand et al. 2019c). The red district heating pipelines lead from a biogas 

plant to a settlement area (brown shapes) and the blue ones lead from one settlement area to another. The black lines 

represent municipal borders2. 

                                                
2 The background map is from OpenStreetMap Contributors (https://www.openstreetmap.org/).  
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Either settlements are supplied with heat by one biogas plant (biogas plants 3, 5, 8 in Figure 6) or several 

biogas plants (1, 2, 5, 6 and 9), or one biogas plant provides heat to several settlements (4, 5, 6), or the 

biogas plant does not supply heat to any settlement (7). This approach allows to determine the possible 

contribution of excess heat from biogas plants to the energy autonomy of German municipalities. 

The algorithm from Weinand et al. (2019c) can only be used for existing district heating plants. 

However, for the use in a municipal energy system analysis, in which the location of a potential district 

heating plant has yet to be determined, the algorithm needs to be extended. This and further extensions 

of the algorithm are the subjects of Weinand et al. (2019d). Against the background of a trend towards 

decentralised and community-owned energy systems, the study developed a method to set up a 

minimum-cost geothermal-based municipal district heating system. To this end, two approaches based 

on combinatorial optimisation were presented, in order to support local planners in the design of 

geothermal district heating systems. The first approach involved a combinatorial optimisation of the 

district heating network layout, including geothermal plant location and network topology, which is only 

applicable to municipalities with less than eight discrete settlement areas due to its computational 

complexity. The second approach is a three-stage heuristic, which serves the same purpose but can be 

applied to a much larger number of municipalities with many more settlement areas. One of the 

innovations of the developed optimisation model and the three-stage heuristic compared to previous 

work is the fact that not only the district heating network but also the location of the district heating 

plant, is optimised. Thereby, the optimal location is selected from a discrete number of possible locations 

in the municipality (cf. Figure 7). Furthermore, the nodes / settlements to be connected are not fixed in 

advance and do not have to be supplied completely with heat.  

 

Figure 7: Possible locations (purple circles) for building the geothermal / district heating plant in the municipality Groß 

Kreutz (Weinand et al. 2019d). The pink areas are the settlements of the municipality. Inadmissible locations in forests, 

settlements and water areas are automatically excluded by the algorithm2. 

This approach for modelling deep geothermal plants and district heating networks presented in Weinand 

et al. (2019d) and Weinand et al. (2019e) can be applied to every municipality in Germany and the 

1 km
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methodology could be extended to an arbitrary country with equivalent data. The 38 other European 

countries are particularly suitable for this extension due to the availability of Corine Land Cover data 

which is used to represent the settlement areas. Finally, the geothermal plant model as well as the district 

heating heuristic are implemented in a holistic energy system optimisation model (RE³ASON, cf. section 

4.3.1) 

4.3. Energy system optimisations 

For the determination of the optimal municipal energy system designs in this doctoral thesis, the 

Renewable Energies and Energy Efficiency Analysis and System OptimisatioN (RE³ASON, Mainzer 

(2019)) model was used and further extended (cf. section 4.3.1). Since this model is applied in Weinand 

et al. (2019e) and Weinand et al. (2020a), section 4.3.1 first describes it alongside the extensions 

developed in this thesis. Subsequently, the method for transferring the model results to all German 

municipalities is explained in section 4.3.2. 

4.3.1. Extension of energy system optimisation model RE³ASON 

An overview of the two parts “input data determination” and “energy system optimisation” of the 

RE³ASON model are shown in Figure 8. In the first step of the model ("Input data determination") the 

required input data are calculated with the use of a Java model (Eclipse). The input data are applied in 

the second step, the actual optimisation model, which is implemented by using the General Algebraic 

Modeling System (GAMS). The RE³ASON model consists of several parts, which provide transferable 

methods for determining the existing technologies, infrastructure, the heat and electricity demand of 

residential buildings as well as the potential and associated costs for energy supply from photovoltaic 

(PV), wind and biomass in an arbitrary location. Due to this high transferability, the model is applied in 

the present doctoral thesis, as many municipalities in different locations are investigated. RE³ASON 

further provides a deterministic model of optimal investment and dispatch for new energy conversion 

technologies at the municipality level. In the mixed integer linear program (MILP), the optimal 

technology investment and unit commitment of all technologies as well as energy flows between districts 

are identified. The model serves to cope with the complexity resulting from the number and 

combinations of the individual measures and their dependencies that would otherwise not be feasible. 

Included in the model are the above-mentioned energy supply technologies as well as measures such as 

insulation, heating technologies or appliances. A municipality under consideration is divided into 

districts, in which buildings are grouped into building types according to the TABULA building 

typology (IWU 2015). The spatial resolution consists of these districts as nodes to which the input, like 

heat and power demand, is assigned. In this thesis, the model is used to perform a long-term energy 

system optimisation (from 2015 to 2030), whereby each 5th year is modelled explicitly and divided into 

108 time slices (4 seasons, 3 day types, 9 time slices within each day). The model can be used to 

minimise total discounted system costs, CO2 emissions or energy imports of the municipal energy 

system. The RE³ASON model is only employed for minimising the total discounted system costs in this 
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thesis, since complete renewable energy autonomy as a prerequisite simultaneously leads to a 

minimisation of the other two target criteria.  

The RE³ASON model uses the macroeconomic perspective of central planners who develop concepts 

for the design of energy systems in municipalities. It takes into account all decision-relevant 

expenditures within the energy system, regardless of which actor is responsible for these expenditures. 

For example, the optimal investments of private households in new heating systems are determined from 

a system perspective without considering the economic viability of these investments from the 

perspective of the individual household. Within this macroeconomic perspective, taxes, subsidies and 

levies are considered as a redistribution of costs and are therefore not considered in the cost calculation. 

This means, for example, that the Renewable Energy Sources Act levy is not included in the electricity 

price for consumers, but at the same time the owners of renewable energy plants do not receive any 

feed-in remuneration for electricity generation. The reason for this approach is that the legislative 

situation, which showed frequent changes in the past, cannot be assumed to be constant over the 

comparatively long-term time horizon of the model. Furthermore, this allows a neutral comparison 

between individual technologies and measures. Regarding the prices of the energy sources, the model 

only takes into account the costs of procurement and distribution as well as grid fees (Mainzer 2019). 

Taxes and levies, which in 2019 accounted for about 52% of the household electricity price as well as 

about 26% of the natural gas price (Bundesnetzagentur 2019d), are also regarded as redistribution of 

costs and are therefore not considered in the economic evaluation (Mainzer 2019). For further 

information about the model including the calculation of renewable energy potentials and the 

mathematical model formulation the reader is referred to McKenna et al. (2018) and Mainzer (2019). 

The RE³ASON model extensions shown in Figure 8 are explained in the specific studies of this thesis 

and the previous subsections. The extensions are implemented within the program environment of the 

existing RE³ASON model and comprise  

1) the design of district heating networks (Weinand et al. (2019d), cf. section 4.2),  

2) the implementation of potential determination and model equations for deep geothermal energy 

systems as well as the integration of extreme days (Weinand et al. (2019e), cf. section 4.2),  

3) the modelling of the industrial and commercial sectors as well as the integration of electric 

vehicles (Weinand et al. 2020a, cf. section 4.3.2). 

In addition, some yet unpublished extensions have been made: 

1) Some errors in the old model version have been fixed (e.g. for PV potential determination). 

2) Development of the possibility to determine the input data (e.g. renewable potentials) as well as 

to optimise the energy system for several municipalities simultaneously. 
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3) Integration of Value of Lost Load: 

The Value of Lost Load (VoLL) addresses the economic consequences of power blackouts and the 

monetary evaluation of uninterruptedness of electricity supply. Various factors influence the level of 

VoLL: in industrial or commercial enterprises, for example, production holdups or restart times have an 

influence, whilst in the residential sector lost leisure time is a significant issue (Schröder and 

Kuckshinrichs 2015). Particularly in the case of energy autonomy, when the LCOEs increase sharply, 

the idea of dispensing with energy demand in order to save costs is imaginable. Therefore, the VoLL 

was implemented in the RE³ASON optimisation model version from Weinand et al. (2020a). The 

amount of energy demand that is dispensed with (Lost of Load (LoL)) in the respective sector s is limited 

by the energy demand ED in this sector in each time step t (cf. Eq. 3). 

𝐿𝑜𝐿𝑠,𝑡 ≤ 𝐸𝐷𝑠,𝑡          ∀ 𝑡 = 1, … , 𝑇; ∀𝑠 = [𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙, 𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙, 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙] 3 

The VoLL are then used to assign costs to the LoL in the objective function. In line with CEPA (2018), 

the VoLL were set to 12.41 €/kWh for the residential sector, 12.34 €/kWh for the commercial sector and 

1.81 €/kWh for the industrial sector.  

 

Figure 8: Overview of RE³ASON and the extensions developed in three of the seven studies of this doctoral thesis. Adapted 

figure from Weinand et al. (2019e). 
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4.3.2. Transfer of results 

In Weinand et al. (2020a), a methodology is developed to determine the feasibility and costs for 

complete municipal energy autonomy of all consumption sectors. First, methods for estimating the 

energy demand and potential for renewable energies are proposed. On this basis, municipalities in which 

complete energy autonomy is not feasible can be excluded. Subsequently, the RE³ASON model is 

extended to include the industrial, commercial and personal transport sectors. Based on the municipality 

typology from Weinand et al (2019a), 15 representative municipalities are selected. The RE³ASON 

model is then applied to determine the cost-minimal energy system for these 15 preselected 

municipalities as case studies. On the one hand for the reference case without autonomy and on the other 

hand for the case with complete municipal energy autonomy. In the reference case, the energy system 

is optimised without restricting imports and exports. Afterwards, the Levelized Cost of Energy (LCOE) 

are calculated for both cases and all preselected municipalities (cf. Eq. 4, Grosspietsch et al. (2018)). 

Thereby the conversion factor for electricity into heat is assumed to be the heat pump`s coefficient of 

performance (3.5) as in Grosspietsch et al. (2018), since the heat load is taken into account for the 

residential sector. 

𝐿𝐶𝑂𝐸 =
∑

𝐶𝐴𝑃𝐸𝑋𝑦 + 𝑂𝑃𝐸𝑋𝑦

(1 + 𝑟)𝑦
𝑌
𝑦=1

∑
𝐸𝑚,𝑡𝑜𝑡𝑎𝑙,𝑦

(1 + 𝑟)𝑦
𝑌
𝑦=1

4 

The LCOEs are calculated depending on the investments (CAPEX), the operational and maintenance 

costs (OPEX), the total energy demand (𝐸𝑚,𝑡𝑜𝑡𝑎𝑙) and the year y. The interest rate r is assumed to be 

5%.  

A regression is used to transfer the results of the 15 case studies to the entire municipality population. 

The dependent variable is the difference between LCOEs in the autonomous and in the reference case 

(∆LCOE). As independent variables the annual demand of each energy consumption sector of the 

municipalities and the indicators from the cluster analysis in Weinand et al. (2019a) are used. Those 

independent variables that correlate with other variables are eliminated. Therefore, for all correlations 

with an absolute value above 0.9 one variable is excluded.  

To avoid an overfitting in the regression, a k-fold cross-validation is applied (Zhang and McCalley 

2018). Since the sample is small (n = 15), the leave-one-out cross-validation is used, with k = n = 15. 

19 different methods are applied, ranging from linear regression models and support vector machines to 

Gaussian Process Regression models. From these methods, the model that results in the lowest root 

mean squared error is selected. 
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5. Results 

The subsections 5.1-5.5 summarise the results of the studies which have been conducted to fulfill the 

objectives of this doctoral thesis (Weinand et al. 2019a; 2019b; 2019c; 2019d; 2019e; 2020a; 2020b). 

These results were obtained by applying the methods explained in section 4. Since the next section 6 

discusses the thesis in its entirety, the individual studies are only briefly critically assessed in 

sections 5.1-5.5. The validations and plausibility checks of the methods and results, which were 

performed in detail within the studies, are also only discussed in a few cases in this framework chapter 

(e.g. section 5.6). Besides the methodological innovations, Table 2 also provides an overview of the 

novel applications in all studies.   

5.1. Municipality typology  

The following results are from the studies Weinand et al. (2019a) and Weinand et al. (2019b) and based 

on the cluster analysis explained in section 4.1. With the help of the cluster validation methods (cf. 

section 4.1), an appropriate number of ten clusters could be determined, to which the 11,131 German 

municipalities are distributed (cf. Figure 9). Due to the high number and differentiation of indicators, 

clusters overlap with each other for different indicators, but the results also show significant differences 

between the clusters. Table 3 summarises these distinguishing characteristics for all clusters. For 

example, Cluster 2 contains all major German cities and most of the other cities in Germany and has a 

low potential for renewable energies. Cluster 9, on the other hand, describes all German municipalities 

without inhabitants. 

Table 3: Summary of the distinguishing characteristics of the ten municipality clusters. 

Cluster Number of 

municipalities 

Characteristics 

1 339 Larger towns with highest share of district heating. 

2 727 All major German cities with particularly low potential for renewables. 

3 1638 Municipalities with highest hydrothermal potential, high income per household as well as low 

unemployment rate. 

4 839 Municipalities with high hydrothermal potential, building age and unemployment rate. 

5 5262 “Average” Cluster containing the majority of municipalities. Municipalities with high number 

of cars per 1,000 inhabitants and very low share of district heating. 

6 1370 Municipalities with high building age and high proportion of people over 65 years of age. 

7 460 Municipalities with lowest household density, highest number of cars and motor cycles per 

1,000 inhabitants, largest share of detached houses and particularly high potential for 

renewables. 

8 388 Municipalities with low building age, lowest proportion of people over 65 years of age and a 

high hydrothermal potential. 

9 75 Rural municipality-free areas without inhabitants and lowest potential for renewables. 

10 33 Smallest cluster containing municipalities with high population growth. 
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Figure 9: Illustration of all German municipalities with their allocation in the 10 cluster solution (Weinand et al. 2019a). The 

numbers of municipalities in the clusters are shown in parentheses. 

Assigning the municipalities from the three German energy projects “Energy Municipalities”, 

”Bioenergy Villages” and “100% Renewable Energy Regions” to the ten clusters shows that in eight of 

the ten clusters municipalities are aiming for energy autonomy (in varying degrees). As a result, it is not 

possible to differentiate between the clusters regarding readiness for such energy projects, which is most 

likely due to the influence of non-technical factors on the emergence of these initiatives. However, the 

results of the cluster analysis show that some of the municipalities could be technically more suitable 

for energy autonomy. For example, Clusters 3, 4, 7 and 8 are characterised by a high potential for 

renewable energies. The results reduce the effort of subsequent studies, as only a few municipalities 

from the clusters need to be examined regarding their suitability for energy autonomy to be able to make 

statements for all municipalities of the cluster. Thereby, the results help to identify municipalities in 

which already successful measures from other municipalities could be applied, and provide a basis for 

further energy analyses at the national level. 

The methodology used in Weinand et al. (2019a) could be improved for more accurate results in future 

work. On the one hand, further indicators should be considered, including more indicators from the 

industrial and commercial sectors as well as indicators relating to the local climate. However, this is 

challenging due to the lack of available data at this spatial resolution. Furthermore, weights for the 

indicators could be determined with the help of expert interviews. If the indicators are known, which 
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have the most considerable influence on the suitability for energy autonomy, these can be weighted 

more strongly in the cluster analysis and a new set of clusters generated based on these weights. 

The collection and preparation of the data in Weinand et al. (2019a) involved a great effort. In addition, 

the field of energy system modelling is a science that is not yet fully transparent, as models and data are 

often not published in open access (Pfenninger 2017). To help overcome this hurdle, an open access 

data set including the 34 socio-energetic indicators from Weinand et al. (2019a) for all 11,131 German 

municipalities is provided alongside the Data Descriptor article Weinand et al. (2019b). Most of these 

indicators originate from the cluster analysis described above. In addition to census data such as 

population density, mobility data such as the number of vehicles and data on the potential of renewables 

such as wind energy are included. The data set can support in answering a wide range of energy-related 

research challenges. In a recently published handbook of the European Union (Siragusa et al. 2020), for 

example, the data set is recommended for reviewing local Sustainable Development Goals. 

5.2. Contribution of excess heat from biogas plants to energy autonomy 

This subsection presents the results of Weinand et al. (2019c), which is based on the original 

methodology for designing many district heating networks simultaneously (cf. section 4.2). Based on 

the survey with 600 biogas plants, a mean fraction of 40% excess heat was determined for these plants, 

which is in agreement with other empirical studies. Extrapolating this fraction to the German biogas 

plant stock leads to technically feasible CO2 savings of around 2.5 MtCO2/a. This involved the 

simultaneous design of a total of 10,900 district heating networks. Employing the criteria of CO2 

abatement costs and payback period yields about 2 MtCO2/a below CO2 abatement costs of 200 €/tCO2 

and 9 years respectively. These relatively high average costs are related to the typically low population 

density in rural regions where biogas plants are located. The potential CO2 savings represent about 

0.25% of the total German CO2 emissions in 2016 or around 2.5% of all CO2 in residential buildings. If 

a threshold value of 80 €/tCO2, to reflect the German government’s suggested external cost of carbon in 

2018, is employed, the carbon reduction potential is about 0.5 MtCO2. Similarly, a threshold for the 

expected payback period of 5 years, to reflect an investor’s point of view yields potential savings of 

about 0.75 MtCO2. These potentials are concentrated in around 3,500 municipalities, where district 

heating from biogas plants could reduce CO2 emissions per capita by an average of around 250 kgCO2/a 

and cover 12% of the total residential heating demand. In some of these municipalities (cf. Figure 10), 

large proportions of their heating demand could be economically met (according to the criteria employed 

here) by this excess heat, hence assisting in the transition to more decentralised autonomous energy 

systems. On the other hand, if the current price of CO2 in the EU Emissions Trading System of about 

7 €/tCO2 is taken as a benchmark, the economic fraction of this technical potential saving reduces to 

0 tCO2. Although these results are relatively modest in the overall context of decarbonising the energy 

system, this study does provide a quantitative basis for decision makers, researchers and energy 

planners.  
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Figure 10: Share of heat demand that can be covered by district heating from biogas in German municipalities (Weinand et 

al. 2019c). The numbers in brackets represent the number of municipalities to which the shares can be allocated2. 

The developed method was applied to Germany as a case study, but could be equally relevant for other 

countries with high biogas production. Some of these countries (e.g. Czech Republic) have a 

significantly more widespread district heating network than Germany. Thus, the use of biogas excess 

heat could lead to similar or even better results for these countries than in the case study for Germany. 

Apart from a methodology that can be transferred to any country with similar data availability, the study 

therefore demonstrates that the use of excess heat in biogas plants can be one contribution towards a 

global energy system decarbonisation.  

The employed methodology, whilst adequate for a national estimation of the technical potential and 

associated costs, has several uncertainties. Most importantly, the shortest birds-eye route from the biogas 

plant to the centroid of the settlement is used as the required distance for district heating pipelines. 

Whilst a good estimate for the order of magnitude, this obviously leads to over- and underestimation of 

the required district heating pipeline length, and therefore the costs. In addition, the developed heuristic 

does not (necessarily) determine the optimum allocation of heat sources to heat sinks, and may also 

therefore overestimate the costs. Finally, the focus on residential buildings and the rough consideration 

of existing district heating supply (but not infrastructure) add additional uncertainties. All of these 

aspects remain areas for future work. 
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5.3. Design of municipal district heating networks  

The extension of the previously described district heating algorithm for individual municipalities (cf. 

section 4.2) was part of Weinand et al. (2019d). A comparison of optimisation and heuristic for 

designing district heating networks in three exemplary municipalities demonstrates the efficiency of the 

developed heuristic. For municipalities with three, five and seven settlements respectively, the 

optimisation takes between 500% and 1x107% more time than the heuristic. The resulting deviations in 

the calculated total investment for the district heating from the results of the optimisation are in all cases 

below 5%, and in 80% of cases below 0.3%. The efficiency of the heuristic is also demonstrated by the 

comparison with the Nearest-Neighbour-Heuristic. The latter is not only less efficient, it substantially 

overestimates the total costs by up to 80% in all cases with less than 100% heat coverage. In addition, 

the calculated investments in the investigated municipalities ranged from 500 €/kW to 1,900 €/kW, 

values which could be validated with investments for existing geothermal district heating networks in 

Germany. 

The developed heuristic consistently yields results within acceptable margins of error of its equivalent 

combinatorial optimisation problem, is efficient and scales well to other regions or contexts. The 

methodology would benefit from some further improvements, for example some of the technical aspects 

such as heat and pressure losses within the district heating network could be modelled more precisely 

in the heuristic. Furthermore, additional geological and topographical conditions in the municipalities 

should be taken into account in order to better identify the optimal location of the geothermal plant and 

the type of network. Additionally, the heuristic should be extended in such a way that the district heating 

pipelines can also branch off in order to reach several endpoints from one starting point. All of these 

aspects remain areas for future work. Finally, the results of the heuristic could be compared to the results 

of the optimisation only for small municipalities (less than 8 settlements). A LP-relaxation of the 

optimisation problem could help to evaluate the performance of the heuristic also for larger 

municipalities. 

Notwithstanding these shortcomings, the developed method provides a sound basis for decision support 

for municipal-scale geothermal district heating systems. The heuristic for cost-optimal placement of the 

geothermal plant (provided as supplementary material of the study) can be extended and should offer 

useful insights for local planners and authorities when considering the heat source options at their 

disposal. In addition to supporting the planning of municipal district heating networks, the heuristic can 

also be used to design district heating networks in holistic energy system optimisations due to the novel 

possibility of connecting an arbitrary number of buildings to the district heating network. 

5.4. Impacts of geothermal plants 

In Weinand et al. (2019e), the RE³ASON model was applied for the first time in this thesis to determine 

the cost-optimal energy system of an autonomous municipality. The focus here is on the residential 

sector and the industrial, commercial and transport sectors are not considered yet. The main purpose of 
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this study is to assess the influence of deep geothermal energy systems on the technical feasibility and 

economic expenditures of municipal energy autonomy. The methodology was explained in sections 4.2-

4.3. 

The specific research questions addressed in Weinand et al. (2019e) are as follows: 

 Could the high costs for completely autonomous municipal energy systems be reduced through 

the use of geothermal plants?  

 Is it sufficient to consider only the electricity generation of the geothermal plant or would the 

use of the geothermal heat in district heating networks create an additional benefit?  

In order to answer these questions, the developed optimisation model was applied to three municipalities 

from different municipal clusters. Eleven scenarios demonstrated that achieving energy autonomy in the 

residential sector is (partly) associated with high additional costs. Compared to the scenarios without 

energy autonomy, total discounted system costs for the period between 2015 and 2030 have increased 

by at least 4%. Thereby, the utilisation of geothermal plants can significantly reduce the costs for 

achieving energy autonomy, which answers the first research question above. The electricity generation 

is preferred to heat generation in geothermal plants, which is related to the high costs for the district 

heating network. However, the importance of simultaneous modelling of electricity and heat generation 

in geothermal plants is evident, as district heating plants reduce the costs, especially in municipalities 

with high hydrothermal potential. This provides an answer to the second research question i.e. that in 

the context of municipal energy system planning it is not sufficient to only consider the electricity side 

of the plant. Therefore, the installation of geothermal plants could help to decarbonise the energy system 

through energy autonomy.  

Weinand et al. (2019e) have developed a generally-applicable method for the optimal setup of a 

geothermal plant within or near a residential area and considering both heat and electricity generation. 

Together with the related contribution for optimally locating the geothermal plant within an existing or 

new district heating network (Weinand et al. 2019d), the consideration of the heat side represents a 

significant step forward. Compared to previous studies that focussed on a detailed geothermal plant 

system setup, typically optimised for power generation, Weinand et al. (2019e) adopt a more holistic 

approach. Weinand et al. (2019e) and Weinand et al. (2019d) together provide a methodological 

framework for the economically effective and energetically efficient integration of geothermal plants 

into local energy systems. In the context of renewable energy system planning this therefore represents 

an invaluable tool in the context of the energy transition. A validation of the cost and the input 

determination with data from actual plants shows that the model presented in this work can reasonably 

be applied to any municipality in Germany without additional efforts. Therefore the employed method 

is highly transferable, both within Germany and, by employing additional data sources, beyond. It can 

provide decision support to local energy planners and other relevant stakeholders when considering the 

renewable energy options at their disposal.   
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Due to the fact that the employed methodology is intended as an early-stage planning tool, it has several 

uncertainties, however. Hence the authors emphasize the need for a more detailed energy system 

planning, especially but not only relating to the geothermal plant, before entering the implementation 

phase. Most importantly, the costs of geothermal plants are very uncertain and depend on local 

geological conditions. Whilst the model presented provides a good estimate of the hydrothermal 

temperatures, the investment can rise due to uncertain incidents. Furthermore, the social acceptance of 

the communities for deep geothermal energy has to be assessed in future studies. 

5.5. Complete energy autonomy in German municipalities 

The previously described study (Weinand et al. 2019e) focused on complete energy autonomy in the 

residential sector of a municipality. However, in order to be separated from the German power grid and 

thus for national transmission grid planning purposes, the entire municipality would have to become 

energy autonomous, i.e. all consumption sectors have to be included in the energy system analyses. This 

was achieved in Weinand et al. (2020a), in which RE³ASON is extended to take these additional sectors 

into account (cf. section 4.3.1) and which uses a methodology for transferring optimisation results to 

other municipalities (cf. section 4.3.2). 

Germany has been selected as case study, where 6,314 (56%) municipalities were identified, in which 

complete energy autonomy could be technically feasible. Of these municipalities, 15 were used as case 

studies, which differ greatly in terms of the indicators used in the following regression analysis. The 

results of the optimisations showed the influence of individual technologies and measures on the LCOE. 

Thereby, it became apparent that complete energy autonomy is always associated with a high cost 

increase. Furthermore, the integration of the industrial and commercial sectors can have a reducing effect 

on the LCOEs, since fixed costs are distributed across a larger amount of energy. In addition, the 

flexibility through electric vehicles can moderately reduce LCOEs. Using a stepwise linear regression 

model (mean absolute percentage error = 12.5%), the results of the optimisations could finally be 

transferred to the 6,314 municipalities. After the correlation analysis and the exclusion of specific 

indicators (e.g. industrial electricity demand or technical wind energy potential), the technical bioenergy 

potential 𝑃𝐵, residential electricity demand 𝐸𝐷𝑚,𝑟, population density 𝑃𝐷 and technical geothermal 

potential 𝑃𝐺 are selected as features for the regression (cf. Eq. 5). The units are GWh/a for potentials 

and demands and km-2 for population density. 

∆𝐿𝐶𝑂𝐸 = 0.5924 − 0.0209 ∙ 𝑃𝐵 + 𝐸𝐷𝑚,𝑟 ∙ (−0.0282 + 0.0003 ∙ 𝑃𝐷 − 0.0013 ∙ 𝑃𝐺) − 0.0012 ∙ 𝑃𝐷
                       

−0.0019 ∙ 𝑃𝐺                                    5
 

On average, the additional ∆LCOEs in the autonomous compared to the reference (minimal cost) case, 

amount to about 0.41 €/kWh. Figure 11 shows the distribution of these additional LCOEs across all 

German municipalities. When distributing the regression results according to the ten German 

municipality clusters from Weinand et al. (2019a), the results seem plausible: the highest mean ∆LCOE 



 

30 
 

is reached in cluster 2 (0.578 €/kWh), which mainly contains cities with low renewable energy potential 

(cf. section 5.1). On the other hand, the lowest mean ∆LCOEs are achieved in clusters 3 (0.350 €/kWh), 

4 (0.349 €/kWh) and 8 (0.379 €/kWh), which contain mainly rural municipalities with particularly high 

potential for renewable energies and especially deep geothermal energy. Apart from energy demand, 

base load capable bioenergy and deep geothermal energy appear to have the greatest influence on the 

LCOEs.  

 

Figure 11: Illustration of 6,314 (56%) German municipalities that can become completely autonomous and the associated 

∆LCOE (Weinand et al. 2020a). 

As stated above, the ∆LCOE in the 15 case studies result from the comparison of the costs of the 

autonomous energy systems with an optimised reference system. As the energy systems in reality differ 

strongly from an optimised system, the real ∆LCOE are probably lower. Assuming that the 15 

municipalities in the reference case are not optimised but instead only purchase energy from electricity 

and gas networks with typical end user prices (Bundesnetzagentur 2019a, 2019b, 2019c) and 2% price 

increase every 5 years, the ∆LCOE would be reduced by about 0.03 €/kWh on average. This reduction 

could be even higher as no investments for replacing old energy infrastructures were taken into account 

in this exemplary calculation. However, in the end, it is obvious that the ∆LCOE in Figure 11 can only 

serve as a basis for estimating the potential for energy autonomy of individual municipalities in 

comparison to each other. 
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Main areas for improving the methodology in Weinand et al. (2020a) include the consideration of grid 

infrastructures and surplus electricity from neighbouring municipalities, as well as more detailed 

modelling of industrial demand. The method of calculating and comparing the costs of energy autonomy 

should be improved to express these costs per municipal end user. In future studies in which the national 

energy system or transmission grid expansion is planned, the results of this paper can be used as a 

possible scenario (cf. outlook in section 7).  

Section 4.3.1 showed that the RE³ASON optimisation model from Weinand et al. (2020a) was also 

extended by VoLL to give an example of the possible impacts of load shedding on the energy system 

and the associated costs. The modified optimisation model was applied to the municipality Prinzenmoor, 

which was already used in Weinand et al. (2020a) for the detailed sensitivity analyses. As a result, on 

four extreme days with low wind and solar irradiation, the entire load of industrial and commercial 

sectors is dropped (a total of 16.9 MWh, which corresponds to 0.5% of the total annual electricity 

consumption). On the remaining 361 days per year no use is made of the LoL. This changes the energy 

system compared to the case without LoL: the main energy source changes from deep geothermal energy 

to wind energy. The total discounted system costs decrease by 54% from 27.7 M€ (or 0.52 €/kWh) to 

12.8 M€ (or 0.28 €/kWh) with LoL.  

In this case, the LoL has a large impact and could strongly favour the potential or implementation of 

energy autonomy. However, Prinzenmoor is a very small municipality. Therefore, the influence of LoL 

should be also investigated in further municipalities in future research. In addition, the modelling of the 

LoL should be further improved by including maximum energy amounts and maximum length of time 

intervals for LoL. Furthermore, average nationwide VoLL values should be critically evaluated, as the 

VoLL could vary greatly depending on the type of household or industrial company. 

5.6.  Plausibility check of results 

During the research on energy autonomy, a comprehensive knowledge on this subject was gained. Thus, 

a study (Weinand et al. 2020b) has been conducted within this thesis, which reveals research gaps and 

suggestions for improvement for future studies on municipal energy autonomy. Thereby, the status quo 

(cf. section 3) and future modelling needs (cf. section 6) for research on decentralised autonomous 

energy systems is shown. A total of 359 studies were roughly investigated, of which a subset of 123 in 

detail. The studies were assessed with respect to the characteristics of their methodology and 

applications, in order to derive common trends and insights.  

Some aspects of Weinand et al. (2020b) are presented in the literature review section 3, the discussion 

in section 6 and the outlook in section 7. However, a compilation of LCOEs, from Weinand et al. (2020b) 

is discussed in the following since it can be used to check the plausibility of the results of this thesis. 

Figure 12 shows the LCOEs for 84 articles on decentralised energy autonomy. The studies Weinand et 

al. (2019e) and Weinand et al. (2020a) are marked by red frames. While in this thesis energy systems 
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based on 100% renewable energies have been considered, there are also case studies in the literature on 

energy autonomy including conventional energy technologies. In addition, a security of supply below 

100% was considered in several studies. This is equivalent to the Lost of Load from section 5.5.  

The LCOEs for autonomous energy systems in the 84 case studies amount to 0.42 $/kWh on average. 

However, in some studies the resulting costs should be questioned, as they deviate strongly from the 

average. With 0.39 $/kWh in Weinand et al. (2019e) and an average of 0.68 $/kWh in the 15 investigated 

municipalities of Weinand et al. (2020a), the LCOEs calculated in this thesis are close to the average 

value in the literature (0.42 $/kWh). The results from Weinand et al (2020a) are probably above the 

average, as the 0.68 $/kWh is the average for 15 optimised municipalities, which were chosen to 

represent the whole population of 6,314 municipalities. In the other articles, the case studies may have 

been selected based on their suitability for energy autonomy. Thus the results of this thesis are plausible. 

If the Lost of Load is considered as in section 5.5, the LCOEs (0.28 €/kWh) of an energy autonomous 

German municipality might even be below the average household electricity price of 0.32 €/kWh (June 

2019). However, the calculations with RE³ASON are carried out from a macroeconomic perspective 

and therefore (in contrast to the household electricity price) no taxes or levies are taken into account.  
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Figure 12: LCOEs of case studies with energy autonomous municipalities in the literature. The studies are sorted by mean LCOEs, from high to low. The LCOEs were adjusted according to inflation 

until 2019 and converted into $/kWh using the average exchange rates in the year of the respective publication. The household electricity price (black dots) in the different countries is shown for 

comparison. The black dotted line shows the average value (0.41 $/kWh). The similar figure from Weinand et al. (2020b) is adjusted for this thesis. 
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6. Critical appraisal 

The limitations of the individual studies and methods have already been shown in the subsections of 

section 5. Therefore, general issues that apply to the entire thesis are discussed in the following. 

First, the time resolution of the studies in this thesis is hourly. In non-autonomous energy systems, 

incorrect dimensioning can be compensated by imports. Thus, the LCOEs of the energy system would 

change only slightly in case of minor design errors. However, if a completely autonomous energy system 

is incorrectly designed, a breakdown of the energy supply would result. Therefore, future studies should 

investigate the influence of a higher time resolution on autonomous energy system planning. In this 

thesis, an attempt was made to achieve the robustness of the energy system by including extreme days.  

Due to the increase of the complexity of the optimisation problem with higher temporal resolution, 

especially for long-term planning processes, examining a higher resolution is hardly practicable. In these 

cases, detailed analyses and/or information reduction techniques to generate time typologies and 

synthetic time slices should be applied. There is an established stream of research focussing on the most 

suitable/required time resolution for specific research questions, for energy systems with significant 

renewable generation fractions (e.g. Kotzur et al. (2018) or Nahmmacher et al. (2016)). Studies 

addressing municipal energy autonomy could also benefit from exploring such approaches. Otherwise 

there is the above-mentioned risk that systems are incorrectly dimensioned.  

Furthermore, the present thesis provides useful information for the economic assessment of the technical 

potential of energy autonomy. However, there is also a lack of attention paid to non-economic and non-

technical criteria in this thesis as well as other studies on energy autonomy. Indeed, economic criteria 

are arguably the most important, but although they are necessary, they are not sufficient. In Weinand et 

al. (2020a) it has become apparent that in an industrialised country like Germany there is currently (i.e. 

with current electricity prices, technology costs and energy-political framework conditions) no 

economic potential for complete energy autonomy compared to the case with grid connection. 

Therefore, in future analyses of energy autonomy more criteria than costs need to be considered. There 

are other important reasons for municipalities to become energy autonomous besides costs, such as 

increased environmental awareness (cf. section 2).  

In addition, this thesis makes use of linear programming from a central planner perspective. It is common 

practice to leave stakeholder roles outside the scope of energy system analyses and to calculate optimal 

autonomy transition pathways with a centralized planning approach under the selected objective of 

technical feasibility and economic viability. However, local energy systems are complex socio-technical 

systems consisting of different decision-making entities and technological artefacts governed by energy 

policy in a multi-level institutional space (Koirala et al. 2016). Social relationships among the 

stakeholders represent a major driver or barrier (Rae and Bradley 2012). In this context, adoption 

behaviour approaches are useful to understand the types of barriers that exist for new technologies, and 
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what kind of policies are important to increase diffusion. As a consequence, realising the potential of 

municipal energy autonomy is not simply a question of technical realities but also a question of 

individual behaviour and group dynamics. Relevant local stakeholders such as households or 

communities, energy producers, energy suppliers, service providers, as well as local policy-makers are 

inter-dependent in the realization of their goals. Future system models need to include the heterogeneous 

roles different stakeholders play in an existing local environment and the resulting impact their decision 

making might have. One possible solution could be the extension of techno-economic modelling 

approaches with the help of socio-economic modelling approaches as agent-based models (Rai and 

Robinson 2015) or system dynamics models (Selvakkumaran and Ahlgren 2018). The integration of 

social factors such as the acceptance of deep geothermal plants or wind power plants (cf. for example 

Tröndle et al. (2019)) could reduce the potential for municipal energy autonomy determined in this 

thesis.  

Neglecting taxes and levies ensured that technologies and measures could be assessed and compared 

neutrally in this thesis (cf. section 4.3.1). However, it is very challenging in reality to implement the 

optimal energy systems determined from the macroeconomic perspective of a central planner. For 

households, for example, the cost-optimal energy system determined from a macroeconomic perspective 

could be very different from the cost-optimal energy system from a microeconomic perspective, taking 

into account taxes and levies. Future studies should therefore examine the impact of taking into account 

taxes and levies on the economic viability of energy autonomy in more detail. 

Many different spatial scales (e.g. number of households) have been considered in this thesis, but the 

optimal spatial size of an energy autonomous region has not yet been identified. This is strongly linked 

to the question of the optimal degree of centralisation (McKenna 2018). Furthermore, in the present 

thesis the energy systems of individual municipalities were separately investigated. As demonstrated in 

Weinand et al. (2020a), however, in the case of complete energy autonomy large energy surpluses can 

result. The use of these surpluses in neighbouring municipalities could significantly reduce the costs for 

municipal energy autonomy. 

Concerning demand and consumption sectors there is also some potential for improvement. The industry 

sector as well as the private transportation sector are implemented in a simplified approach in Weinand 

et al. (2020a). For the former, transferable methods to determine the energy demand and load profile of 

industries in arbitrary regions could facilitate its implementation. For the latter, a particularly interesting 

approach would be to optimise the number and use of electric (or fuel cell) vehicles. In general, however, 

all sectors should be taken into account as in Weinand et al. (2020a), especially when estimating the 

impact of energy autonomous regions on the surrounding energy system.  

Furthermore, validation is challenging in the context of municipal energy autonomy. Often detailed data 

on the existing energy system is lacking and validation for some hypothetical future scenario is 

obviously not meaningful. Model design and data assumptions of studies used to gain insights to form 
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the decision making should be transparent and accessible. This not only allows independent review of 

various stakeholders but also the complete reproducibility of the results (Pfenninger et al. 2014). Hence 

studies on municipal energy autonomy could increase efforts to publicly release data as in Weinand et 

al. (2019b) and system models as well as assumptions and results interpretation, in order that diverse 

affected stakeholders are able to participate in the decision-making process (Pfenninger et al. 2014; 

DeCarolis et al. 2017).  

In addition, the focus on the LCOEs as a benchmark for highly-renewable energy systems in this thesis 

could provide potentially misleading results. Whilst the LCOE is a good first indicator of the generation 

costs and allows comparisons across technology, it is noted for neglecting the additional costs of 

integrating non-dispatchable renewable technologies into the energy system. Three additional cost 

components should be considered, if the system LCOEs of renewable energy technologies are to be 

considered (Hirth et al. 2015; Ueckerdt et al. 2013):  

• Profiling costs, related to the requirement for the dispatchable generation technologies to meet 

the residual load;  

• Balancing costs, related to the deviation between forecast and actual non-dispatchable 

renewable generation; and 

• Grid costs, related to additional grid reinforcement and extension (at all voltage levels) required 

to connect renewable generators to the network.  

Attempts have been made to consider these cost components in the context of large-scale (e.g. national) 

energy system analyses (e.g. Brown et al. 2018; Chaudry et al. 2014; Nolden et al. 2013). However, at 

the regional and municipal scale, they are typically not included. For example, the analyses in the present 

thesis also did not take network capacities into account. As an improvement, an approach would be 

conceivable in which the grid is upgraded if a high proportion of renewable energies is installed (as in 

Morvaj et al. (2017)). 
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7. Conclusions and outlook 

Attention on decentralised autonomous energy systems has increased exponentially in the past three 

decades, as demonstrated by the absolute number of municipal projects as well as the share of 

publications in the corpus of scientific literature. This is due to the energy transition and the related 

environmental awareness as well as the desire of citizens to play an active role in energy supply and to 

be less dependent on central markets and structures. However, local decision-makers often lack the 

necessary expertise and therefore need decision support in energy system planning. Thus, this thesis 

follows the objective to develop novel methods for the technical, economic and environmental 

assessment of a large number of completely energy autonomous municipalities and their impacts on the 

overall energy system. Completely energy autonomous municipalities are disconnected from the gas 

and electricity grid and supply themselves with energy from renewable energy plants owned and 

operated by the municipality. 

In order to meet the objective, several novel methods of energy system analysis were developed in this 

thesis as part of seven original research articles. Germany is used as a case study, but the general 

approach, methods and results are transferable to other contexts. In order to be able to analyse a large 

number of municipalities (> 1,000), an approach had to be developed that allows to analyse a multitude 

of energy systems with practicable computational expenses. Therefore, a typology of the energy systems 

to be investigated was needed. Subsequently, selected energy systems that represent this typology had 

to be optimised from a techno-economic perspective. In the final step, the results of the optimisations 

had then to be transferred to all energy systems.  

First of all, the 11,131 German municipalities were clustered with regard to their suitability for 

decentralised energy systems. For this purpose, social indicators such as population density or number 

of vehicles and technical factors such as generation potential of different renewable energies were 

employed. Furthermore, since previous studies on municipal energy autonomy with renewable energies 

often resulted in high total costs due to limited base load potentials and therefore high storage costs, 

other technologies were sought that could reduce these costs. Deep geothermal energy was identified as 

a renewable technology that is capable of providing base load and has a high potential in Germany. This 

technology was implemented in an already existing holistic municipal energy system optimisation 

model (RE³ASON). This optimisation model is particularly suitable for the investigation of many 

different municipalities due to the use of public data and the associated applicability to arbitrary 

municipalities. In order to be able to use the heat in addition to the power generation of the deep 

geothermal plants, a transferable combinatorial optimisation approach for district heating network 

design in municipalities was developed in two studies and also integrated into RE³ASON. In a further 

study, the technical feasibility and economic expenditure of energy autonomy could finally be 

determined in all 11,131 German municipalities by combining the extended energy system optimisation 

model with a stepwise linear regression. In a concluding review study, the experience gained over 
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several years on the topic of energy autonomy was used to present suggestions for further improvement 

of future energy system modelling of decentralised autonomy.  

For the case study Germany, ten municipality clusters could be identified, which differ considerably in 

terms of their characteristics. For example, one municipality cluster includes all major German cities 

with low renewable energy potentials, while other clusters include more rural municipalities with high 

renewable energy potentials. During the subsequent energy system optimisations, the results showed 

that in the case of complete energy autonomy, deep geothermal plants in combination with district 

heating networks are in fact usually installed. The total costs for municipal energy systems until 2030 

could be reduced by up to 50% by using deep geothermal energy and district heating. This underlines 

the assumption from the literature review that base load technologies are advantageous in energy 

autonomous systems due to the associated reduced storage costs. However, it is important to mention 

that deep geothermal energy and district heating networks have not been installed in any reference 

scenario of municipal energy systems with grid connection. On average, the energy system costs until 

2030 in German municipalities increase by about 0.41 €/kWh in the energy autonomous case compared 

to the optimised reference case. While a technical potential to achieve energy autonomy is present in 

56% of the municipalities, there is therefore no economic benefit of complete energy autonomy in an 

industrialised country like Germany compared to the optimised reference municipal energy system with 

grid connection. However, this latter statement only applies to an isolated consideration of the municipal 

system and requires further investigation in the case of an integrated consideration in a national energy 

system analysis. 

The novel methodological approach of this thesis enabled to obtain optimisation results for a high 

number of energy systems (6,314 municipalities) with practicable computational expenses. In addition 

to the original data and planning tools published alongside the articles, the findings of this thesis can 

help to support local decision makers in determining cost-effective municipal energy systems. Thereby, 

the insights on the impact of different technologies and geographical conditions in municipalities can 

benefit not only for the planning of complete energy autonomy but also for energy system analysis in 

general. Furthermore, the results can be utilised for energy system planning at the national level, such 

as the design of transmission grids. For this purpose, scenarios could be designed in which municipalities 

with the greatest techno-economic potential for decentralised energy systems become energy 

autonomous. For example, the assumption could be made that all municipalities with ∆LCOE less than 

the mean value (0.41 €/kWh) will become autonomous. Then the demand and feed-in from these 

municipalities could be excluded from the analyses. Furthermore, simultaneous optimisation of 

transmission grid expansion and selection of autonomous municipalities could be performed to 

determine the optimal future national energy system.  

The original approaches developed in this thesis have been validated and, if this was not possible, at 

least checked for plausibility. The transferability of the methods for different applications has also been 
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demonstrated in the various studies of this thesis. For example, the algorithm for designing district 

heating networks has been extended in a further ongoing study for connecting wind turbines to electricity 

substations (McKenna et al. 2020). 

However, in order to increase the realizability of the case study results identified in this thesis, some 

methodological extensions are necessary. For example, future research should focus on other 

perspectives than that of a central planner and other target criteria than costs should be included. In 

addition, complete autonomous energy systems in particular must be robustly designed, for example by 

further analysing the Value of Lost Load and whether a security of supply below 100% is acceptable for 

energy consumers. Furthermore, the temporal resolution should be higher than the usually used hourly 

resolution. Finally, methodologies should be developed which can involve local stakeholders in the 

modelling process and thus consider their preferences relating to their future energy system which is 

also related to the acceptance of technologies like wind power or deep geothermal plants.  
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