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Preface 

 

This work has been carried out as a part of Annex 28 of the International Energy 

Agency’s (IEA) “Energy Conservation by Energy Storage” (ECES) programme. 

This annex is titled “Distributed Energy Storage for the Integration of Renewa-

ble Energy (DESIRE).  

 

The IEA ECES Annex 28 is divided into four subtasks. This work has been per-

formed within subtask 3 of the annex. The subtask structure of the annex is as 

follows: 

 

• Subtask 1: Characterisation of distributed energy storage technologies 

and their potential applications. 

 

• Subtask 2: Best practice examples for distributed energy storage solu-

tions. 

 

• Subtask 3: Technical and economic potential of distributed energy 

storage solutions for the integration of renewable energy.  

This report is written within subtask 3. 

 

• Subtask 4: Control requirements for distributed energy storage solutions. 

It should be emphasized that, although the current work has been carried out 

within IEA ECES Annex 28, this report is not an official final report of the An-

nex or the subtask. The current work is published without any liability of the 

IEA ECES programme and at the sole responsibility of the report authors. 

 

The front page illustration is based on the figure below. This is a graphical rep-

resentation, developed by the operating agents of IEA ECES Annex 28, of how 

distributed energy storages integrate into the energy system; i.e. in connection 

with (local) energy sources, energy consumers and/or energy distribution grids. 
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0 Executive Summary 

0.1 Introduction 

In subtask 3 of IEA ECES Annex 28, the aim is to identify which distributed 
energy storage (DES) technologies could be technically and economically ben-
eficial for the integration of fluctuating renewable energy sources (RES) in dif-
ferent types of energy systems. In the subtask, the technical and economic po-
tential for DES solutions is quantified, and it is identified which DES technolo-
gies have the largest total (technical and economic) potential. For this, different 
DES technologies are modelled in the context of a whole energy system on a 
national scale. For comparison and combination with the DES technologies, en-
ergy conversion technologies and other methods for balancing supply and de-
mand in the system are also included in the modelling work. A categorization of 
the energy supply and demand balancing methods included in this work is shown 
in Figure 1.  

 

Figure 1 A categorization of the technologies for balancing energy supply and demand 
that are included in the modelling work in subtask 3. 

 

0.2 Methodology 

The modelling of the different technologies for energy supply and demand bal-
ancing is performed using a scenario-based approach. The scenario structure is 
illustrated in Figure 2. The technologies are modelled one at a time in scenarios 
1-15 and as combinations in scenarios 16-19. The technologies are modelled 
within the settings of five different energy system typologies (configurations A-
E). Each energy system configuration has a baseline scenario (A0-E0), to which 
the results of the other scenarios within the same configuration are compared. 
For each of the scenarios fifteen variations are introduced, where the electricity 
generation from fluctuating RES (wind turbines and PV) is gradually increased 
with each variation to investigate the performance of the technologies in inte-
grating fluctuating RES. This approach results in 63 scenarios, which each exist 
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in fifteen variations, making a total of 945 model simulations. In addition to this, 
variations in the energy storage or conversion capacity have been carried out for 
some scenarios, and a sensitivity analysis has been carried out on some of the 
model input parameters. The modelling has been performed using the energy 
system simulation tool EnergyPLAN, developed by Aalborg University [Ener-
gyPLAN 2018]. 

 

Figure 2 A listing of all modelled distributed energy storage or conversion technology 
scenarios (#1-19), and in which energy system configurations (A-E) they were modelled.  
 

The results of the scenarios have been assessed using the three indicators shown 
in Figure 3. These indicators are used for quantifying the technical and economic 
impact of and potential for introduction of each technology in the energy system. 
The indicators are: 
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• The annually discharged energy. This is a measure of how well the tech-
nology facilitates the integration of fluctuating RES by consuming over-
production and “discharging” it (i.e. sends energy back) to the system 
again in another form or at another time.  

• The reduction in the total annual CO2 emissions arising from the opera-
tion of the energy system.  

• The total annual socio-economic costs of the energy system (a measure 
of how much the operation of the energy system costs society as a whole 
during one year).  

The scenarios are considered feasible if the introduction of the technology low-
ers the CO2 emissions and total system cost and increases the discharged energy, 
compared to the baseline scenario of the same energy system configuration. The 
potential of each technology is assessed based on the combined performance of 
each technology in the three indicators. 

 

Figure 3 A description of the three indicators used for quantifying and comparing the 
results of the model scenarios. 

 

0.3 Main Results 

The results of the baseline scenarios of all configurations A0-E0 are shown in 
Figure 4. The results are shown in terms of the economic indicator (total annual 
socio-economic energy system costs per person), the environmental indicator 
(total annual CO2 emissions per person) and in terms of the electricity overpro-
duction in the system on an annual basis (i.e. the amount of electrical energy that 
cannot be integrated in the energy system). The energy system indicator of “dis-
charged energy” is not applicable for the baseline scenarios, as they contain no 
DES or other technologies for balancing energy supply and demand in the sys-
tem. 
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Figure 4 The results of the simulations for the baseline scenario for each of the energy 
system configurations (A0-E0). Note that the secondary axes do not all start at zero. 

 
In the baseline configuration (A0), which resembles Germany’s energy system, 
energy supply and demand balancing measures are needed for wind and PV gen-
eration greater than around 300 TWh/yr. The island mode configuration (B0) 
has total system costs and CO2 emissions similar to A0, but a greater need for 
energy supply and demand balancing. The introduction of more district heating 
(C0) lowers both the total system costs and the CO2 emissions without introduc-
ing more need for energy supply and demand balancing, compared with the 
baseline configuration (A0). The introduction of electric vehicles (D0) together 
with more wind and PV generation can yield the largest cost savings and CO2 
reduction, and has the least need for energy system balancing measures out of 
all the baseline configurations. The nuclear power configuration (E0) has lower 
CO2 emissions than the other baseline configurations but is the most expensive 
baseline scenario and has the greatest need for supply and demand balancing. 
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System redesign measures can be a very effective way of cost-effectively inte-
grating large amounts of fluctuating RES and reducing CO2 emissions. The re-
sults show that a transition away from energy system configurations A (based 
on Germany’s energy system), B (island mode) or E (more nuclear power) to-
wards a combination of C (more DH) and D (more EVs) is beneficial on the 
indicators. The introduction of more DH increases the potential for inexpensive 
large distributed thermal energy storage and the transition to more EVs leads to 
the introduction of a large distributed electrical energy storage capacity in the 
system. This capacity can be utilised as flexibility for the system by ensuring 
that the EVs are smart charged. Together with such redesign measures, flexibil-
ity in the electricity and/or heating sectors should be introduced along with a 
power-to-gas coupling of these sectors. An example of this is the combination 
of heat pumps and thermal energy storages in individual heating solutions and 
flexible electricity demand.  

The overall trends in the results of scenarios 2-19, are summarized for each en-
ergy system configuration A-E in Table 1 through Table 5. Electrical energy 
storages are technically feasible, but not economically feasible due to high in-
vestment costs. It may, however, be possible to implement EES in an economi-
cally beneficial way in some electricity system configurations by combining 
them with the above-mentioned flexibility and power-to-heat technologies. The 
economic feasibility of the energy supply and demand balancing technologies is 
generally less in the configuration with EVs as the EVs already offer consider-
able flexibility via smart charging. The feasibility of these technologies in the 
EV configuration would increase with even more fluctuating renewable electric-
ity generation. The results of the vast majority of scenarios are very robust 
against changes in fuel costs and CO2 emission prices, as shown in a sensitivity 
analysis of the results. 

In the tables, the effect of each energy supply and demand balancing technology 
(or combination of technologies) on the system is categorized for the indicators 
into “beneficial” (green), “neutral” (yellow) or “not beneficial” (red). The divi-
sion in these three categories is defined as follows for the three indicators: 

• Total annual socio-economic energy system costs (change in  

€/person/year, relative to the corresponding baseline scenario):  

Green: 𝑥 < −25 

Yellow: −25 ≤ 𝑥 ≤ 25 

Red: 𝑥 > 25 

• Total annual CO2 emissions from energy system operation (change in 
ton/person/year, relative to the corresponding baseline scenario): 

Green: 𝑥 < −0.2 

Yellow: −0.2 ≤ 𝑥 ≤ 0 

Red: 𝑥 > 0 

 
• The annual discharged energy (TWh/yr): 

Green:  𝑥 > 10 

Yellow: 0 ≤ 𝑥 ≤ 10 

Red: 𝑥 < 0 
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Table 1 The result trends for all scenarios in energy system configuration A, divided into 
the categories “beneficial” (green), “neutral” (yellow) and “not beneficial” (red) for each 
of the three indicators. Scenarios 16-19 are hybrid scenarios with the following 
combinations: A16=A7+A15; A17=A3+A7+A15; A18=A7+A9+A15; A19=A7+A10+A15. 

Scenarios A # Total  

system 

cost  

CO2  

emis-

sions 

Fluctuat-

ing RES 

integra-

tion 

Electric interconnections to abroad 2    

Flexible electricity demand 3    

Electric heating in district heating 4    

Heat pumps in district heating 5    

Electric heating in individual heating 6    

Heat pumps in individual heating 7    

Power-to-gas (biogas methanation) 8    

Li-ion batteries 9    

Li-ion batt. coupled to photovoltaics 10    

Power-to-gas-to-power (hydrogen) 11    

Vanadium-redox flow batteries 12    

Pit & tank TES in district heating 13    

Aquifer & tank TES in district heating 14    

Tank TES in individual heating 15    

Heat pumps + Tank TES 16    

Heat pumps + Tank TES + Flex. dem. 17    

Heat pumps + TTES + Li-ion batteries 18    

Heat pumps + TTES + (Li-ion+PV) 19    

 

Table 2 The result trends for all scenarios in energy system configuration B. 

Scenarios B # Total  

system 

cost  

CO2  

emis-

sions 

Fluctuat-

ing RES 

integra-

tion 

Flexible electricity demand 3    

Electric heating in district heating 4    

Heat pumps in district heating 5    

Electric heating in individual heating 6    

Heat pumps in individual heating 7    

Power-to-gas (biogas methanation) 8    

Li-ion batteries 9    

Li-ion batt. coupled to photovoltaics 10    

Power-to-gas-to-power (hydrogen) 11    

Vanadium-redox flow batteries 12    
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Table 3 The result trends for all scenarios in energy system configuration C. Scenarios 
16-19 are hybrid scenarios with the following combinations: C16=C5+C13; 
C17=C3+A5+C15; C18=C5+A9+C13; C19=C5+A10+C13. 

Scenarios C # Total  

system 

cost  

CO2  

emis-

sions 

Fluctuat-

ing RES 

integra-

tion 

Flexible electricity demand 3    

Electric heating in district heating 4    

Heat pumps in district heating 5    

Pit & tank TES in district heating 13    

Aquifer & tank TES in district heating 14    

Tank TES in individual heating 15    

Heat pumps + Tank TES 16    

Heat pumps + Tank TES + Flex. dem. 17    

Heat pumps + TTES + Li-ion batteries 18    

Heat pumps + TTES + (Li-ion+PV) 19    

 
 
Table 4 The result trends for all scenarios in energy system configuration D. Scenario 
18 is a hybrid scenario with the combination D7+D9+A15. 

Scenarios D # Total  

system 

cost  

CO2  

emis-

sions 

Fluctuat-

ing RES 

integra-

tion 

Electric interconnections to abroad 2    

Flexible electricity demand 3    

Electric heating in individual heating 6    

Heat pumps in individual heating 7    

Power-to-gas (biogas methanation) 8    

Li-ion batteries 9    

Li-ion batt. coupled to photovoltaics 10    

Power-to-gas-to-power (hydrogen) 11    

Vanadium-redox flow batteries 12    

Heat pumps + TTES + Li-ion batteries  18    

 
 
The indicator values for the scenario variations with the highest amount of wind 
power and photovoltaic generation are used as a basis for the categorisation in 
the tables. Not all technologies were modelled in energy system configurations 
B-E; the results of the excluded scenarios in configurations B-E were not antic-
ipated to provide substantial additional information compared to the results of 
these scenarios in configuration A. 

 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 13  

Table 5 The result trends for all scenarios in energy system configuration E. 

Scenarios E # Total  

system 

cost  

CO2  

emis-

sions 

Fluctuat-

ing RES 

integra-

tion 

Electric interconnections to abroad 2    

Flexible electricity demand 3    

Electric heating in individual heating 6    

Heat pumps in individual heating 7    

Power-to-gas (biogas methanation) 8    

Li-ion batteries 9    

Li-ion batt. coupled to photovoltaics 10    

Power-to-gas-to-power (hydrogen) 11    

Vanadium-redox flow batteries 12    

 

None of the individual changes can make up for the gains of an energy system 
redesign. The results show that individual heat pumps are feasible in all energy 
system configurations. Flexible electricity demand is potentially feasible in all 
configurations except the EV configuration (D). With even more RES electricity 
generation than introduced in the scenarios, it would likely also be feasible in 
configuration D. TTES are potentially feasible in all investigated configurations, 
but have a small effect on the integration of RES when implemented alone. A 
connection with the electricity sector througsh power-to-heat should be looked 
into when implementing TTES, for pursuing the benefits of this storage technol-
ogy.  

The most feasible technology combinations are those that provide flexibility 

both in the electricity sector and the heating sector and have a link between the 

two (power-to-heat). An example of such flexible sector coupling is a combina-

tion that includes TTES, heat pumps and if possible also flexible electricity de-

mand. 

 

Electrical energy storages are in general technically feasible, but not economi-

cally feasible due to high investment costs. It may, however, be possible to im-

plement EES in an economically beneficial way in some electricity system con-

figurations by combining them with the above-mentioned flexibility and power-

to-heat technologies. The economic feasibility of the energy supply and demand 

balancing technologies is generally less in the configuration with EVs as the 

EVs already offer considerable flexibility via smart charging. The feasibility of 

these technologies in the EV configuration can be expected increase with even 

more fluctuating renewable electricity generation. The results of the vast major-

ity of scenarios are very robust against changes in fuel costs and CO2 emission 

prices, as shown in a sensitivity analysis. 
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0.4 Policy Recommendations 

Based on the results obtained in this subtask, the following policy recommenda-
tions can be given in order to obtain the best integration and the greatest tech-
nical and economic benefits of transitioning towards very large capacities of 
fluctuating renewable energy generation: 

0.4.1 Recommendations for energy system redesign 

• District heating, with low-carbon heat generation: A system redesign 
towards more district heating would be feasible. A conversion away 
from individual heating towards district heating with low-CO2 emitting 
heat generation should be prioritised. The redesign towards more district 
heating increases the potential for introducing low-cost distributed en-
ergy storage in the form of large-scale thermal energy storages. 

• Electric vehicles with smart charging: A system redesign towards 
more electric vehicles would be feasible. A massive conversion away 
from internal combustion engine (ICE) vehicles towards electric vehicles 
should be prioritised. To maximize the positive effects of introducing 
electric vehicles, they should be smart charged. The redesign towards 
more electric vehicles with smart charging introduces a substantial and 
cost-effective distributed electrical energy storage capacity in the system 
in the form of vehicle batteries. 

• Some level of electrical interconnections to island systems can be 
beneficial: A system redesign away from island systems towards inter-
connected systems would be beneficial on all indicators to some extent. 
This measure, however, has a limited potential with a high penetration 
of renewable electricity generation. The feasibility of interconnecting 
currently island energy systems to other energy systems should be inves-
tigated carefully where this is geographically and technically possible. 

• Less inflexible nuclear power: Emphasizing a conversion away from 
inflexible nuclear power towards other forms of low-CO2 emitting power 
generation or towards very flexible nuclear power generation should be 
prioritised in energy systems with a large nuclear power capacity, that 
wish to integrate fluctuating RES. 

0.4.2 Recommendations for distributed energy storage and conversion technologies 

• Flexible sector coupling: The most feasible technology combinations 
are those that provide flexibility both in the electricity sector and the 
heating sector (district heating), and have a link between the two (power-
to-heat). An example of this is a combination of DES and flexible sector 
coupling; e.g. combinations that include tank thermal energy storage 
(TTES), heat pumps and flexible electricity demand. 

• Individual heat pumps: The introduction of heat pumps should be pri-
oritized in order to replace fossil fuelled heat generation in individual 
heating. 

• Flexible electricity demand: It should be investigated and tested (e.g. 
in demonstration projects) to which degree electricity consumers are 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 15  

willing to be flexible and how socio-economically expensive it would be 
to compensate them for their flexibility. 

• Thermal energy storages: When thermal energy storages are imple-
mented, connections with the electricity sector through power-to-heat 
should be looked into for increasing the positive impacts of the TTES. 
Thermal energy storages in district heating are more economical and can 
have the potential to provide more flexibility than thermal storages in 
individual heating.  

• Reduction of electrical energy storage investment costs: Electrical en-
ergy storages, power-to-gas and electrical interconnections are all tech-
nically beneficial for the energy system but cause increased total system 
costs due to high technology investment costs. Research and develop-
ment should be prioritized with the goal of reducing the price of these 
solutions. With the price levels used in this model, the implementation 
of these technologies should only be prioritized in energy systems where 
very high integration of fluctuating RES and very large reductions in 
CO2 emissions are clearly prioritized higher than the minimisation of the 
total socio-economic energy system costs. The economic feasibility of 
these solutions may be improved by implementing them in combination 
with flexible sector coupling to the heating sector. 

0.4.3 Other policy recommendations 

• Ensure a positive investment framework for technologies that gen-
erate and integrate renewable energy: Measures should be taken to 
ensure that energy technologies that generate or integrate renewable en-
ergy in the energy system have a positive investment environment com-
pared to energy generation based on fossil fuels. This can be endorsed 
e.g. by removing subsidies for fossil fuel consumption and/or by intro-
ducing economic incentives for renewable energy generation and bal-
ancing technologies. Such policies would advance the transition towards 
a CO2 neutral energy supply and make the integration of large amounts 
of fluctuating renewable energy more economically viable. Higher fuel 
prices make the introduction of DES and other technologies for balanc-
ing energy supply and demand more economically feasible, as shown by 
the sensitivity analysis of the results. 

• Increase CO2 emission prices: Measures should be taken to ensure that 
for existing polluters, the costs of emitting CO2 reflect the actual socio-
economic costs related to the emissions. This would make the integration 
of large amounts of fluctuating renewable energy more economically vi-
able and would make the introduction of DES and other technologies for 
balancing energy supply and demand more economically feasible, as 
shown by the sensitivity analysis of the result. 
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1 Introduction 

1.1 Subtask Definition 

In the ongoing global transition away from an energy supply based mostly on 
fossil fuels towards an energy supply based mostly on sustainable energy 
sources with less greenhouse gas emissions, the share of renewable energy 
sources is rapidly increasing. This development is expected to continue, with 
many regions of the world foreseen to reach very high shares of renewable en-
ergy in their energy generation mix in the coming years or decades. Some of the 
most widely used renewable energy sources, wind energy and solar energy, are 
fluctuating resources that generate energy when the wind blows and the sun 
shines. The energy generation from these sources cannot be regulated in time to 
match the demand for energy services, a has been the case with more conven-
tional energy generation based on easily storable fossil fuels. 

The integration of very large amounts of energy from fluctuating renewable 
sources, while still maintaining a balance between supply and demand in the 
energy system, will pose new challenges and new energy storage and/or balanc-
ing capacities will be needed to handle this. In this IEA ECES annex, the spot-
light is turned towards distributed energy storages (DES) and which role they 
can play in integrating fluctuating renewable energy sources (RES).  

Here, fluctuating RES are mainly understood as wind turbines (both onshore and 
offshore) and photovoltaics (both large-scale and small-scale installations). 
These are the two RES technologies with the fastest growing installed capacity, 
and they both have a large potential for worldwide implementation. The invest-
ment costs and energy generation costs from these technologies has fallen rap-
idly in recent years, with the levelised cost of generation for onshore wind power 
and photovoltaic power reaching similar levels to that of power generation from 
fossil fuelled (oil, gas, coal) power plants in many regions of the world [IRENA 
2018]. This trend is expected to continue in coming years, making wind power 
and photovoltaics even more attractive investment options for new electricity 
generation capacity. For this reason, wind turbines and photovoltaics are con-
sidered the most relevant fluctuating RES technologies to investigate in this sub-
task. 

The goal of subtask 3 of the project is to identify the future technical and eco-
nomic potential for utilizing DES for the integration of renewable energy. This 
is achieved by a scenario analysis, where scenarios with different DES technol-
ogies are simulated in the context of a whole energy system on a country-scale. 
The performance of the DES technologies is evaluated within different types of 
energy systems and with varying shares of fluctuating renewable energy supply. 
The performance of each DES technology in each scenario is evaluated based 
on three indicators; a technical indicator, an economic indicator and an indicator 
for how well the DES technology facilitates the integration of fluctuating renew-
able energy in the energy system.  

The DES technologies and the choice of technologies to include in the modelling 
work is described in Chapter 2. The methodology, including the modelling 
framework, the modelled energy system configurations and scenarios as well as 
the indicators used for assessing the results are defined and described in Chapter 
3. The numerical input data and assumptions for the model are explained in 
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Chapter 4. The results of the analysis are presented in Chapter 5 and discussed 
in Chapter 6. A summary, including a listing of promising DES technologies 
and some policy recommendations is given in the Executive Summary in Chap-
ter 0. 

1.2 Distributed Energy Storage 

In this annex, distributed energy storages are defined by the location of the stor-
age with the energy system. This is illustrated in Figure 5. Energy storage solu-
tions are considered distributed if they are located 

• at the consumer site (from household size up to small industry size), or 

• decentralized in the distribution grid (e.g. neighbourhood scale), or 

• at decentralized power generation sites (e.g. small biogas plant or a sin-
gle wind turbine). 

Energy storage solutions located higher up in the energy system, such as in the 
transmission grid or at centralized power generation sites are not considered 
DES in the context of this Annex. As an example, lithium-ion battery storages 
located in households, buildings or a neighbourhood are considered DES, while 
lithium-ion battery storages located at a wind turbine park or elsewhere in the 
transmission system are not considered DES. 

 

Figure 5 An abstract illustration of how distributed energy storages connect to local 
sources of energy, the distribution grid and the consumers. The distribution grid then 
connects to the transmission grid (not pictured). 

 

1.3 Objectives of the Subtask 

The objectives of subtask 3 are: 

• To estimate the technical potential for the usage of DES technologies for 
the integration of renewable energy (i.e. to quantify how technically use-
ful each DES technology can be for integrating renewable energy 
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sources and thereby lowering the greenhouse gas emissions of the sys-
tem). 

To estimate the economic potential for the usage of DES solutions (i.e. to quantify how 
the implementation of each DES solution affects the overall costs of the energy system).  

• To estimate the total (technical and economic) potential of different DES 
solutions within different types of energy systems (i.e. to identify which 
DES solutions are most promising technically and economically and in 
which types of energy system they could be most beneficial). 

These objectives are to be fulfilled by means of energy system modelling of DES 
technologies. 

1.4 Scope and Limits of the Subtask 

In this subtask, DES technologies are simulated in the context of a whole, nation 
sized energy system using the energy system modelling tool EnergyPLAN [En-
ergyPLAN 2018], [Lund et al. 2015]. The modelling and evaluation of the DES 
technologies is not confined to the electricity system but includes all sectors of 
the energy system. The modelled DES technologies include electrical energy 
storages, thermal energy storages and combinations of these (electrical + ther-
mal). Alternative methods of balancing of supply and demand in the system, 
such as demand side management, electrical interconnections between countries 
and cross-sectoral energy conversion (e.g. power-to-heat, power-to-gas) are also 
included in the simulations for comparison with the DES technologies. 

This subtask includes simulations of energy systems on a national (or large state) 
scale with the goal of identifying large-scale trends and potentials associated 
with the possible implementation of different DES technologies in the system. 
Any detailed modelling of the electricity system, such as frequency regulation 
and primary/secondary reserve power (and any possible revenue from providing 
such services), as well as the modelling of any transmission or distribution sys-
tem bottlenecks, is not within the scope of this subtask. The same goes for other 
energy networks, such as district heating networks and gas networks. These 
more detailed aspects would certainly be interesting to investigate in future work 
on the topic of DES. 

This subtask is confined to technologies with a technology readiness level (TRL) 
of 3-9. The subtask is confined to energy system modelling and does not include 
any experimental or demonstration work.  Development of the different DES 
technologies and R&D work related to this is not within the scope of the subtask 
(or annex).  

The analysis in this subtask is intended for investigating the future potential for 
DES in energy systems with very high shares of fluctuating renewable energy. 
For this reason, technology costs and performance projections for the year 2030 
are used. This annex is focused on studying the integration of DES on an energy 
system level, and no experimental technology development or demonstration 
work on DES is included in the annex. No technology-specific research work 
and technology roadmaps for how the projected future costs and performance 
could be reached for each DES technology are therefore included in this annex. 
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2 Technologies Included in the Model 

2.1 Choosing Technologies to Include in the Model 

A large variety of different energy storage technologies are currently commer-
cially available and many more technologies are under active development 
and/or demonstration. A literature survey has been performed on the key tech-
nical and economic parameters of a large array of energy storage and conversion 
technologies that could potentially be included in the scenario modelling. The 
technologies can be divided in categories as illustrated in Figure 6. This annex 
is focused on technologies from the topmost categories (DES), but technologies 
from the other two categories are also included in the model for comparison. 

 

Figure 6 An illustration of one possible categorisation of technologies for balancing sup-
ply and demand in energy systems. 

 
The current subtask is confined to technologies with a TRL 3-9. For practical 
reasons, it was not deemed feasible to include all available and upcoming energy 
storage technologies within these TRLs in the scenario modelling. To reduce the 
number of model scenarios to a practically feasible number, only the few most 
promising technologies in each category were included in the modelling. The 
first two categories cover distributed energy storage technologies, the next two 
categories cover distributed energy conversion technologies and the last cate-
gory comprises other ways (than storage or conversion) of providing flexibility 
to the energy system.  

The technologies that are included in the scenario modelling include a total of 
six distributed energy storage technologies (three electrical, three thermal), three 
distributed energy conversion technologies (two power-to-heat, one power-to-
gas) and three alternative methods of balancing supply and demand (demand 
side management, electrical interconnectors to abroad). The motivation for in-
cluding some technologies in the modelling and excluding others is given for 
each category in subsections 2.2.1 - 2.4.2. 
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The choice of the technologies that are included in the modelling is further dis-
cussed in Chapter 6. 

For more detailed listing of DES technologies, and in which contexts they may 
be utilized in the energy system, the reader is kindly referred to the final report 
from subtask 1 of this annex. The final report from subtask 2 of this annex fur-
thermore provides an overview of existing DES installations, technology de-
scriptions and best practice examples. Additional information and examples on 
energy storages in general can furthermore be found in [Bundesverbund 2018]. 

 
2.2 Distributed Energy Storage Technologies 

2.2.1 Electrical Energy Storage 

Electrical energy storage (EES) technologies are those where electricity is in-
jected to the storage and later extracted again in the form of electricity. EES can 
be divided into a few categories according to which form the electrical energy 
is stored: Electrochemical storages, chemical storages, mechanical storages and 
electromagnetic storages. In addition to storing electrical energy, many of these 
technologies are also suitable for providing ancillary services to the electricity 
grid, such as reserve capacity and frequency regulation. Grid ancillary services 
are, however, outside the scope of this subtask, as discussed in Chapter 6. 

Batteries are electrochemical energy conversion and storage devices. There are 
many commercially available battery types with different chemistries, and many 
more are under development. Batteries can be divided in two main categories; 
“conventional” batteries and flow batteries. Conventional batteries are electro-
chemical cells that act as both energy conversion and storage devices in one. 
The energy is stored chemically within the battery cell itself, which also handles 
charge and discharge. The power input and output as well as the energy storage 
capacity are therefore dependent on (amongst other parameters) the dimensions 
of the cell; these parameters cannot be regulated independent of each other. In 
flow batteries, the battery cell only acts as an energy conversion device, while 
the energy is stored in special electrolyte storage tanks. The charge and dis-
charge power are dependent on the dimensions of the battery cell, but the energy 
storage capacity is only limited by the size of the electrolyte storage tanks (i.e. 
by the quantity of electrolytic solution). The power and the storage capacity can 
therefore be regulated independent of each other in flow batteries.  Flow batter-
ies are typically considerably more bulky than conventional battery and mainly 
designed for stationary applications. 

One conventional battery technology and one flow battery technology have been 
included in the model in this subtask. These are lithium-ion batteries (conven-
tional) and vanadium-redox batteries (flow). These technologies were chosen 
because they are regarded the most prevalent and most promising battery chem-
istries in each category, as well as being among the cheapest and most efficient 
choices. Other battery chemistries were not included in the modelling, either 
because they are expected to be more expensive and/or less efficient (according 
to projections for 2030), or because they have not reached TRL 3. It is of course 
possible that some battery technologies that are expensive today or that have not 
reached TRL 3 as of now will be improved substantially until 2030. Instead of 
modelling a plethora of different battery chemistries and many different scenar-
ios for their development until 2030, the approach has been taken to model only 
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the most promising technologies (lithium-ion and vanadium-redox) and having 
them serve as benchmarks for the other battery technologies. If other battery 
technologies can match (or surpass) these in price and efficiency by 2030, its 
performance in the modelling results will also match (or surpass) the model re-
sults of the lithium-ion or vanadium-redox batteries (because the model is only 
aware of the parameters of costs and efficiency, but not of battery chemistry and 
other specifics of the different battery technologies). 

In chemical electricity storages, electrical energy is used for producing chemical 
fuels (gas or liquid) via electrolysis. The fuels can be stored and later converted 
again to electrical energy. The term “power-to-gas-to-power” (P2G2P) is often 
used for this scheme. In the model, power-to-gas-to-power has been included in 
the form of hydrogen production via electrolysis of water, a hydrogen storage 
and a conversion back to electricity via fuel cells. Hydrogen was chosen as an 
energy carrier in the P2G2P scenario, rather than methane or other hydrocar-
bons, due to the simplicity of the process; only water and no carbon source is 
required for the conversion of electrical energy to hydrogen. For the electrolysis, 
high-temperature solid oxide electrolysis cells (SOEC) are assumed. For the fuel 
cell operation, high-temperature solid oxide fuel cells (SOFC) are assumed. It is 
furthermore assumed that the solid oxide cells are reversible, i.e. that the same 
device can run both in electrolysis mode and in fuel cell mode. This is a technical 
possibility (and even beneficial) for solid oxide cells [Graves et al. 2014], which 
is beneficial to the energy system because it leads to lower investment costs 
compared to investing in separate electrolyzer and fuel cell devices (electrolysis 
operation and fuel cell operation is not expected to be needed simultaneously). 
A further reason for choosing solid oxide cells rather than alkaline (which is the 
most common electrolysis technology today) or proton-exchange membranes 
(PEM) electrolysers and fuel cells is that the cost and efficiency projections for 
solid oxide cells are better than those of alkaline and PEM for 2030. In case 
alkaline and/or PEM electrolysers and fuel cells can match the efficiency and 
costs of the reversible solid oxide cells by 2030, the model results for the P2G2P 
scenario are also applicable for the alkaline and/or PEM technology. 

Mechanical storages convert and store the electrical energy as potential or ki-
netic energy, which can later be converted again to electrical energy. Examples 
of this are pumped hydro energy storages. (PHES), compressed air energy stor-
ages (CAES) and flywheel storages. These technologies are, however, mainly 
used as centralized storages and not as DES. Flywheels are, furthermore, mainly 
used as short-time reserve for outages and not for long-time storage of energy. 
For these reasons, no mechanical EES have been included in the modelling. 

Electromagnetic storages are e.g. supercapacitors and superconducting magnets. 
These types of storages are, however, designed to yield high power for relatively 
short time periods, and are therefore rather used for power services in the grid 
and for short outages, rather than for long-time storage of energy. Because this 
annex is focused on the integration of large amount of fluctuating RES, which 
requires long-time storage capacities, no electromagnetic EES have not been in-
cluded in the modelling. 

Figure 7 summarises which three EES technologies are included in the model-
ling. Two different scenarios with Li-ion batteries have been modelled, therefore 
the three EES technologies are modelled in a total of four scenarios (scenarios 
no. 9-12). 
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Figure 7 The three electrical energy storage technologies that are included in the model 
in this subtask. The abbreviation used in this report is given in parenthesis for each 
technology. 

 

2.2.2 Thermal Energy Storage 

Thermal energy storage (TES) technologies are those where thermal energy is 
injected to a storage and later extracted again in the form of thermal energy. 
Thermal energy storages can be divided into a few categories according to how 
the heat is stored: Sensible heat storages, latent heat storages (phase change ma-
terials), thermodynamic heat storages (sorption materials) and thermochemical 
heat storages (molten salts).  

In the modelling work, thermal energy storages are used for storing heat for us-
age in district heating networks or in space heating and hot water preparation in 
individual buildings. Only sensible heat storages with water as storage medium 
have been included in the modelling, as the other thermal energy storage types 
are either aimed at storage at very high temperatures (>100 °C), are more ex-
pensive than hot water storages and/or have not reached TRL 3. 

There are four main technologies utilised today for sensible heat storage. Tank 
thermal energy storage (TTES) is the simplest option. TTES can range from 
small storage tanks in individual households (<1 m3), to large accumulation 
tanks in district heating networks (>10,000 m3). Pit thermal energy storage 
(PTES) is method for storing large quantities of heat for district heating net-
works. PTES consist of a pit that is excavated from the ground, lined with water-
tight material and closed with an insulated, floating lid. A number of PTES exist 
today, mainly in Denmark, with storage volumes up to 200,000 m3 (larger stor-
ages are being developed in other countries). Aquifer thermal energy storage 
(ATES) is another method for storing heat (and cold) for large buildings or for 
district heating networks. It is applicable only in locations with suitable geology 
and consist of wells where water can be injected to and extracted from natural 
aquifers in the underground. More than 1500 ATES systems already exist, with 
the highest number located in the Netherlands. Borehole thermal energy storage 
(BTES) is also a method for storing heat (and cold) for large buildings or for 
district heating networks. Similar to ATES, BTES is applicable only in locations 
with suitable geology and consists of boreholes into underground rock with wa-
ter pipes. Hot water flow through the boreholes heats up the surrounding rock, 
which stores the heat. The heat can be retrieved again by a flow of cold water 
through the boreholes, which is heated up by the surrounding rock. A number of 
working BTES systems exist today, e.g. in Canada, Sweden, Germany and Den-
mark. 

Figure 8 summarises which three TES technologies are included in the model-
ling. The model includes a total of three TES scenarios (scenarios no. 13-15). In 
one of the scenarios small TTES on a household level are assumed to be used in 
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individual heating supply. In the other two TES scenarios, large accumulation 
tanks are assumed to be used in the distribution system of district heating net-
works (i.e. on a neighbourhood scale) for short-term storage, together with either 
a PTES or an ATES for long-term (seasonal) heat storage.  

BTES is not included in the modelling, as its representation in the model was 
considered very similar to that of ATES (although the two technologies have 
some different properties in reality).  ATES and BTES are considered to have 
rather similar average investment costs, although the costs are very site-specific 
as they both rely on the geological conditions on-site. In areas where BTES stor-
ages can be built for the same price as assumed for the ATES investment price 
in the model, and assuming the investment lifetime and O&M costs for the two 
technologies are rather similar, then the ATES model results are also valid for 
BTES systems. 

 

 

 
                     

Figure 8 The three thermal energy storage technologies that are included in the model 
in this subtask. 

 

2.3 Distributed Energy Conversion Technologies 

2.3.1 Power-to-Heat 

Power-to-heat (P2H) technologies are those where electrical energy is converted 
to thermal energy. These technologies are included in the modelling for com-
parison with (and in combination with) the storage technologies described in 
section 2.2. Here, the electrical energy injected to the conversion device is not 
retrieved again as electrical energy but utilized as thermal energy in either indi-
vidual or district heating supply. Two power-to-heat conversion technologies 
are included in the modelling; electric heaters and electric heat pumps. 

Both of these technologies are modelled in two different settings; as electric 
boilers or large-scale heat pumps in district heating systems, and as building-
level electric heaters and small-scale heat pumps in individual heating. This re-
sults in a total of four distinct model scenarios with power-to-heat technologies. 
(scenarios no. 4-7). It should be mentioned that the external heat source of the 
heat pump is not specified in the model and they are assumed to have a constant 
(average) coefficient of performance (COP), regardless of the temperature lev-
els.  

Power-to-heat technologies can potentially provide ancillary services to the 
electricity grid. They may also be able to offer some flexibility in their electricity 
consumption via the thermal storage capacity of the building mass. These as-
pects are not taken into account in the model. 
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2.3.2 Power-to-Gas 

Power-to-gas (P2G) is essentially the same as the power-to-gas-to-power chem-
ical energy storage described in subsection 2.2.1, just without the conversion 
back from chemical energy to electrical energy. This is included in the model 
for comparison with the storage technologies described in section 2.2. P2G co-
vers a variety of energy conversion pathways where electrical energy is utilized 
for driving an electrolysis process that results in the formation of combustible 
gas.  

Possible P2G pathways include water electrolysis for hydrogen production, 
where the end product is hydrogen; methanation of biogas via the Sabatier pro-
cess with the addition of hydrogen from water electrolysis, where the product is 
synthetic natural gas (SNG); and electrolysis of water and CO2 (e.g. captured 
from industrial point sources), where the product is synthesis gas.  SNG or syn-
thesis gas may subsequently be reformed further to liquid fuels such as metha-
nol, dimethyl ether (DME) or synthetic gasoline, diesel or kerosene via the 
Fischer Tropsch process. This further reformation of the gas is outside the scope 
of this project.  

One P2G conversion pathway is included in the modelling; the pathway of 
methanation of biogas using hydrogen from electrolysis. This P2G pathway is 
used in model scenario no. 8. The methanation pathway, with SNG as a product, 
is included because when it comes to producing, transmitting and storing large 
amounts of gas, the natural gas system in many countries offers a very large 
capacity for the injection of the SNG. Hydrogen can, on the other hand, only be 
injected in very limited quantities to natural gas grids, and specific hydrogen 
grids are usually not available. In contrast to the P2G2P scenario, the gas in the 
P2G scenario is not stored locally for conversion back to electricity but is trans-
mitted and consumed elsewhere in the energy system. Therefore, it is highly 
beneficial to be able to make use of the existing natural gas infrastructure. The 
biogas for the process is assumed to come from biogas production in the local 
area (e.g. from agriculture or wastewater) and the electrolysis and methanation 
plants are assumed to be relatively small scaled (neighbourhood or small village 
scale). 

Similar to P2H, P2G can potentially provide ancillary services to the electricity 
grid and could offer flexibility in terms of regulating the production of synthetic 
gas based on the requirements of the electricity system. These aspects are not 
taken into account in the model. 

Figure 9 summarises which three distributed energy conversion technologies are 
included in the model in this subtask. 

 

 

 
                     

Figure 9 The three distributed energy conversion technologies that are included in the 
model in this subtask. 
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2.4 Alternative Methods for Balancing Energy Supply and Demand 

2.4.1 Electrical Interconnections to Abroad 

Fluctuating electricity generation and demand can be balanced by transmitting 
electricity between areas of electricity surplus and deficit, as an alternative to 
using energy storage and/or conversion capacity for handling such imbalances. 
The EnergyPLAN tool is capable of including electrical interconnections in and 
out of the national system (i.e. to abroad). Such electricity interconnections are 
included in the modelling work of this subtask for comparison with (and in com-
bination with) the energy storage technologies described in section 2.2. The in-
terconnections are investigated in model scenario no. 2. 

Electrical transmission lines across country borders are widely in place around 
the world. As an example, the electricity systems of most North-western Euro-
pean countries are interconnected and share a common electricity spot market. 
The EU furthermore has an official goal that all its member states should have 
interconnections to abroad corresponding to at least 10% of their installed elec-
tricity production capacity by 2020 [European Commission 2017].  

Transmitting electricity between areas of electricity surplus (with low spot 
prices) and electricity deficit (with high spot prices) can be an effective method 
of balancing supply and demand in the national electricity systems. This can in 
particular be beneficial between regions with a high share of fluctuating renew-
able electricity production and regions that are able to regulate a large share of 
their electricity production. Examples of this are regions with a high share of 
wind turbines and/or photovoltaics, that may effectively balance the fluctuations 
between supply and demand by connecting to regions with e.g. a high share of 
dammed hydropower electricity production. 

There are, however, also some limits to the usefulness of electricity intercon-
nectors, in particular between countries that all have a high installed capacity of 
the same type of fluctuating RES and mostly share similar weather conditions. 
An example of this could be two countries that both have a very high share of 
wind turbines in their electricity generation mix and where the wind patterns are 
mostly identical. In such a case, electricity surplus and deficit are very likely to 
frequently occur simultaneously in both regions, which reduces the usefulness 
of an interconnection between the two countries for balancing fluctuations in 
supply and demand. Relying heavily on electricity interconnections for balanc-
ing national energy systems with a high share of fluctuating RES may also have 
some implications regarding the security of electricity supply. These issues re-
garding the limitations of electrical interconnections are not included in the En-
ergyPLAN model. 

2.4.2 Flexible Electricity Demand 

The imbalance between electricity generation and demand can be reduced by 
making a part of the electricity consumption flexible in time, as an alternative 
solution to investing in energy storage and/or conversion capacity. This solution 
is also called “demand-side management”. This is included in the model for 
comparison with (and in combination with) the energy storage technologies de-
scribed in section 2.2. Flexible energy demand is included in model scenario no. 
3. 
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The idea is that with the emergence of smart electricity meters on the consumer 
side, along with improved business models in electricity distribution and retail 
sales, consumers can be nudged towards shifting parts of their electricity con-
sumption in time. This could e.g. be realized by billing electricity consumption 
in short time steps and providing incentives for consuming electricity in the 
night-time and/or penalties for consuming electricity during the peak load hours 
of the day.  The main categories of flexible demand might include the charging 
of electric vehicles, power-to-heat consumption, household appliance consump-
tion (washing machines, refrigerators), some industry consumption etc. This 
could be an effective method of balancing supply and demand in energy systems 
with a high share of fluctuating RES and for reducing peak load in the electricity 
system. This solution has, however, not yet been realized on a large scale (to the 
authors’ knowledge) and it is therefore not clear to what extent consumers are 
willing to be flexible in their electricity consumption, or how costly effective 
incentives for this would be. 

2.4.3 Curtailment of fluctuating renewable electricity production 

Yet another method for balancing supply and demand in electricity systems with 
a high share of fluctuating RES is to curtail (i.e. turn off) the production from 
the RES to avoid overproduction.  This is possible for wind turbines by halting 
their rotation and for photovoltaics by opening the electrical circuit of the PV 
system. Although the curtailment method itself requires no specific investments, 
it usually has a negative effect on the economy of the plants, because less elec-
tricity is generated and sold, which leads to a lower return on the investment in 
the wind turbine or photovoltaics. Curtailment only has a positive effect on the 
economy of a plant in case the electricity selling price (spot price) drops below 
the marginal electricity production cost of the plant. 

In the EnergyPLAN tool, the modeller can choose whether to allow curtailment 
of RES generation or not. Curtailment of wind turbine and photovoltaic genera-
tion is not allowed in the model baseline scenario (no. 0) but is included in model 
scenario no. 1. If curtailment is allowed in energy systems with a very high share 
of fluctuating RES generation, the electricity supply and demand will usually be 
balanced during all hours of the year. If curtailment is not allowed, a very high 
RES share may lead to overproduction, i.e. to the generation of electricity that 
cannot be utilized in the energy system during some hours of the year. Such 
overproduction is not something that can occur in the real world, because it is a 
technical requirement that generation and demand in electricity systems is in 
balance at all times. Therefore, system operation with no curtailment and elec-
tricity overproduction is purely a computer model situation and not something 
that could occur in reality. Running the models with no curtailment allowed is, 
however, useful for quantifying the amount of electricity overproduction in the 
energy system, from which the general need for investments in electricity supply 
and demand balancing capacity can be derived. 

In the model, the difference between allowing or not allowing RES curtailment 
only affects the model parameters that measure the electricity overproduction in 
the model. No difference in parameters such as costs and CO2 emissions is ob-
served in the models in this subtask between scenarios where RES curtailment 
is allowed and where it is not allowed (assumed all other model input parameters 
are identical). 
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Figure 10 The three alternative methods (i.e. alternatives to storage or conversion) of 
balancing supply and demand in the energy system that are included in the model. 
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3 Methodology 

3.1 The EnergyPLAN Energy System Simulation Tool 

In this subtask, the technologies described in chapter 2 are modelled in the con-
text of a whole national energy system using the EnergyPLAN energy system 
simulation tool. The EnergyPLAN tool is developed by Aalborg University and 
has been used for more than 100 peer reviewed publications and a number of 
reports [Østergaard 2015]. A detailed description of the model is outside the 
scope of this report but may be found in [Lund et al.  2015] and [Lund 2014]. 
The EnergyPLAN modelling tool is freeware and can be obtained from [Ener-
gyPLAN 2018]. 

The EnergyPLAN tool is a deterministic input-output tool assisting in the design 
of energy system strategies and investments by simulating a complete energy 
system hour-by-hour for one full year. This provides insights into the operation 
of the energy system and is purposely designed with the aim of increasing re-
newable energy in the future systems. The tool develops hourly balances for not 
only electricity, but also for district heating, cooling, hydrogen and natural gas, 
which provides valuable knowledge regarding possible demand and generation 
mismatches. In the tool a variety of technologies are available for storing energy 
in the forms of electricity, small and large-scale heating, hydrogen, liquid fuels 
as well as for gaseous storages. These storages are used for optimizing the op-
eration of the energy system and reducing overproduction of energy such as the 
electricity generation from variable renewable sources and district heating tech-
nologies.  

Particular focus in the report is paid to the hourly electricity mismatches between 
generation and demands, which is called Critical Electricity Excess Production 
(CEEP). The CEEP value is the electricity production that exceeds demand, 
transmission capacities and storage possibilities. This value is an indicator for 
the energy system flexibility as a high value implies a high curtailment of elec-
tricity. The storage options and alternative measures are evaluated for their 
CEEP values to give an indication of whether they contribute to enhancing the 
energy system’s ability to avoid wasting energy and allowing for higher shares 
of variable electricity generation. Reducing the CEEP value also results in dis-
placing fuel consumption elsewhere in the system and hence reduced fuel ex-
penses and CO2 emissions. 

The EnergyPLAN tool models the electricity, heating, cooling, industry and 
transport sectors and is suited for evaluating synergies across these sectors by 
installing technologies such as power-to-heat or power-to-gas, see the energy 
system flow chart in Figure 11. Moreover, it is possible to include economic 
assessments through technology investments and O&M, fuel and network costs 
and hereby evaluate the economic feasibility of a range of alternatives. The tech-
nologies and demands that are modelled are defined by the user depending on 
the analysis scope. The complete overview of possible inputs and outputs from 
the tool is illustrated in Figure 12.  

The tool allows for running a market economic or technical simulation of the 
energy system, depending on the scope of the analysis. In this report a technical 
simulation is applied, which models the energy system as fuel-efficient as pos-
sible during every hour of the year. In future energy systems with large amounts 
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of renewable energy this simulation method enables the use of renewables to 
replace solid and gaseous fuels.  

 

 

Figure 11 A schematic flow diagram of the energy system as modelled in the Ener-
gyPLAN modelling tool. Screen shot from the EnergyPLAN software, version 12.4. 
 
 

 

Figure 12 A diagram with listings of all inputs in and outputs from the EnergyPLAN tool, 
with a description of the possible regulation strategies. Figure by Aalborg University. 
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EnergyPLAN provides a range of benefits when considering the scope of this 
project. These include encompassing the entire energy system to assess impacts 
of the alternative within a specific sector, but also on other energy sectors. For 
example, installing electricity storage could reduce the overproduction of elec-
tricity, but might also influence the operation of CHP plants and hence indirectly 
the heating sector. Furthermore, the tool is able to conduct calculations very fast 
(seconds), which makes it possible to develop a wide range of possible scenarios 
that can subsequently be compared and evaluated.  

EnergyPLAN is constructed as a copper-plate model meaning that no internal 
constraints on energy networks are taking into consideration. This might be rel-
evant in cases where domestic bottlenecks occur due to different locations be-
tween energy generation sites and demands.  

The model can be used for drawing conclusions regarding the role of different 
distributed storage solutions and alternatives, but will not provide results about 
the optimal capacities, as no investment optimization is conducted. The results 
can give information about general trends and impacts of the solutions on the 
energy system as a whole, but not on local levels. Furthermore, the model can 
provide insights into the system feasibility of a given solution based on the align-
ment between generation and demand for every hour. A further discussion of 
which conclusions can and cannot be drawn from the results from the Ener-
gyPLAN model is included in Chapter 6. 

3.2 Baseline Model 

For the energy system modelling in this subtask, a baseline energy system model 
for the EnergyPLAN modelling tool has been prepared. Developing and calibrat-
ing a sufficiently detailed model of a large national energy system from scratch 
in EnergyPLAN is a rather large task (due to the large number of parameters). 
Instead of developing a model from scratch for this work, an existing Ener-
gyPLAN model from IEA SHC Task 52 [SHC 2018], developed by Aalborg 
University has been adapted for use in this subtask. This model describes the 
energy system of Germany in the year 2010 and has been well calibrated to Ger-
man 2010 statistics, as documented in the IEA SHC Task 52 subtask A report 
[Mathiesen 2017]. By adapting an existing, well-calibrated model for the current 
work, less resources have been consumed on baseline model development and 
more resources have been available for modelling DES technologies in order to 
identify their technical and economic potential for integrating fluctuating RES. 

The baseline model (labelled A0) in the modelling work is a slightly adapted 
version of the IEA SHC Task 52 Germany model. The following adjustments 
have been made to that model: 

• The installed capacities of RES and electrical interconnection capacity 
to abroad in the model have been updated from values for the year 2010 
to values for the year 2015, based on German statistics [BMWi 2015]. 

• The economic input values (investment costs, O&M costs, plant life-
times, CO2 emission costs, energy costs, electricity price time-series) 
have been updated with values from cost projections for the year 2030. 
This is intended to reflect the fact that this modelling work is performed 
in order to investigate the future potential for DES in energy systems 
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with a very high share of fluctuating RES. The economic input values 
are explained in more detail in Chapter 4 and Appendix A. 

• The installed district heating boiler capacity has been increased from 15 
GW to 76 GW. This is to compensate for the reduced heat generation 
from CHP plants, associated with a decreasing number of operating 
hours of CHP plants as wind turbine and photovoltaic capacity in the 
model is increased. 

• The installed electrical and thermal energy storage capacity has been set 
to zero. This is to ensure that the baseline scenario strictly corresponds 
to a “no-storage” scenario, when comparing with other scenarios. 

• The installed nuclear power plant capacity has been set to zero in the 
model. This is intended to reflect the official German energy policy of 
abandoning nuclear power generation in coming years (specific scenar-
ios with nuclear power are also included in the modelling). 

Other input values and assumptions in the baseline model (A0) are unaltered 
from the calibrated, year 2010 version of the IEA SHC Task 52 Germany model. 

3.3 Model Scenarios and Energy System Configurations 

The energy system modelling in this subtask is based on a scenario approach. 
The scenario structure is divided into energy system configurations, technology 
scenarios and RES generation variations. The configurations represent different 
energy system typologies, with different mixes of energy supply or demand. In 
each scenario, a DES technology, an energy conversion technology or an alter-
native method of balancing supply and demand in the energy system is intro-
duced in the system. Each scenario exists in multiple configurations. The vari-
ations are different instances of the same scenario, where the energy generation 
from wind and PV is varied (increased) from one variation to the next. 

This approach leads to an array of scenarios within the different energy system 
configurations, as illustrated in Figure 13. As shown in the figure, the scenarios 
are labelled from A0 to E12. Each scenario (A0 – E12) exists in the 15 different 
variations (no. 1 – no. 15) in fluctuating RES generation. Some combinations of 
configurations and scenarios are, however, excluded, as explained in subsection 
3.3.5. 
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Figure 13 A listing of all modelled distributed energy storage or conversion technology 
scenarios (#1-19), and in which energy system configurations (A-E) they were modelled. 
For the scenarios marked with a “+”, an additional analysis of the energy storage or 
conversion capacity was performed with a fixed penetration of wind and PV energy.  

3.3.1 5 Energy System Configurations 

The energy system configurations are labelled with the letters A-E. The energy 

system configurations are intended to represent different typologies of energy 

systems. This is important to include so that the results of the modelling work 

in this subtask is not only relevant to countries or regions with energy systems 

that resemble that of Germany, but also for energy systems with other charac-

teristics. 
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Energy system configuration A corresponds to the energy system model of Ger-

many in 2015 (the baseline model described in section 3.2). Energy system con-

figurations B-E are modified versions of energy system configuration A. They 

correspond to energy systems of the same size as that of Germany’s energy 

system, but with some different characteristics: 

Configuration B Island mode. The same as configuration A, but exclud-

ing all energy exchange with other countries (compared 

to 9.6 GW international electricity transmission capacity 

in configuration A). 

Configuration C More district heating.  The same as configuration A, but 

with district heating supplying 50% of the total heat de-

mand in the model (compared to 15% in configuration 

A).  

Configuration D More electric vehicles. The same as configuration A, but 

with electric vehicles comprising up to 70% of the total 

number of vehicles in the model (compared to 0% in 

configuration A). 

Configuration E More nuclear power. The same as configuration A, but 

with 35 GW installed nuclear power plant capacity 

(compared to 0 GW in configuration A). 

The choice of energy system configurations is motivated and described further 

in the following subsections. The numerical input values and assumptions for 

each configuration are given in Chapter 4.  

3.3.1.1 The Choice of Germany’s Energy System as a Basis for the Configurations 

The reason for modelling the energy system in the five different configurations 
A-E is that the performance of the technologies in scenarios 1-15 is anticipated 
to vary based on the composition and dynamics of the energy supply and demand 
in the energy system they are part of. For example, TES technologies in district 
heating are anticipated to have more impact in an energy system with extensive 
DH coverage than in an energy system with very little DH coverage. It is there-
fore important to investigate the performance of the technologies in scenarios 1-
15 in multiple different energy system setups. This is done by defining different 
energy system typologies (or configurations), each of which has specific char-
acteristics that may influence the viability of introducing the different DES tech-
nologies in the system. 

As already mentioned, a model of the energy system of Germany is used as the 
basis for all five energy system configurations. This is not because the intention 
of this subtask is to only investigate the potential of DES in the German energy 
system, but rather because Germany’s energy system is considered a useful en-
ergy system typology, with sufficient size and variety of energy source, conver-
sion, transport and demand types. By using an existing, well calibrated model of 
this system as a basis for the analyses, less resources were used on developing 
the model and more resources could be used on analysing the different scenarios.  
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The same argumentation goes for using variations on the German energy system 
for configurations B-E, instead of modelling the energy systems of other coun-
tries. If the choice had been made to e.g. model the configuration with more 
nuclear power (configuration E) on France’s energy system, a model of the en-
ergy system of France would have had to be developed and calibrated. By using 
variations of the Germany model, resources are saved on model calibration, and 
it is furthermore ensured that it is easy to compare the technology scenarios 
across the different energy system configurations. It is the hope that the results 
obtained from the modelling can be generalized to a wide variety of energy sys-
tems worldwide, although some specifics of the model results may be related to 
the choice of Germany’s energy system as a prototype. 

3.3.1.2 Configuration A: Baseline Configuration Based on Germany’s Energy System 

The baseline configuration is a modified version of the IEA SHC Task 52 Ger-
many model developed by Aalborg University [Mathiesen 2017], as described 
in section 3.2. This configuration very closely resembles the energy system of 
Germany in 2015, but is not an exact, well calibrated replica of Germany’s en-
ergy system in 2015. It is based on the well calibrated model of Germany’s en-
ergy system in 2010 but has been modified without being calibrated again. This 
is not a problem for the purpose of the current subtask, as the aim is to investigate 
the general potential for DES to integrate RES generation in different kinds of 
energy systems, without answering this directly for any specific country our re-
gion cases. 

It should be mentioned that other studies have been carried out for assessing the 
need for energy storage in Germany, e.g. by [Sterner et al. 2014] and [Pape et 
al.  2014]. These studies, are not focused specifically on distributed energy stor-
age, but on energy storage in general. 

3.3.1.3 Configuration B: Island Mode 

The island mode configuration represents an energy system without any connec-
tions to other energy systems. This could correspond to the energy systems of 
real geographical islands, or the energy system of countries or regions that are 
not islands in a geographical sense, but only in an energy system sense (due to 
lack of interconnections to other energy systems). In this configuration, the con-
figuration based on Germany’s energy system is modelled without any electrical 
(or other) interconnectors to abroad. 

Operating energy systems in island mode excludes the possibility of importing 
or exporting electricity, and therefore leads to stricter requirements on the bal-
ancing of supply and demand and on security of supply within the system. This 
may increase the need for (distributed) energy storage in island systems with a 
high share of fluctuating RES, compared to interconnected systems. 

3.3.1.4 Configuration C: More District Heating 

In the energy system configuration with more district heating, 50% of the heat-
ing demand is supplied by district heating, instead of 15% in configuration A. 
The estimated investment costs for the expansion of the district heating systems 
is included in configuration C. In this configuration, the installed energy con-
version capacity in individual heating is reduced by 41% for all types of heat 
generation types (coal, oil, natural gas and biomass boilers, electric heat pumps 
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and electric heating), compared to configuration A. The installed heat generation 
capacity for district heating is increased correspondingly, such that the total net 
heat supply in the model remains the same as in configuration A. The new dis-
trict heating generation capacity is assumed to come from biogas boilers, natural 
gas boilers, solar heating, heat pumps, waste incineration and electric boilers. 
Now new coal or oil heat generation capacity is added in this configuration, 
compared to scenario A.  

The configuration with more district heating offers increased possibilities for 
thermal energy storage and conversion (power-to-heat) technologies on a col-
lective scale. This includes large heat pumps, pit heat storages and aquifer stor-
ages, which all have considerable economics of scale and could be more eco-
nomically feasible than their small-scale counterparts in individual heating sup-
ply. This configuration could yield results for DES and energy conversion solu-
tions that may be particularly feasible in energy systems and areas that already 
have a significant district heating coverage or plan to increase the district heating 
coverage. 

3.3.1.5 Configuration D: More Electric Vehicles 

A very large number of electric vehicles (EVs) in an energy system is likely to 
affect both the magnitude and the time distribution of the electricity demand in 
the system. This changes the supply and demand dynamics in the system, and 
may well have a substantial effect on the need for (distributed) energy storage 
in energy systems with a high share of fluctuating RES.  

The extent of the effects of EVs on the energy system depend largely on which 
strategy is used for charging the EVs; if they are simply charged at full load 
when the users plug them in (dump charge) or if the charging is automated to 
take place in times of low electricity demand (or times of excess electricity pro-
duction), e.g. in the night-time (smart charge).  

Another strategy might be to allow the electricity grid to make use of the battery 
storage capacity of the EVs by enabling “vehicle-to-grid” (V2G), where the EVs 
can not only automatically charge but also discharge energy to the grid when 
they are plugged in. V2G has not yet been implemented on a large scale, and it 
is also unclear to which extent or under which incentives EV owners would be 
willing to participate in V2G (as more frequent battery charging and V2G dis-
charging would potentially decrease the lifetime of the EV batteries).  

In the scenarios in configuration D, smart charging is assumed for all EVs. The 
baseline scenario of configuration D0 has, however, also been simulated for the 
cases of dump charging and vehicle to grid, for comparison with the smart charg-
ing scenarios. The results of this comparison are shown in Figure 93 in Appendix 
B and shows that there are no considerable advantages associated with using 
V2G rather than smart charging in the model. 

The increased electricity peak demand associated with a large number of electric 
vehicles might require more thermal power plant operation and consequently 
more fuel consumption. Furthermore, the increased electricity peak demand may 
require strengthening of the electricity distribution grid (even for the case of 
smart charging). The estimated costs for this are included in configuration D. 
The investment and O&M costs for EVs in the model is assumed to equal that 
of internal combustion engine (ICE) cars. This assumption is intended to reflect 
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that EVs are only anticipated to reach a large-scale commercial breakthrough 
once their investment costs have become similar to those of ICE cars. With re-
cent rates of price decrease in batteries and EVs, this price parity between EVS 
and ICE cars should be reached well before 2030. In the model runs where V2G 
is enabled, a 10% surcharge for additional power electronics (mainly inverter) 
has been added to the EV investment cost. 

3.3.1.6 Configuration E: More Nuclear Power 

In configuration E, approximately 50% of the electricity is assumed to be sup-
plied by nuclear power plants. This is a relevant scenario for investigating the 
need for DES in energy systems with a high share of nuclear power in their 
energy mix, and wish to supplement the nuclear power with energy from fluctu-
ating RES. In the model, the increase in nuclear power generation capacity is 
complimented by a corresponding reduction in coal, gas and oil fired power 
plants.  

The nuclear power plants are assumed to run as constant baseload in the system, 

with no possibility of regulating their production based on supply and demand 

in the system. This leads to different dynamics in the energy system, and may 

increase the need for (distributed) energy storage for high levels of fluctuating 

RES, compared to configuration A. 

3.3.2 19 Technology Scenarios (Within the Configurations) 

Within each energy system configuration A-E, a baseline scenario (scenarios 
A0-E0) is defined. Each baseline scenario represents a business-as-usual sce-
nario for the corresponding configuration, where none of the energy supply and 
demand balancing technologies are included. Curtailment of RES generation is 
not allowed in the baseline scenarios. The results from the technology scenarios 
(1-15) are compared to the baseline scenario (0) in the given configuration. The 
comparison is performed using the indicators described in section 3.4. The nu-
merical input values and assumptions for each scenario are given in Chapter 4. 

The technology scenarios are labelled with the numbers 1-19. Out of these 19 
scenarios, there are 15 technology-specific scenarios (scenarios 1-15) and 4 
“hybrid” scenarios (scenarios 16-19). The scenarios 1-19 are modelled within 
each energy system configuration. In each of the technology specific scenarios 
(1-15), one (two in scenarios 13 and 14) of the energy supply and demand bal-
ancing technologies described in Chapter 2 is introduced in the model. In each 
of the hybrid scenarios (16-19), two or more different technologies from sce-
narios 1-15 are combined.  

3.3.2.1 Technology-Specific Scenarios (1-15) 

The technologies for balancing energy supply and demand described in Chapter 
2 are arranged in technology-specific scenarios as follows: 

Scenarios with alternative methods of balancing supply and demand: 

Scenario 1 Curtailment of wind turbines and photovoltaics. This is the 

only scenario where curtailment is allowed in the model. This 

yields results identical to those of the corresponding baseline 
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scenario, for all parameters except the critical excess electric-

ity production (which equals zero in all variations of the cur-

tailment scenario). Therefore, the result graphs for scenario 1 

are not shown in the report, and the results for the baseline 

modelling scenarios can be interpreted equal to the curtail-

ment scenarios. 

Scenario 2 Electrical interconnections to abroad. This scenario investi-

gates the potential for balancing supply and demand in the sys-

tem by exchanging electricity with the world outside the model 

via an expansion of the electrical interconnector capacity. The 

price for the imported and exported electricity is specified by 

a model input in the form of a time series with hourly values. 

It is not specified what the electricity mix on the other side of 

the model borders is, and the CO2 emissions associated with 

the imported electricity are assumed to be identical with the 

average emissions of the electricity generated within the model 

area. With this method, no increase or decrease in the system 

CO2 emissions can be obtained by making use of electricity 

exchange. 

Scenario 3 Flexible electricity demand. 10% of the total electricity de-

mand is assumed to be flexible by 1 day (24 hours) and 2% is 

assumed to be flexible by one week. In the model it is assumed 

that the flexible demand is in the “conventional” electricity de-

mand, i.e. not within the electricity demand from heat pumps 

or electric vehicles. It is not specified further in the model 

which parts of the conventional electricity demand are as-

sumed to be flexible. 

Distributed energy conversion scenarios: 

Scenario 4 Electric boilers in district heating. Large electrical boilers for 

heating water to district heating forward temperatures. 

Scenario 5 Electric heat pumps in district heating. Large electrical heat 

pumps for heating water to district heating forward tempera-

tures.  

Scenario 6 Electric heating in individual heating. Electrical hot water 

boilers and electric radiators for hot water preparation and 

space heating in individual buildings. 

Scenario 7 Electric heat pumps in individual heating. Electrical heat 

pumps for hot water preparation and space heating in individ-

ual buildings. The heat source for the heat pumps is not speci-

fied in the model and a constant, average COP of 3.0 is as-

sumed. 
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Scenario 8 Power-to-gas (SNG). Solid oxide fuel cells (SOFC) are used 

for the electrolysis of water for hydrogen production. The hy-

drogen is reacted with the CO2 fraction of biogas (from an an-

aerobic digestion process) in a process called methanation to 

produce synthetic natural gas (SNG). The resulting SNG is as-

sumed to be injected into the natural gas grid. 

Distributed energy storage scenarios: 

Scenario 9 Lithium-ion batteries. The batteries in this scenario are as-

sumed to be stationary and located at a building or neighbour-

hood level and to be coupled directly to the grid (without first 

balancing e.g. the photovoltaic production of the building or 

the neighbourhood). 

Scenario 10 Lithium-ion batteries coupled to photovoltaic systems. The 

batteries in this scenario are assumed to be stationary, located 

at a building level and to be coupled directly to the photovol-

taic system of the building. The battery first balances produc-

tion and demand from the local PV system before interacting 

with the grid. These batteries are, however, still assumed to be 

centrally controlled (e.g. by an aggregator company or by the 

distribution grid operator). This is therefore not a scenario 

where the self-consumption is maximized at the single-build-

ing level, but rather a scenario where batteries and PV systems 

are aggregated together to function as virtual power plants. 

Scenario 11 Power-to-gas-to-power (hydrogen). Reversible solid oxide 

cells are used for the electrolysis of water to hydrogen and for 

converting the hydrogen back to electricity and water via fuel 

cell operation. A hydrogen storage is included in the model. 

Scenario 12 Vanadium-redox flow batteries. The batteries in this scenario 

are assumed to be stationary and located in large buildings or 

on a neighbourhood scale. They are assumed to be coupled di-

rectly to the grid (without first balancing e.g. the photovoltaic 

production of the building or the neighbourhood). 

Scenario 13 Pit and large tank thermal energy storage in district heating. 

In this thermal energy storage scenario, pit storages are used 

for long-time (seasonal) storage of heat in district heating, e.g. 

from solar heating. Large tanks are used for short term heat 

storage in the district heating system.  

Scenario 14 Aquifer and large tank thermal energy storage in district heat-

ing. This scenario is very similar to scenario 13, except that 

aquifer thermal energy storage is used for long-time (seasonal) 

storage of heat in district heating. 
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Scenario 15 Tank thermal energy storage in individual heating. Here, do-

mestic hot water tanks are used for storing thermal energy at 

individual building level. 

3.3.2.2 Hybrid Scenarios (16-19) 

In addition to the technology-specific scenarios, where the impact of one spe-
cific technology is investigated in each scenario (two in scenarios 13 and 14), 
four scenarios that represent combinations (hybrids) of a few technologies are 
included in the model. For these scenarios, the aim was to choose those technol-
ogy combinations that would give the best synergies and increase the feasibility 
of the technologies compared to when a single technology is introduced at a 
time. 

Scenario 16 Heat pumps and thermal energy storage. The combination of 

heat pumps and TES increases the flexibility of the heat sup-

ply. This should make it possible for the heat pumps to shift 

some of their electricity consumption from periods of elec-

tricity deficit to periods of electricity surplus. For configura-

tion A, small heat pumps and domestic hot water tanks are 

combined in individual heating supply (scenarios A7+A15). 

For configuration C, large heat pumps, large tanks and pit 

storages are combined in district heating supply (scenarios 

C5+C13). 

Scenario 17 Heat pumps, thermal energy storage and flexible demand. By 

combining heat pumps and TES with flexible electricity de-

mand, an even greater flexibility in the electricity demand is 

obtained than in the original flexible demand scenario (sce-

nario 3). For configuration A, flexible demand is combined 

with small heat pumps and domestic hot water tanks in indi-

vidual heating supply (scenarios A3+A7+A15). For configu-

ration C, the flexible demand is combined with large heat 

pumps, large tanks and pit storages in district heating supply 

(scenarios C3+C5+C13). 

Scenario 18 Heat pumps, thermal energy storage and Li-ion batteries. 

This scenario represents a combination of heat pumps and 

thermal energy storages (as in scenario 16) with the addition 

of Li-ion batteries for balancing fluctuations in electricity 

supply and demand. For configurations A and D, the batteries 

are combined with small heat pumps and domestic hot water 

tanks in individual heating supply (scenarios A9+A7+A15 

and D9+D7+D15). For configuration C, the batteries are 

combined with large heat pumps, large tanks and pit storages 

in district heating supply (scenarios A9+C5+C13). 

Scenario 19 Heat pumps, thermal energy storage and Li-ion batteries 

coupled to PV systems. This scenario represents a combina-

tion of heat pumps and thermal energy storages (as in sce-

nario 16) with the addition of Li-ion batteries coupled to PV 
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systems, for balancing fluctuations in electricity supply and 

demand. Here, the batteries are used for (centrally controlled) 

balancing of the PV generation and the demand, before being 

used for balancing the remaining supply and demand. For 

configuration A, the batteries are combined with small heat 

pumps and domestic hot water tanks in individual heating 

supply (scenarios A10+A7+A15). For configuration C, the 

batteries are combined with large heat pumps, large tanks and 

pit storages in district heating supply (scenarios 

A10+C5+C13). 

Note that the scenario names A9*, C9* and D9* have an asterisk in Figure 13; 
this is because the hybrid scenarios only contain 50% of the installed Li-ion 
battery capacity (and power) compared to the non-hybrid scenarios A9, C9 and 
D9 scenarios in Figure 13. Investing in the full battery capacity is not needed in 
the hybrid scenarios, as the other storage and conversion solutions in the hybrid 
scenario also contribute significantly to balancing electricity supply and demand 
in the system. 

3.3.3 15 Variations in Fluctuating RES Generation (Within the Scenarios) 

In order to investigate how well the modelled energy supply and demand bal-
ancing technologies (described in Chapter 2) perform at integrating fluctuating 
RES in the energy system, each model scenario (A0 – E12) has been simulated 
in 15 variations with a gradually increasing introduction of electricity genera-
tion from wind turbines and photovoltaics (wind+PV). In variation no. 1 of each 
scenario, the combined electricity generation from wind+PV is 90 TWh/yr. In 
each subsequent variation, the wind+PV electricity generation is increased in 
steps of 30 TWh/yr, with variation no. 15 containing 510 TWh/yr of wind+PV 
electricity generation. For the baseline scenario A0, 90 TWh/yr correspond to 
14.7% of the annual electricity demand in the system and 510 TWh/yr corre-
spond to 83.5% of the annual electricity demand in the system. In each technol-
ogy-specific scenario, the installed energy storage and/or conversion capacity 
is also increased with each variation (see section 4.5 for details on this), and the 
ability of this technology to integrate the increasing fluctuating RES (wind+PV) 
generation is measured.  

3.3.4 Additional Parameter Variation  

Some of the scenario labels A0 – E1 are marked with a “+” in Figure 13. For 
each of these scenarios, an additional parameter variation has been carried out 
where the energy storage and/or conversion capacity for the technology included 
in the scenario has been varied for a fixed amount of electricity generation from 
wind turbines and photovoltaics.  

In the scenarios A0- E1, a certain amount of energy storage and/or conversion 
capacity is defined for each of the 15 variations in fluctuating RES generation. 
The definition of this for each scenario is described in section 4.4. No optimisa-
tion of the investment in installed capacities is, however, performed in the 
model. In order to thoroughly investigate which energy storage and/or conver-
sion capacity is in fact optimal for each variation in RES generation in a given 
scenario, the modeller would have to run the model for all possible configura-
tions of capacities and wind+PV generation (at least within some reasonable 
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range for the values of these parameters). This is, however, not feasible for the 
large number of scenarios included in this work.   

To get a better idea of what the most feasible energy storage/and or conversion 
capacity for each technology may be, the capacity for the technologies in the 
scenarios marked with a “+” in Figure 13 have therefore been varied within a 
rather large range for a fixed value of annual wind+PV electricity generation. 
This is illustrated graphically in Figure 14 for the example of Li-ion batteries 
(scenario 9). 

 

Figure 14 The installed battery capacity in scenario 9 is shown here to illustrate the 
additional parameter variation carried out for this scenario, among others. The coordi-
nate system in the figure shows the two-dimensional phase space of the Li-ion battery 
storage capacity and the annual wind+PV electricity generation. In order to investigate 
which battery capacity is most feasible in the model, points on two lines drawn through 
the phase space have been modelled: The blue line shows the selected battery capacity 
for each of the 15 variations in fluctuating RES (wind+PV) generation (scenario A9). 
The orange line shows the modelled variation in battery capacity for a fixed value of 
annual wind+PV generation (the additional parameter variation of scenario A9). The Li-
ion battery capacity of the baseline scenario (A0) is shown for comparison; it is zero 
regardless of the amount of wind+PV electricity generation. 

3.3.5 Excluded Combinations of Scenarios and Configurations 

As can be seen by the missing scenario labels in Figure 13, not all scenarios are 
modelled in all configurations. Some combinations of technologies and energy 
system configurations were intentionally excluded in the modelling. This is not 
due to difficulties in modelling these scenarios or due to lack of resources, but 
rather a result of prioritisation of resources in the modelling work. These sce-
narios are excluded because their results are not expected to deviate considera-
bly from other scenarios with the same number within another energy system 
configuration. As an example, scenario B13 (island mode with TES in DH) 
would have yielded virtually identical results to the results of scenario A13 (Ger-
many’s energy system with TES in DH). The only difference between these two 
scenarios would be the electrical interconnection capacity to abroad, which is 
not anticipated to affect, to any substantial degree, if TES in district heating are 
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feasible or not. As the excluded scenarios would not have yielded considerable 
additional information, the resources of this subtask were rather prioritized in 
more detailed analysis of some of the more interesting scenarios.  

3.4 Indicators for Assessing the Model Results 

The results are presented and compared in terms of the three indicators described 
in Figure 15; the total socio-economic energy system costs (economic indicator), 
the total CO2 emissions arising from the energy system operation (environmen-
tal indicator) and the “discharged energy” from the energy storage and/or con-
version solutions (energy system balancing indicator). 

 

Figure 15 A description of the three indicators used for quantifying and comparing the 
results of all model scenarios. 

3.4.1 Total Socio-Economic Energy System Costs 

The total socio-economic energy system costs are a measure of the economic 
feasibility of the system. The economic feasibility increases with lower total so-
cio-economic system costs. This indicator includes the annualized investment 
costs and the operation and maintenance costs (fixed and variable) of all energy 
generation, conversion, storage and transmission units in the system, as well as 
for all road vehicles. The indicator also includes all fuel costs and the costs of 
all CO2 emissions arising directly from the operation of the energy system. The 
indicator is defined here in terms of the total costs per person, assuming a pop-
ulation of 80 million people (which roughly equals the population of Germany).  

This indicator measures the socio-economic costs, which means that all tariffs, 
taxes and subsidies are excluded. The aim of this approach is to find the most 
economically feasible solutions for the society as a whole, regardless of the 
country-specific current tariff, tax and subsidy structures. In case the most socio-
economically feasible solutions are not the same as the most private-economi-
cally feasible solutions, it is assumed that the latter may be changed by rearrang-
ing the tariff, tax and subsidy policy for the benefit of the society as a whole. 
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The estimated annualized investment costs for additional district heating piping 
is included in all scenarios in configuration C. The annualized investment costs 
for smart charging infrastructure is included in all scenarios in configuration D. 
The annualized investment cost for flexible energy demand infrastructure (smart 
meters) is included in all scenarios 3 and 17. In scenarios with a considerable 
increase in electricity demand compared to the baseline case A0, the estimated 
annualized investment in strengthening the electricity distribution grid is in-
cluded. This includes e.g. all power-to-heat scenarios (scenarios 4-7 and 16-19) 
and all scenarios in configuration D. 

3.4.2 Total Energy System CO2 Emissions 

The total energy system CO2 emissions are a measure of the environmental fea-
sibility of the system. The environmental feasibility increases with lower total 
CO2 emissions. CO2 emissions arising from the operation of the energy system, 
i.e. by the fuel usage in all sectors of the energy system (electricity generation, 
heat generation, industrial energy supply, mobility). This does not include CO2 
emissions in a life-cycle aspect, as life-cycle analysis is outside the scope of this 
Annex. CO2 emissions associated with e.g. the production of batteries, photo-
voltaics or vehicles are therefore not included in this indicator. The indicator is 
defined here in terms of the total CO2 emissions per person, assuming a popu-
lation of 80 million people (which roughly equals the population of Germany). 

There are many other gas species that contribute to pollution and greenhouse 
effects, such as methane, nitrous oxides, water vapour. The quantification of 
these emissions is outside the scope of this work. CO2 emissions are the largest 
contributor to the greenhouse effect globally and has therefore been selected as 
the environmental indicator in this work. It should furthermore be noted that the 
CO2 emissions in the model are directly linked to the amount of fuel consump-
tion. Changes in CO2 emissions can therefore be used as a proxy for measuring 
changes in fuel consumption (except for the case of fuel consumption CO2-neu-
tral biomass and for nuclear power plants). 

3.4.3 Discharged Energy 

To measure how well the energy supply and demand balancing technologies 
perform at integrating fluctuating renewable energy, an indicator called “dis-
charged energy” is used. The “discharged energy” is a measure of the energy 
output (discharge) from the energy conversion and/or storage solutions to the 
energy system. For an energy storage, this equals the fraction of the stored en-
ergy that is recovered from the storage after taking storage losses into account. 
For an energy conversion process, the discharged energy equals the fraction of 
the consumed energy that is output from the process, after taking the efficiency 
of the energy conversion into account. For storage or conversion processes with 
an efficiency of 100%, the discharged energy equals the reduction in electricity 
overproduction (CEEP) compared to the baseline scenario. For scenarios where 
two or more technologies for energy supply and demand balancing are com-
bined, energy may be “discharged” from all of these technologies. In this case, 
the “discharged energy” is defined as the total reduction in CEEP compared to 
the corresponding baseline scenario. 

No distinction is made between different forms of energy (electrical, thermal 
chemical etc.) in this indicator. The discharged energy is measured on an annual 
basis. This indicator is a measure of the technical feasibility of the system, from 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 44  

an energy system operation perspective. The technical feasibility increases with 
increasing discharged energy. 

The reason for choosing this indicator is that for real, value-adding integration 
of large amounts of fluctuating RES to the energy systems, it is not sufficient to 
employ technologies or methods that are effective at consuming electricity when 
the production exceeds the demand. It is also necessary for these technologies 
or methods to effectively yield (discharge) this energy to the energy system 
when the demand arises, and thereby replace fuels that would otherwise have 
been consumed. Such integration, where the focus is on the consumption side of 
the stored and/or converted energy from RES, has a greater potential for reduc-
ing the fuel consumption (and thereby the CO2 emissions) of the energy system 
as a whole, than if the focus of RES integration is only on the energy generation 
side. 

The discharged energy indicator can be illustrated by a few examples. For the 
case of Li-ion batteries with a 95% round-trip efficiency (charge/discharge), the 
annual discharged energy from the batteries will equal 95% of the energy they 
consumed during the year (assuming that the average state of charge of the bat-
teries is the same at the beginning and the end of the year). For the case of elec-
trical heat pumps with an average COP of 3.0, the annual discharged energy will 
equal 300% of the energy they consumed. The heat pumps have thereby inte-
grated each unit of (electrical) energy they consumed as three units of (thermal) 
energy in the energy system. As a last example, consider an energy system with 
electrical interconnections to abroad, which are only used for exports but never 
for imports. The interconnectors are effective at consuming (transporting) sur-
plus electricity production, but the discharged energy from these electrical in-
terconnectors equals zero. This is because the energy they consume is not dis-
charged back into the national energy system. The interconnectors therefore 
contribute to the electricity system stability but do not contribute to the integra-
tion of fluctuating RES in the national energy system in this case. 
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4 Model Input Data and Assumptions 

4.1 Input Data Types in the EnergyPLAN Model 

The EnergyPLAN tool requires many types of different input data for simulating 
an energy system, as mentioned in section 3.1 and shown in Figure 12. The most 
important input data categories (along with some examples of inputs in the cat-
egory) are: 

Technical input values: 

• Energy demand on an annual basis (e.g. electricity, district heating, indi-
vidual heating, cooling, fuels for transport, fuels for industry). 

• Installed capacities of energy conversion unites (e.g. power plants, boil-
ers, combined-heat and power, heat pumps, electric boilers, electrolysis, 
biofuel production). 

• Renewable energy generation on an annual basis (e.g. from wind tur-
bines, photovoltaics, geothermal, hydropower). 

• Energy storage capacities (electrical energy storages, thermal energy 
storages, chemical energy storages) 

• Energy transmission capacities in and out of the model (electricity ex-
change, fuel import) 

• Energy demand for the transport sector on an annual basis (gasoline, die-
sel, electric vehicles, hydrogen vehicles, biofuel vehicles) 

• Time-series for a whole year with a resolution of one hour for demand 
profiles (e.g. electricity demand, district heating demand, individual 
heating demand, transport demand) 

• Time-series for a whole year with a resolution of one hour for fluctuating 
renewable energy generation (wind, photovoltaic, geothermal, hydro-
power, solar heating) 

• Specific CO2 emissions from all fuel types. 

Economic input values: 

• Specific investment costs for all energy generation, conversion storage 
and transmission units, as well as for road vehicles. 

• Fixed and variable operation and maintenance costs. 

• Investment lifetimes and interest rate (for calculating annualised invest-
ment costs). 

• Fuel prices and fuel handling costs for all fuel types in the model. 

• External market electricity price (in the form of a time-series for a whole 
year with a resolution of one hour). 

• CO2 emission costs. 

In this chapter, the choice of model input values will be explained for all energy 
system configuration (A-E) and all technology scenarios (1-19).  
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For the investment cost data in the model, the EnergyPLAN cost database (ver-
sion 3.1, January 2016) [EnergyPLAN 2015] is used, unless otherwise stated in 
this chapter or in Appendix A. The cost database is created and maintained by 
the Sustainable Energy Planning research group at Aalborg University and is 
collected from a variety of Danish and international sources. The primary source 
for the data in the database is the catalogue of technology data for energy plants 
published by the Danish Energy Agency and Energinet [Energistyrelsen 2014]. 
Cost assumptions for the year 2030 in the EnergyPLAN cost databased have 
been used in this work, to reflect that the study is focussed on future scenarios. 

The following global parameters are used in all modelled scenarios: 

• A socio-economic real interest rate of 3.0%. 

• All cost values are in 2015 Euros. 

• CO2 emission costs are set to 34.6 €/ton (this cost level is intended to 
reflect a future situation after the year 2030 [Energinet 2015]). 

For comparison, the level of ETS European CO2 emission allowances was been 
within the range of 5-9 €/ton in the years 2013-2017. It has been estimated that 
the real socio-economic costs of emitting CO2, including all externalities (such 
as health and environmental issues) could be around 180 €/ton [Moore 2015]. 

No taxes or subsidies of any kind are included in the model, as this is a purely 
socio-economic analysis (i.e. an analysis of what the costs of meeting the de-
mand for energy services is for society as a whole, regardless of current, region 
specific tax, tariff and subsidy structures). The EnergyPLAN model is operated 
in technical simulation mode. During the simulation, the model tries to minimize 
critical excess electricity overproduction (CEEP) by replacing CHP generation 
with boiler heat generation. 

4.2 Fluctuating Renewable Energy Source Input Data 

4.2.1 Fluctuating RES Technical Input Data 

As described in subsection 3.3.3, the model scenarios exist in 15 variations, in 
which electricity generation from wind turbines and photovoltaics is stepwise 
increased. In variation no. 1 of the baseline model (scenario A0), the wind+PV 
electricity generation is divided such that 73% of the electricity is generated us-
ing wind turbines and 27% is generated using photovoltaics. As a part of devel-
oping the baseline scenario (A0) and the 15 variations of the wind+PV electricity 
generation, the optimal ratio between wind turbine and photovoltaic generation 
was investigated. The results of this investigation are shown in terms of the re-
sult indicators in Figure 16.  

The figure shows that for the baseline model (A0) and with the RES generation 
time-series used as model inputs in this modelling work, the optimal ratio be-
tween wind and PV generation is when 75% of the wind+PV electricity genera-
tion comes from wind turbines and 25% from photovoltaics. This is because for 
this ratio, the combination of the generation from wind and PV is closest to 
matching the demand profile of the model. In variation 1 of each scenario, this 
ratio is kept at 73% wind power and 27% photovoltaic power, but in the subse-
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quent variations, this ratio is gradually shifted to 75% wind power and 25% pho-
tovoltaic power. This is intended to reflect that variation no. 1 (90 TWh/yr) cor-
responds to the current (year 2015) situation, but that variations no. 2-15 (120 
TWh/yr – 510 TWh/yr) correspond to future situations, in which there is a wig-
gle room for adjusting the ratio of wind and photovoltaic generation to the level 
that is found optimal for the modelled energy system. The wind and photovoltaic 
electricity generation in variations 1-15 is the same in all energy system config-
urations A-E and technology scenarios 1-19 in this work. 

 

Figure 16 A variation of the ratio between wind turbine electricity generation and pho-
tovoltaic electricity generation in the baseline scenario A0, for a fixed total wind and PV 
generation of 330 TWh/yr. The optimal ratio, based on all indicators shown in the figure, 
is a 25% generation from PV and a 75% generation from wind turbines.  
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Figure 17 The installed capacities (top) and the annual electricity generation (bottom) 
from onshore wind turbines, offshore wind turbines and photovoltaics in model varia-
tions 1-15. 

 

The development of the installed wind turbine (onshore and offshore) and PV 
capacities and the corresponding electricity generation, throughout model vari-
ations 1-15, are shown in the charts in Figure 17. The numerical values for this 
are shown in Table 6. The different magnitudes of each technology in the two 
charts (installed capacity and electricity generation) is due to different capacity 
factors of the technologies. In the model, a ratio of approximately 50% wind 
turbine capacity and 50% PV capacity (out of the total installed wind and PV 
capacity) results in 25% of the electricity generation coming from PV and 75% 
of the generation coming from wind turbines. The assumed electricity genera-
tion from each of the three types in variation 1 corresponds to the assumptions 
of the IEA SHC Task 52 Germany model used as a basis for A0. The develop-
ment in the assumed electricity generation towards variation 15 gradually ap-
proaches a 50% generation from onshore wind, 25% generation from offshore 
wind and 25% generation from photovoltaics, as a percentage of the total wind 
and PV electricity generation. This ratio is established in variation 15. 
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Table 6 The development of the electricity production and the installed capacities of 
onshore wind turbines, offshore wind turbines and photovoltaics in the model for varia-
tions 1-15. The fraction of the total electricity demand in the baseline scenario A0 that 
is supplied by wind and PV is given in the column furthest to the right. 

 

 

Table 7 The total German wind and PV electricity generation as a fraction of the German 
gross electricity demand in 2015. All values from [BMWi 2015]. 

 

Table 6 shows that 14% of the total electricity consumption in model scenario 
A0 is generated using wind turbines and PV in variation 1. In variation 15 this 
fraction is 81%. For comparison, statistics for the German electricity generation 
from wind and photovoltaics in 2015 are shown in Table 7. The total fraction of 
renewable energy in Germanys total energy end consumption was 14.9% in 
2015. The Germany government has goals of increasing this share to 18% in 
2020, 30% in 2030, 45% in 2040 and 60% in 2050 [BMWi 2015]. The total 
fraction of renewable energy in Germany’s electricity supply (including elec-
tricity generation from biomass, waste, hydropower and geothermal energy) was 
31.6% of the country’s gross electricity consumption in 2015. The German gov-
ernment has goals of increasing this share to 40-45% in 2025, to 55-60% in 2035 
and above 80% in 2050.To reach these goals, an expansion in the electricity 
generation from wind power and photovoltaics on a similar scale as assumed in 
the model variations 1-15 will be necessary. The last few model variations actu-
ally surpass the current goals for 2050, and therefore represent an even more 
ambitious policy. This could be relevant e.g. when introducing technologies 
such as heat pumps and EVs that cause significant increases in the total electric-
ity demand in the system. 
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4.2.2 Fluctuating RES Economic Input Data 

The economic input data for wind turbines and photovoltaics, used in all scenar-
ios in this work, is shown in Table 8. The investment cost values for the year 
2030 from the EnergyPLAN cost database are used [EnergyPLAN 2015]. The 
assumed costs for onshore and offshore wind turbines are very similar to those 
assumed to the 2030 costs projected in [Energistyrelsen 2014]. 

Table 8 The economic input data for onshore wind turbines, offshore wind turbines and 
photovoltaics. These are projections for the year 2030, and are used in all model sce-
narios in this work.  

 

 

4.3 Input Data in the Baseline Energy System Configuration A 

The baseline scenario of the baseline energy system configuration, A0, is used 
as a basis for all other energy system configurations and scenarios in this work. 
The total set of model input data for the baseline scenario of the baseline con-
figuration A0 is given in Table 30 - Table 52 in Appendix A. All input data is 
from the EnergyPLAN cost database [EnergyPLAN 2015] projections for the 
year 2030, unless stated otherwise in this chapter or in Appendix A.  

In section 4.4, the input values for configurations B-E are explained. In section 
4.5, the input values for the technology scenarios 1-19 are explained. Please note 
that the tables in sections 4.4 and 4.5 only show those input values of configu-
rations B-E that differ from the input values of scenario A0. All input values in 
configurations B-E and scenarios 1-19 that are not shown in the tables in sec-
tions 4.4 and 4.5 are unchanged from configuration A0 (for which the total set 
of input numbers can be found in Appendix A). The set of input values for a 
specific scenario, e.g. D9, can then be found by taking the A0 values as a starting 
point, and then referring to the tables for configuration D in section 4.4 and the 
tables for scenario 9 in section 4.5. 

4.4 Input Data in Energy System Configurations B-E 

4.4.1 Energy System Configuration B Input Data 

Configuration B is identical to configuration A, except for the installed capacity 
of electrical interconnectors. This capacity is 9.6 GW in configuration A, based 
on the interconnection capacity of Germany to its neighbouring countries in 
2015 [Bundesnetzagentur 2015]. In configuration B, the interconnection capac-
ity has been set to 0 GW to reflect an island energy system. This could either be 
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a real, geographical island or simply an electricity system (local, regional or na-
tional) that is not interconnected to other electricity systems. All observed dif-
ferences between scenarios in configuration A and scenarios in configuration B 
arise due to this difference in the interconnection capacity between the two con-
figurations. 

4.4.2 Energy System Configuration C Input Data 

Configuration C is identical to configuration A, except for the heating sector. In 
configuration C, 50% of the total heat demand in the system is assumed to be 
supplied with district heating (this is 15% in configuration A). The investment 
costs for the corresponding district heating network expansion have been esti-
mated using [Persson 2017] and are included in configuration C. 

The model input parameters in configuration C that differ from configuration A 
are shown in Table 9. As can be seen in the table, the individual heating demand 
in configuration C is decreased corresponding to the increase in district heating, 
such that the total heating demand in the model remains the same in both con-
figurations. The reduction in individual heating demand is proportionally the 
same for all individual heating types. The increase in district heating generation 
is mainly in boilers and compression heat pumps, and to a smaller extent in solar 
thermal, absorption heat pumps and waste incineration CHP. No expansion of 
CHP back pressure plants is assumed. The fuels of the additional district heating 
boiler capacity are furthermore assumed to be primarily biomass and natural gas, 
and not coal or oil, which leads to a different fuel distribution for DH generation 
in configuration C, compared to A. The choice of expanding the DH generation 
with biomass, heat pumps, solar, waste and natural gas and not on coal or oil 
results in a DH generation with a considerably lower average CO2 emissions in 
configuration C, compared to configuration A. 
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Table 9 The model input parameters in configuration C (scenario C0) that differ from 
configuration A (scenario A0).  

 

4.4.3 Energy System Configuration D Input Data 

Configuration D is identical to configuration A, except for personal vehicles 
(cars). In configuration D, the share of electric vehicles out of the total number 
of cars in the model is gradually increased from 0% to 70% throughout model 
variations 1-15. The number of internal combustion engine (ICE) cars in the 
model is reduced correspondingly, such that the total number of cars remains 
constant. The model input values in configuration D that differ from those of 
configuration A are shown in Table 10 and Table 11. The investment in smart 
charging infrastructure (charging stations and home chargers capable of smart 
charging) has been estimated and is taken into account in configuration D. The 
estimated investment costs of strengthening the electricity grid, due to a higher 
peak electricity load in configuration D than in configuration A, of 0.165 million 
€/MW [Energistyrelsen 2013] has also been included in the model results in 
configuration D. 
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Table 10 The model input parameters in configuration D (scenario D0) that differ from 
configuration A (scenario A0). 

 

 

Table 11 The development in the number of EVs, ICE cars, fuel consumption and EV 
infrastructure in variations 1-15 in configuration D. A G€ equals one billion €. 

 

 

4.4.4 Energy System Configuration E Input Data 

Configuration E is identical to configuration A, except for the nuclear power 
plant installed capacity and the installed capacity of other thermal power plant 
that only generate electricity (not CHP). In configuration E, it is assumed that 
50% of the electricity demand in E0 is supplied with nuclear power (compared 
to 0% in configuration A). The installed capacity of other power plants is re-
duced accordingly, such that the total electricity generation power plant capacity 
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remains the same as in configuration A. It is assumed that the nuclear power 
plants mostly replace coal fired power plants, which reduces the average CO2 
emissions from electricity generation using thermal power plants, compared to 
configuration A. The model input values in configuration E that differ from 
those of configuration A are shown in Table 12. 

Table 12 The model input parameters in configuration E (scenario E0) that differ from 
configuration A (scenario A0). 

 

 

4.5 Input Data in Technology Scenarios 1-19 

4.5.1 Alternative Methods for Balancing Supply and Demand (Scenarios 2-3) 

The model input parameters in the electrical interconnection scenario (2) and the 
flexible electricity demand scenario (3) that differ from those of the baseline 
scenario (0) are shown in Table 13. The development of the interconnection ca-
pacity and the flexible electricity demand in variations 1-15 is shown in Table 
14. 

The electricity transmission capacity in variation 1 is based on the installed 
transmission line capacity to and from Germany in 2015, which was 9.6 GW 
[Bundesnetzagentur 2015]. The transmission capacity in scenarios 2-15 was set 
such that it is just sufficient to export the electricity overproduction in the system 
(CEEP) during all hours of the year. 

The flexible electricity demand is constant through variations 1-15. The flexible 
electricity demand that is flexible for up to a period of 1 day (24 hours) is as-
sumed to amount to 10% of the energy demand and 300% of the average load in 
scenario A0. The flexible electricity demand that is flexible for up to 1 week is 
assumed to amount to 2% of the energy demand and 600% of the average load 
in scenario A0. It is not specified further in the model which parts of the elec-
tricity demand deliver this flexibility. The investment costs for flexible electric-
ity demand are assumed to correspond to the installation of smart electricity me-
ters for all electricity consumers. Based on Danish experiences and estimates, it 
was assumed that the cost of smart meters are 85 €/household and 855 €/con-
sumer for whole-sale consumers (industry). By scaling these numbers up for the 
size of Germany’s population, the total smart meter investment cost in scenario 
3 was estimated to be 6.7 billion €. 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 55  

Table 13 The model input parameters in the scenarios with alternative methods for bal-
ancing energy supply and demand (2-3) that differ from the input values of the baseline 
scenario (0). 

 

 

Table 14 The development of the electrical interconnection capacity (scenario 2) and 
the flexible electricity demand (scenario 3) in model variations 1-15. 
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4.5.2 Energy Conversion Technologies (Scenarios 4-8) 

The model input parameters in the scenarios with energy conversion technolo-
gies (power-to-heat and power-to-gas) that differ from those of the baseline sce-
nario (0) are shown in Table 15. The development of the DH electric boiler ca-
pacity (scenario 4), the DH electric heat pump capacity (scenario 5) and the 
power-to-gas (electrolysis, biogas and SNG; scenario 8) is shown in Table 16. 
The development of the individual heating demands for the individual electric 
heating scenario (6) and the individual heat pump scenario (7) is shown in Table 
17. 

The same development in the installed electrical capacity is assumed in the elec-
tric boiler and the heat pump scenarios in DH (scenarios 4 and 5). This develop-
ment is shown in Table 16 for variations 1-15. A constant COP of 3.0 is assumed 
for the electric heat pumps. The assumed efficiency of electric boilers is 100%. 
The heat pumps thus yield three times as much thermal energy as the electric 
boilers do per unit of electricity consumption. 

For the scenarios with individual electric heating (6) and individual heat pumps 
(7), the increase in their electricity demand is shown in Table 17. A constant 
COP of 3.0 is assumed for the individual heat pumps. The assumed efficiency 
of electric boilers is 100%. The heat pumps thus yield three times as much ther-
mal energy as the electric boilers do per unit of electricity consumption. The 
individual electric heating or heat pumps are assumed to replace other types of 
individual heating. They are assumed to replace all individual coal boilers first, 
and then decrease the demand for oil heating and gas heating as shown in Table 
17. 

For the scenario with power-to-gas, it is assumed that solid oxide electrolysers 
(SOEC) use electricity to electrolyse water and produce hydrogen (and oxygen). 
It is furthermore assumed that the hydrogen is reacted with biogas in order to 
methanate the CO2-fraction of the biogas, thereby upgrading the biogas to natu-
ral gas grid quality (SNG). The assumed energy demands for these processes in 
the model are shown in Table 16. For the investment costs of SOEC, an average 
of values from [Energistyrelsen 2014], [Mathiesen 2013] and [EUDP 2016] are 
used. For the efficiencies of the electrolysis and the methanation and for the 
investment costs of the methanation, values from [Sveinbjörnsson 2017] are 
used. The electrolysis and methanation efficiencies and costs refer to projections 
for the year 2030, assuming a sufficient technology devopment and implemen-
tation rate for reaching the projected values. 

The estimated investment costs of strengthening the electricity grid, due to a 
higher peak electricity load in the energy conversion scenarios than in the base-
line scenario (0), of 0.165 million €/MW [Energistyrelsen 2013] has been in-
cluded in the model results in scenarios 4-8 in all configurations. 

 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 57  

Table 15 The model input parameters in the scenarios with energy conversion technol-
ogies (4-8) that differ from the input values of the baseline scenario (0). 
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Table 16 The development of the DH electric boiler capacity (scenario 4), the DH elec-
tric heat pump capacity (scenario 5) and the power-to-gas capacities (scenario 8) in 
model variations 1-15. 

 
 

Table 17 The development of the individual electric heating demand (scenario 6) and 
the individual heat pump demand (scenario 7) in model variations 1-15. 
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4.5.3 Electrical Energy Storage Technologies (Scenarios 9-12) 

The model input parameters in the scenarios with distributed electrical energy 
storage technologies that differ from those of the baseline scenario (0) are shown 
in Table 18. The development in the charge/discharge capacity and the energy 
storage capacity of the EES technologies in variations 1-15 is shown in Table 
19.  

The development in the installed battery capacity (or power-to-gas capacity) in 
the variations of scenarios 9, 11 and 12 is proportional to the development of the 
electricity overproduction (CEEP) in the variations of the baseline scenario A0. 
The installed energy storage capacities of Li-ion batteries (scenario 9), power-
to-gas-to-power (scenario 11) and Vd-redox flow batteries (scenario 12) have 
the same development in variations 1-15. The installed energy conversion ca-
pacity (charge and discharge) for power-to-gas-to-power and the Vd-redox flow 
batteries also follow the same development in the variations. The charge and 
discharge capacity of Li-ion batteries is much larger, as the power and energy 
storage capacities in Li-ion batteries has a fixed ratio (because they serve as a 
conversion and storage device in one). The energy storage capacity in power-to-
gas-to-power and flow batteries can be regulated independent from the power 
capacity, which can be an advantage when storing very large amounts of energy. 

In scenario 10, it is assumed that each photovoltaic system in the model has a 
fixed Li-ion battery capacity directly connected to it. The battery first absorbs 
the excess production from the PV systems before interacting with the grid (i.e. 
they are centrally controlled). In this scenario it is assumed that each household 
with PV has an electricity generation of 2000 kWh/yr and a Li-ion battery stor-
age capacity of 6.4 kWh with a battery charge and discharge power of 3.3 kW. 
These battery specifications correspond to those of the Tesla Powerwall 1 house-
hold-scale Li-ion battery product. The resulting total Li-ion battery capacity in 
the system, when assuming that 100% of the PV cells in the model has this Li-
ion battery capacity coupled to it, is shown in Table 19. 

The Li-ion battery price used in this work is 180 €/kWh for scenario 9, where 
medium sized battery systems, on a large building or neighbourhood scale (but 
still in the distribution grid) are assumed. The Li-ion battery prices used in sce-
nario 10 is 270 €/kWh for scenario 10, where smaller, individual household-
scale batteries are assumed. In both scenarios, the battery price includes the price 
for a total system, including the battery cells, the power electronics (including 
the inverter) and the battery housing. 
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Table 18 The model input parameters in the scenarios with electrical energy storage 
technologies (9-12) that differ from the input values of the baseline scenario (0). 

 

The investment costs for Li-ion battery packs have fallen rapidly with increased 
production volumes in recent years. This development is assumed to continue in 
coming years. In [McKinsey 2017], the current battery pack price (without 
power electronics and housing) is projected to fall below 190 USD/kWh (160 
€/kWh) before 2020 and below 100 USD/kWh (90 €/kWh) before 2030. In this 
work, it is assumed that the battery pack price of a large building or neighbour-
hood battery system accounts for 50% of the total system price, which leads to 
a price estimate of 180 €/kWh for such a system by 2030. It is assumed that the 
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battery pack price of a small household-scale system accounts for 33% of the 
total system price, which leads to a price estimate of 270 €/kWh for such a sys-
tem by 2030. For comparison, the prices of the Tesla Powerwall 2 battery prod-
uct in 2016 was approximately 390 €/kWh (which is 2-3 times the estimated 
battery pack production price in 2016). 

Commercial Li-ion battery systems typically do not utilize their full technical 
charge and discharge range, but are typically cycled between e.g. 10% state of 
charge and 90% state of charge, to protect the cells from degrading. This has 
been taken into account in the assumptions for the capacity and prices in this 
work. 

In scenario 11, reversible solid oxide electrochemical cells are assumed to act as 
electrolysers and fuel cells. The efficiencies and investment costs for the solid 
oxide cells and the hydrogen storage are based on [Energistyrelsen 2014], 
[Mathiesen 2013] and [EUDP 2016]. Efficiencies and investment costs for Vd-
redox flow batteries (scenario 12) from [Energistyrelsen 2014] were used. 

Table 19 The development of the electrical energy storage and power capacities in 
scenarios 9-12, shown for model variations 1-15. 

 

4.5.4 Thermal Energy Storage Technologies (Scenarios 13-15) 

The model input parameters in the scenarios with distributed thermal energy 
storage technologies that differ from those of the baseline scenario (0) are shown 
in Table 20. The capacity of the seasonal thermal energy storages (pit and aqui-
fer, in scenarios 13 and 14) is dimensioned such that they are able to store 25% 
of the annual DH solar thermal heat generation (in scenario A0). The capacity 
of the short-term thermal energy storages (tanks, scenarios 13 and 14) is dimen-
sioned such that they can store 24 hours of the district heating peak load (in 
scenario A0).  
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The individual heating thermal energy storages are dimensioned such that they 
can store 24 hours of peak heat demand. To put the resulting tank storage capac-
ity into perspective, it corresponds to 52 litres of thermal energy storage per 
person, assuming a system population of 80 million people. The small TES in 
individual heating can therefore be thought of as accumulation tanks of a con-
ventional size, which are actively used for energy system balancing. 

The investment costs of large tank storages from [Energistyrelsen 2014] were 
used. For pit storage investment costs, experiences by PlanEnergi from Danish 
implementation projects are used. The investment costs for aquifer storages, 
prices from [Snijders 2017] were used.  

Table 20 The development of the thermal energy storage and power capacities in sce-
narios 9-12, shown for model variations 1-15. 

 

4.5.5 Hybrid Scenarios (Scenarios 16-19) 

For the hybrid scenarios 16-19, where two or more of the technologies from 
scenarios 1-15 are combined, the capacities for each technology are identical to 
those listed in the technology specific scenarios in subsections 4.5.1 - 4.5.4. For 
information on which technology specific scenarios are combined in each of the 
hybrid scenarios, the reader is referred to the scenario specifications in subsec-
tion 3.3.2.2. Note that all hybrid scenarios in configurations A and D use heat 
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pumps and TES in individual heating, but all hybrid scenarios in configuration 
C use heat pumps and TES in district heating. 

The only technology in the hybrid scenarios that is not included with the same 
installed capacity as in its technology specific scenario is Li-ion batteries (non-
PV coupled). In the hybrid scenario 18, the installed capacity of Li-ion batteries 
is precisely 50% of their installed capacity in scenario 9. This is because the heat 
pumps and TES reduce the need for electrical energy storage in the hybrid sce-
nario, compared with scenario 9. 

4.6 Time-Series for Hourly Distributions 

As already mentioned, the model used in the current work is based on a Germany 
2010 EnergyPLAN model developed and calibrated by Aalborg University in 
IEA SHC Task 52 [Mathiesen 2017]. The model simulates the operation of the 
energy system during a whole year in time steps of one hour. Fluctuating gener-
ation and demand data is input to the model in terms of time series with 8784 
values (corresponding to 366 days). All time-series inputs from the original SHC 
Task 52 model were used unmodified in the modelling in the current work. The 
time-series for the electricity demand, wind generation, PV generation, solar 
thermal generation and hydropower was based on measured data for Germany 
obtained from Fraunhofer IWES. The time series for the heating demand is gen-
erated by Aalborg University. To illustrate the fluctuations of some these hourly 
distributions, some examples of the time series are shown in Figure 18 - Figure 
20. 

 

Figure 18 The electricity demand profile, shown for the first 30 days of the year. Peaks 
occur at noon and at dinnertime, and the demand during weekends and nights is gen-
erally lower than during weekdays. The y-axis values are normalized such that the sum 
of the demand over the whole year equals 1. 
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Figure 19 The heating demand profile, shown for a whole year. This profile is used both 
for DH demand and individual heating demand in the model. The y-axis values are nor-
malized such that the sum of the demand over the whole year equals 1. 

 

 

Figure 20 The electricity generation profile for onshore wind turbines used in the model. 
The generation fluctuates a lot through the year, with slightly more average generation 
during winter than during summer. 
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5 Results 

5.1 A Guide to Reading the Result Figures 

The result graphs of the baseline scenarios are shown in section 5.2, the results 
for the technology-specific scenarios (2-15) are shown in section 5.3 and the 
results for the hybrid scenarios (16-19) are shown in section 5.4. A summary of 
the results is given in section 5.5. The results of a sensitivity analysis on some 
of the model input parameters are shown in section 5.6. A full version of the 
result graphs, with separate result graphs for each scenario in each configuration 
and with the results of the additional parameter variation that was carried out for 
some scenarios (described in subsection 3.3.4), is shown in Figure 42 - Figure 
112 in Appendix B. 

The results for scenarios 2-19 are shown as a separate figure for each scenario. 
Each of the figures shows the results for all energy system configurations (A-E) 
that have been modelled for the current scenario. The result figures for scenarios 
2-19 all have the same format; they all contain four charts which share the same 
x-axis. The x-axis of all the result charts shows the amount of the system’s an-
nual national electricity consumption supplied by wind turbines and photovol-
taics.  

As explained in subsections 3.3.3, each scenario exists in 15 variations for the 
electricity generation from wind turbines and photovoltaics (90 TWh/yr to 510 
TWh/yr). The variable shown on the x-axis of the graphs, which is the annual 
national electricity consumption (and not generation) supplied by wind and PV, 
only equals the annual electricity generation from wind and PV in case no elec-
tricity overproduction (CEEP) occurs during the year. In case the annual CEEP 
is greater than zero, the electricity consumption supplied by wind and PV will 
be lower than the electricity generated by wind and PV, because some fraction 
of the electricity generated by wind and PV cannot be consumed (integrated) in 
the system. For this reason, the points in the result graphs are not equally spaced 
on the y-axes of the result charts. The first (left-most) point on each curve in the 
charts corresponds to variation 1 (90 TWh/yr generated by wind and PV) and 
the last (right-most point on each curve corresponds to variation 15 (510 TWh/yr 
generated by wind and PV). Their position on the x-axes of the chart depends, 
however, on how much of this generated electricity can actually be consumed 
(integrated). The best integration of fluctuating RES generation is therefore ob-
tained in those scenarios where the result curves stretch furthest along the x-
axis. 

In the top-most chart in each result figure, the results for discharged energy in-
dicator (energy system indicator) are depicted on the y-axis. In the next two 
charts, the results for the total annual system cost indicator (economic indicator) 
and the total annual CO2 emissions indicator (environmental indicator) are 
drawn on the y-axis.  

The results of the economic and environmental indicators are shown relative to 
the corresponding baseline scenario; i.e. as the difference between the result of 
this indicator in the current scenario (e.g. D2) and its baseline scenario (e.g. D0). 
When presented in this way, the indicators show how much more (or less) eco-
nomically and environmentally feasible the energy system becomes by introduc-
ing the energy supply and demand balancing technology of each scenario, as 
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compared to not introducing them in the same energy system configuration. 
Curves with negative values for the changes in the economic and environmental 
indicators denote that introducing the technology is beneficial (in terms of total 
system costs or CO2 emissions) in the current scenario, compared to the corre-
sponding baseline scenario; positive values denote that introducing the technol-
ogy results in a worse performance (in terms of total system costs or CO2 emis-
sions) than in the corresponding baseline scenario. The results for all scenarios, 
presented in terms of absolute values and compared to the absolute values of the 
corresponding baseline scenario, can be found in Appendix B. 

The chart at the bottom of each figure shows the installed energy storage and/or 
conversion capacity (in some cases on two separate y-axes). The position of the 
points in these curves on the x-axis is the same as in the results of configuration 
A in each scenario. It should be noted that the storage or conversion capacities 
are not results of the model calculations, but rather input values to the model. 
These capacities and their development with the stepwise increasing electricity 
production from wind and PV are, however, very different between scenarios 
(as described in section 4.4). For a good understanding of the results of the in-
dicators, it is necessary to keep in mind which storage and/or conversion capac-
ities the results are based on in each scenario. The charts at the bottom of each 
figure are intended to assist the reader with this. 

The results of the baseline scenarios (in section 5.2) are shown in terms of the 
economic and environmental indicator, and in terms of the electricity overpro-
duction (CEEP). The indicator of discharged energy is not included in these re-
sults, as the discharged energy equals zero in all baseline cases, per definition 
(as none of the energy supply and demand balancing technologies is included in 
the baseline scenarios). 

5.2 Baseline Scenario Results 

Scenario Configurations 

0  

Baseline 

A0 

Germany 

B0 

Island 

mode 

C0 

More DH 

D0  

More EVs 

E0  

More  

nuclear 

 
Figure 21 shows the results for the baseline scenario of each energy system con-
figuration (A0-E0). In scenario A0, the total socio-economic energy system 
costs remain approximately constant up to a wind and PV generation level of 
300 TWh/yr (corresponding to 49% of the annual electricity demand in this sce-
nario). Hereafter the total system costs increase non-linearly with increased an-
nual wind and PV generation. The electricity overproduction in this scenario 
also takes off shortly before reaching 300 TWh/yr wind and PV generation. This 
shows that for a wind and PV production greater than 300 TWh/yr, the introduc-
tion of some energy supply and demand balancing methods or technology could 
be beneficial. The total system costs increase because for the variations after 300 
TWh/yr, the additional investment in RES capacity yields less and less fuel sav-
ings and the value of the additional fluctuating electricity generation decreases 
as it becomes more difficult to integrate it in the system. 

The total CO2 emissions are reduced by 24% in variation 15 compared to varia-
tion 1. In variation 15, the electricity overproduction is 95 TWh/yr, spread over 
2778 hours of the year and with an overproduction peak of 182 GW. These val-
ues indicate the magnitude of the energy supply and demand balancing capacity 
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that is needed for full integration of 510 TWh/yr wind and PV generation in 
energy system configuration A. Note that the curves for scenario reach a maxi-
mum of 415 TWh/yr on the x-axis, in accordance with the fact that out of the 
total generation from wind and PV of 510 TWh/yr in variation 15, 95 TWh/yr 
are CEEP. 

 

Figure 21 The results of the simulations for the baseline scenario for each of the energy 
system configurations (A0-E0). Note that in the topmost chart (blue), the curves for A0 
and C0 fully overlap. 

The results of scenario B0 (island mode) show similar trends to those in scenario 
A0. The total annual system costs in scenario B0 are slightly lower than in A0 
up to a wind and PV generation of 300 TWh/yr, due to the removal of invest-
ments in interconnection capacity. The total system cost curves and the electric-
ity overproduction curves in B0 rise non-linearly after a wind and PV generation 
of approximately 250 TWh/yr. The total system costs and the electricity over-
production are furthermore higher in scenario B0 than in A0 for the variations 
with the highest wind and PV generation. This shows that integrating fluctuating 
RES is more difficult in island mode (B0) than in the baseline configuration (A0) 
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and that the need for energy supply and demand balancing measures arises ear-
lier in B0 than in A0. The development of the CO2 emissions is approximately 
the same in B0 as in A0. 

The trends in the results for scenario C0 (more district heating) are identical to 
those in scenario A0, and the technical need for energy supply and demand bal-
ancing is very similar in both scenarios. Both the total annual system costs and 
the total annual CO2 emissions are consistently lower in scenario C0 than in A0. 
This reflects that in the model, collective heat supply is socio-economically less 
expensive than individual heat supply, and that the expansion in DH (as it is 
performed in configuration C, see subsection 4.4.2) reduces the consumption of 
fuels for heating. 

In scenario D0 (more electric vehicles), the starting point in variation 1 is iden-
tical to that of scenario A0, i.e. no electric vehicles. With the gradual introduc-
tion of more EVs (see subsection 4.4.3 for details), alongside with the introduc-
tion of more electricity generation from wind and PV, the total annual system 
costs, the total annual CO2 emissions and the total annual CEEP all become 
lower than in scenario A0. Especially the total system costs follow a different 
trend for scenario D0 than for the other baseline scenarios; the costs in D0 are 
reduced with increased generation from wind and PV. The need for supply and 
demand balancing only arises for a wind and PV generation of over 350 GWh/yr 
in D0. The need for other energy storage and/or conversion technologies is con-
siderably less in configuration D than A. This is because smart charging is as-
sumed for the EVs, which takes care of a large part of the need for energy supply 
and demand balancing and makes more integration of fluctuating RES possible.  

The results for scenario E0 (more nuclear power) reflect that the introduction of 
fluctuating RES generation is more difficult in energy systems with a large share 
of inflexible electricity generation. The need for energy supply and demand bal-
ancing arises already at wind and PV generation below 150 TWh/yr. The E0 
curves only reach 266 TWh/yr on the x-axis, indicating that close to half of the 
510 TWh/yr generation from wind and PV in variation 15 cannot be integrated 
in the system. This also causes the total system costs in scenario E0 to rapidly 
increase with more installed capacity of wind turbines and PV, as the electricity 
generated by this capacity is often unwanted in the system, and thus cannot be 
sold. The CO2 emissions in scenario E0 are considerably lower than in the other 
baseline scenarios. This is because nuclear power generation replaces large 
amounts of fossil fuel consumption that would otherwise have been required. 

Baseline configuratons (scenario 0): Main conclusions 

 
• In the baseline configuration (A0), energy supply and demand balancing 

measures are needed for wind and PV generation greater than 300 TWh/yr. 

• The introduction of more DH (C0) lowers both the total system costs and the 

CO2 emissions without introducing more need for energy supply and de-

mand balancing, compared with the baseline configuration (A0) 

• The introduction of EVs (D0) together with more wind and PV generation 

can yield the largest cost savings and CO2 reduction, and has the least need 

for energy system balancing measures out of all the baseline configurations. 

• The nuclear power configuration (E0) has lower CO2 emissions than the 

other baseline configurations, but is the most expensive baseline scenario 

and has the greatest need for supply and demand balancing. 
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5.3 Technology specific scenario results 

5.3.1 Scenarios 2: Electricity interconnections to abroad 

Scenario Configurations 

2  

Electrical interconnections 

A2 

Germany 

D2  

More EVs 

E2  

More nuclear 

 
The results of the scenario with electrical interconnections to abroad are shown 
in Figure 22. In variations 1-15, the installed interconnection capacity is varied 
from 9.6 GW (the capacity in the baseline model A0) up to 200 GW. 

Electrical interconnections do not lower the total system costs in any of the three 
configurations in this scenario. The interconnection scenario is most economi-
cally feasible in configuration E. This is because in configuration E, there is a 
large annual electricity overproduction for high shares of wind and PV genera-
tion (as shown in Figure 21), and the interconnections therefore obtain a large 
number of full load hours. Correspondingly, this scenario is least economically 
feasible in configuration D, which has the least electricity overproduction of the 
baseline configurations in  Figure 21. 

The CO2-intensity of the electricity generation on the other side of the border is 
assumed to be the same as within the national model. Under this assumption, the 
introduction of more interconnector capacity in configurations A and E does not 
change the CO2 emissions in the system, as no extra fuel is consumed for the 
electricity export (only the excess production is exported). In configuration D, 
the CO2 emissions are, however, increased with the introduction of more inter-
connection capacity. This is because in this scenario, fuel is consumed during 
some hours of the year for generating additional electricity for export. 

No energy is discharged to the national energy system in any of the variations 
in this scenario. This is because the national system is in all cases self-sufficient 
with electricity during all hours of the year, and underproduction therefore never 
occurs; only overproduction. Consequently, the EnergyPLAN model never 
chooses to import electricity, and no energy is thus discharged to the national 
energy system via the interconnector when running in the technical simulation 
mode of the EnergyPLAN tool. 

In this scenario, the interconnection capacity is dimensioned such that it is just 
sufficient for exporting all CEEP in each variation (i.e. reducing it by 100%).  
Figure 43 in Appendix B shows that for the variation with 330 TWh/yr wind and 
PV generation, an interconnection capacity of 35 GW is reduces the CEEP by 
90% (assuming that the countries on the other side of the interconnections are 
willing to import at all times). An expansion of the interconnection capacity to 
35 GW in that variation increases the total system costs by 20 €/person/year. 

Electrical interconnections (scenario 2): Main conclusions 

 
• Interconnections lead to increased total system costs. 

• Interconnections do not affect the total CO2 emissions or the discharged en-

ergy (except in the EV configuration (D2), where the CO2 emissions are in-

creased), but do lower the electricity overproduction in the system. 
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Figure 22 The results for scenarios 2, where the electrical interconnection capacity to 
abroad is expanded with increasing generation from fluctuating RES. Note that the total 
system cost chart (red) and the CO2 emission chart (green) show relative values (the 
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values. 
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5.3.2 Scenarios 3: 

Scenario Configurations 

3  

Flexible electricity 

demand 

A3 

Germany 

B3 

Island 

mode 

C3 

More DH 

D3  

More EVs 

E3  

More  

nuclear 

 
Figure 23 shows the results of the scenario with a flexible electricity demand. A 
constant flexible demand of 72 TWh/yr is assumed in all variations. 60 TWh/yr 
(corresponding to approx. 10% of the demand) is flexible by 24 hours and 12 
TWh/yr, (corresponding to approx. 2% of the demand) is flexible by one week. 
In the baseline model, no flexible electricity demand is assumed. 

Flexible electricity demand is economically feasible in configuration E and for 
variations with 300 TWh/yr or more of fluctuating RES in configurations A, B 
& C. Flexible electricity demand leads to increased total system costs in config-
uration D. This is because the additional costs associated with the flexible de-
mand (investment in smart meters) is increasingly unnecessary as more and 
more smart charging EVs are introduced to the system, as their consumption is 
already flexible. 

Flexible electricity demand reduces the CO2 emissions in all configurations. 
This is because demand can, in all cases, be shifted from hours when it would 
otherwise have been necessary to run fossil fuelled power plants. The flexible 
demand enables the integration of up to 16-18 additional TWh/yr generated from 
wind and PV in configurations A B, C and E, compared to the baseline scenario.  
No energy losses are associated with the flexible electricity demand, and there-
fore the CEEP reduction in this scenario equals the discharged energy.  

The curves in configuration E have optima at around 300 TWh/yr electricity 
generation from wind and PV. This is because 300 TWh/yr correspond to ap-
proximately 50% of the electricity consumption in the system. 50% of the elec-
tricity is generated by inflexible nuclear power in E. When the generation from 
wind and PV exceeds 50% of the consumption, the total electricity generation 
in the system will exceed the annual demand, and overproduction occurs. Flex-
ible demand is therefore really only useful for integrating up to 300 TWh/yr of 
fluctuating RES in configuration E, because the flexible demand only shifts elec-
tricity consumption in time, but does not enable the conversion of excess elec-
tricity production to other sectors of the energy system. 

Figure 45 in Appendix B indicates that in general, increasing the flexibility of 
the electricity consumption is beneficial on all indicators. It is, however, not 
clear to which extent electricity consumers are willing to be flexible, or how 
much they would have to be compensated for their flexibility (such compensa-
tion is not included in the model). 

Flexible energy demand (scenario 3): Main conclusions 

 
• Flexible electricity demand lowers the total system costs for variations with 

a high share of fluctuating RES, in all configurations except for more EVs 

(D3), where the EV batteries offer this flexibility in a more cost-effective way. 

• Flexible electricity demand lowers the CO2 emissions. 

• Flexible electricity demand enables the integration of more fluctuating RES. 
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Figure 23 The results for scenarios 3, where it is assumed that some parts of the elec-
tricity demand are flexible by periods from 24 hours to one week. Note that the total 
system cost chart (red) and the CO2 emission chart (green) show relative values (the 
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values. 

  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 73  

5.3.3 Scenarios 4: 

Scenario Configurations 

4  

Electric boilers in 

district heating 

A4 

Germany 

(15% DH) 

B4 

Island mode 

(15% DH) 

C4 

More DH 

(50% DH) 

 
Figure 24 shows the results of the scenario with an increased capacity of electric 
boilers in district heating. In variations 1-15 the electric boiler capacity is in-
creased in equally spaced steps from 10 GW to 45 GW. 

Electric boilers in DH slightly reduce the total system costs in configurations A 
and B for variations with a high share of electricity generation from wind and 
PV. In configurations A and B, the CO2 emissions remain approximately con-
stant with the introduction of electric boilers for the highest shares of electricity 
generation from wind and PV. In configuration C (and for low RES generation 
in configurations A and B), the total costs and the CO2 emissions increase.   

This is because the heat demand is inflexible, due to lack of storage, and must 
also take place in hours with high electricity prices and low electricity generation 
from wind and PV. In some hours, it is even necessary to generate extra elec-
tricity using fuels, to supply the increased demand arising from the introduction 
of the electric boilers. This leads to unchanged or increased marginal production 
costs and CO2 emissions. The effects of electric boilers in DH are larger in con-
figuration C than in A and B, simply because a much higher share of the heat 
demand is fulfilled with DH in C. This also means that the electric boilers have 
more full load hours in configuration C than in A or B, and there are conse-
quently more hours where fuels must be burned to produce electricity for the 
additional demand caused by the electric boilers. 

Electric boilers enable the integration of up to approximately 20-30 TWh/yr of 
additional electricity generated by wind and PV, compared to the baseline sce-
narios A0, B0 and C0. This is because during some hours of the year, the electric 
boilers consume some of the electricity overproduction in the system. It should 
be noted that electric boilers are assumed to have an efficiency of 100%, and the 
CEEP reduction in this scenario therefore equals the discharged energy. 

Electric boilers in DH (scenario 4): Main conclusions 

 
• As long as the increase in electricity demand caused by electric boilers in 

DH can be supplied mainly by RES, they can be beneficial on all indicators. 

• If electric boilers in DH are operated in systems with low amounts of fluctu-

ating RES generation, or without matching their operation to the RES sup-

ply, they cause increased total system costs and CO2 emissions. 

• Electric boilers enable the integration of more fluctuating RES. 
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Figure 24 The results from scenarios 4, where it is assumed that the share of electric 
boilers in the district heating generation is increased. Note that the total system cost 
chart (red) and the CO2 emission chart (green) show relative values (the difference be-
tween the current scenario and the baseline scenario, for each configuration) while the 
discharged energy chart (purple) shows absolute values. 
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5.3.4 Scenarios 5: 

Scenario Configurations 

5  

Heat pumps in 

district heating 

A5 

Germany 

(15% DH) 

B5 

Island mode 

(15% DH) 

C5 

More DH 

(50% DH) 

 
Figure 25 shows the results of the scenario with an increased capacity of electric 
heat pumps in district heating. In variations 1-15, the heat pump electrical ca-
pacity is increased in equally spaced steps from 10 GW to 45 GW (identical to 
the electric boiler capacity in scenario 4). In the EnergyPLAN model, the pri-
mary difference between scenarios 4 and 5 lies in the efficiency of the energy 
conversion from electricity to heat, as well as in the investment costs of the con-
version capacity. 

The introduction of heat pumps in DH increases the total system costs in con-
figurations A and B, compared to the baseline scenarios A0 and B0. This is be-
cause of the rather high investment costs for the heat pumps, compared to other 
forms of heat supply. The heat pumps therefore do not replace large amounts of 
heat generation capacity with lower marginal costs. The heat pumps cause a 
slight decrease in the total CO2 emissions in configurations A and B. This is 
because the heat pumps increase the average efficiency of heat generation, 
thereby reducing the fuel needs of the DH system. 

The introduction of heat pumps in DH in scenario C causes a slight decrease in 
total system costs and an increase in CO2 emissions (except for the variations 
with the very highest shares of fluctuating RES generation, where the costs are 
increased and the CO2 emissions are decreased). This is because in some varia-
tions, the increased electricity demand from heat pumps has to be met by in-
creasing the operation of thermal, fossil fuelled power plants. In the variations 
for which sufficient RES capacity is reached, this development is reversed and 
the fuel consumption of thermal power plants can be reduced again. 

Electric heat pumps in DH (scenario 5): Main conclusions 

 
• Heat pumps in DH can be beneficial on all indicators, in case the increase 

in electricity demand they cause can mainly be supplied during hours with 

high generation from RES. 

• Heat pumps can increase the average efficiency of DH heat generation, 

thereby reducing the fuel consumption for heating. 

• Heat pumps in DH enable the integration of more fluctuating RES. 
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Figure 25 The results from scenarios 5, where it is assumed that the share of large heat 
pumps in the district heating generation is increased. Note that the total system cost 
chart (red) and the CO2 emission chart (green) show relative values (the difference be-
tween the current scenario and the baseline scenario, for each configuration) while the 
discharged energy chart (purple) shows absolute values. 
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5.3.5 Scenarios 6: 

Scenario Configurations 

6  

Electric heating in 

individual heating 

A6 

Germany 

B6 

Island mode 

D6 

More DH 

E6 

More nuclear 

 
Figure 26 shows the results for electric heating (direct electric, no heat pumps) 
in individual heating. The capacity is increased gradually in configurations 1-15 
from an electricity consumption for heating of 52 to 130 TWh/yr. 

Introducing electric heating in individual heating slightly increases the total sys-
tem costs in configurations A, B and E for low amounts of wind and PV gener-
ation, but becomes economically feasible for a wind and PV generation of more 
than approximately 270 TWh/yr. This is because with increasing wind and PV 
generation, the number of hours with low electricity prices increases, which ben-
efits individual heating. 

Electric heating in individual heating causes slightly increased CO2 emissions 
in configurations A, B, D and some variations of E. This is because the increased 
electricity demand caused by the electric heaters causes increased electricity 
generation using fossil fuels during some hours of the year. This doesn’t occur 
as often in configuration E, as it does in A, B and D, because there is generally 
more overproduction of electricity in E, and therefore less need for generating 
extra electricity on fossil fuels for fulfilling the electric heating demand. 

In configuration D, the total system costs and the CO2 emissions increase when 
electric heating is introduced. This is because in the EV configuration, the elec-
tricity demand is larger than in the other configurations, and the addition of 
power-to-heat electricity demand makes it even larger. In D6, the maximum 
wind and PV generation of 510 TWh/yr only equals 64% of the annual demand 
(compared to 83% in A0). Fossil fuelled power plants must therefore be used 
more often for electricity generation in D6 than in the other configurations in 
scenario 6. They have higher marginal production costs and cause increased CO2 
emissions. In D6, even more electricity generation from wind and PV would be 
needed to counter effect the increased electricity generation caused by the elec-
tric heaters. 

In this scenario there is a good potential for the integration of fluctuating RES, 
especially in configuration E but also in A B. The potential is smallest in con-
figuration D, as the EVs in the system already provide flexibility in this config-
uration. Figure 49 in Appendix B shows that for the variation with 330 TWh/yr 
wind and PV generation, investing in less electric heating than in scenario A6 is 
less beneficial economically and for the integration of fluctuating RES, but more 
beneficial regarding the CO2 emissions.  

Electric heating in individual heating (scenario 6): Main conclusions 

 
• Electric heating in individual heating is only economically beneficial for high 

levels of electricity generation from fluctuating RES. 

• Electric heating in individual heating generally increases the total system 

CO2 emissions. 

• Electric heating in ind. heating is good for integrating more fluctuating RES. 
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Figure 26 The results from scenarios 6, where it is assumed that the share of electric 
heating in individual heating supply is increased. Note that the total system cost chart 
(red) and the CO2 emission chart (green) show relative values (the difference between 
the current scenario and the baseline scenario, for each configuration) while the dis-
charged energy chart (purple) shows absolute values. 

  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 79  

5.3.6 Scenarios 7:  

Scenario Configurations 

7  

Heat pumps in in-

dividual heating 

A7 

Germany 

B7 

Island mode 

D7 

More DH 

E7 

More nuclear 

 
Figure 27 shows the results for heat pumps in individual heating. The installed 
heat pump capacity is increased gradually such that their electricity consumption 
goes from 8 TWh/yr to 100 TWh/yr. 

Individual heat pumps lower the total system costs for configurations A, B and 
E for wind and PV generation of approximately 180 TWh/yr or more. They also 
lower the CO2 emissions of the system in the same cases. For high wind and PV 
generation levels, the heat pumps have a large positive effect on the total system 
costs and the CO2 emissions. This is because individual heat pumps both in-
crease the average efficiency in the individual heating sector and because the 
replace heat generation from fossil fuels with electricity consumption (which is 
partly generated using RES).  

In configuration D, the total system costs remain approximately constant when 
electric heat pumps are introduced. The CO2 emissions are reduced the least in 
D out of all configurations. This is because in the EV configuration, the electric-
ity demand is larger than in the other configurations, and the addition of power-
to-heat electricity demand makes it even larger. In D7, the maximum wind and 
PV generation of 510 TWh/yr only equals 64% of the annual demand (compared 
to 83% in A0). Fossil fuelled power plants must therefore be used more often 
for electricity generation in D6 than in the other configurations in scenario 6. 
They have higher marginal production costs and cause increased CO2 emissions. 
This outweighs the positive effects of the heat pumps, observed in the other con-
figurations. In D6, even more electricity generation from wind and PV would be 
needed to counter effect the increased electricity generation needed for the heat 
pumps. 

Individual heat pumps are a very effective method for integrating fluctuating 
RES. They are able to consume some of the CEEP and are furthermore able to 
“discharge” three times the electrical energy they consume as thermal energy. 

Figure 51 in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity generation from wind and PV in configuration A, the introduction of less 
heat pump capacity in individual heating would be less beneficial on all indica-
tors. 

Heat pumps in individual heating (scenario 7): Main conclusions 

 
• Heat pumps in individual heating are highly beneficial on all indicators (neu-

tral for costs in EV scenario) for a level of wind and PV generation higher 

than approx. 180 TWh/yr. 

• Heat pumps in individual heating are not as beneficial in the EV configura-

tion (D) as they are in the other configurations, as they increase the electric-

ity demand to a level where electricity generation must often be met by fossil 

fuels; more RES generation would be needed to meet the heat pump elec-

tricity demand without increasing fuel consumption. 
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Figure 27 The results from scenarios 7, where it is assumed that the share of heat 
pumps in individual heating supply is increased. Note that the total system cost chart 
(red) and the CO2 emission chart (green) show relative values (the difference between 
the current scenario and the baseline scenario, for each configuration) while the dis-
charged energy chart (purple) shows absolute values. 
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5.3.7 Scenarios 8: 

Scenario Configurations 

8  

Power-to-gas (bio-

gas methanation) 

A8 

Germany 

B8 

Island mode 

D8 

More DH 

E8 

More nuclear 

 
Figure 28 shows the model results for power-to-gas via biogas methanation 
(where hydrogen from electrolysis is reacted with the CO2 fraction of biogas to 
boost its methane content and upgrade it to natural gas grid quality). The annual 
electrolyzer electricity consumption is gradually increased from zero to 95 
TWh/yr in variations 1-15. The installed biogas production capacity and 
methanation capacity are increased correspondingly, such that there is sufficient 
biogas supply for using the full electrolyzer capacity to run the methanation. 

Power-to-gas causes a large increase in the total system costs for all configura-
tions. This is because of the high investment costs in the electrolysis, biogas 
production and methanation units. Power-to-gas is closest to being economically 
beneficial in configuration E, as there is the greatest need for removing CEEP 
from the system in E out of all configurations.  

Power-to-gas lowers the CO2 emissions in all configurations except for D. The 
produced SNG has substantially lower net CO2 emissions than natural gas of 
fossil origin. This lowers the average CO2 emissions of gas consuming sectors, 
and consequently the CO2 emissions of the whole system. In scenario D there is 
not as much CEEP, so some of the electricity for P2G is produced (using fossil 
fuels) especially for that purpose, which increases the CO2 emissions associated 
with the SNG, and in the system as a whole. 

Power-to-gas is a very good method for integrating fluctuating RES, in particu-
lar in configuration E. In configurations D and E, the introduction of power-to-
gas allows for the integration of the full 510 TWh/yr generated by wind and PV 
in variation 15. Power-to-gas is technically feasible for configuration E, because 
in that configuration, too much electricity is generated on an annual basis for 
high wind+PV generation, and power-to-gas allows for converting this overpro-
duction to gas for usage in other sectors of the energy system. 

Figure 53 in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity generation from wind and PV in configuration A, more power-to-gas is 
beneficial for the integration of more fluctuating RES generation, but that it in-
creases both the total system costs and the CO2 emissions in the system. There 
is an optimum in the power-to-gas capacity and CO2 emissions, which is asso-
ciated with the amount of electricity generation from fluctuating RES that is 
available for usage for power-to-gas.  

Power-to-gas, biogas methanation (scenario 8): Main conclusions 

 
• Power-to-gas is very useful for integrating more fluctuating RES and for low-

ering the total CO2 emissions of the system (as long as the electrolyzer elec-

tricity consumption is not too large, compared to the RES generation). 

• Power-to-gas is not economically beneficial due to high investment costs 

but may be more feasible than other RES options in case strict targets of 

CO2 reduction in the transport sector are to be met. 
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Figure 28 The results from scenarios 8, in which an energy conversion capacity for 
power-to-gas, via biogas methanation, is added to the system. Black (left y-axis): Elec-
trolyzer electricity consumption. Grey (right y-axis): Installed electrolyzer electricity input 
power. White (right y-axis): Installed methanation SNG output power. Note that the total 
system cost chart (red) and the CO2 emission chart (green) show relative values (the 
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values. 
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5.3.8 Scenarios 9: 

Scenario Configurations 

9  

Li-ion batteries 

(not PV coupled) 

A9 

Germany 

B9 

Island mode 

D9 

More DH 

E9 

More nuclear 

 
Figure 29 shows the results of the lithium-ion battery scenario. In variations 1-
15, the Li-ion battery capacity is increased from zero to 1500 GWh, correspond-
ing to a charge and discharge power of 750 GW. 

Li-ion batteries cause a large increase in the total system costs for all configura-
tions. This is because the assumed investment costs in Li-ion batteries weigh 
much heavier than the economic benefits of the flexibility that the batteries pro-
vide in the system. 

Li-ion batteries lower the total CO2 emissions from the system operation in all 
configurations. They also enable the integration of large amounts of fluctuating 
RES generation. The reduction is in CO2 emissions is directly proportional to 
the amount of increased RES integration, as can be seen in the CO2 emission 
and the discharged energy charts in Figure 29. 

In configuration E, the CO2 emission reduction and the discharged energy have 
optima at approx. 260 TWh/yr wind and PV generation. This is because this 
amount of wind and PV generation corresponds to almost 60% of the total an-
nual demand, in a system where nuclear power constantly delivers around 50% 
of the total annual demand. A 10% overproduction can be exported out of the 
system, but for higher RES generation levels than this, it is not possible to reduce 
the CEEP further, regardless of how many batteries are installed. Further inte-
gration of fluctuating RES would require a sector-coupling technology (e.g. 
power-to-heat or power-to-gas). 

Figure 55 in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity generation from wind and PV in configuration A, the CEEP can be re-
duced by 90% by investing in 3 TW of battery conversion capacity (6 GWh 
storage capacity). This would increase the total system costs by 500 €/person/yr 
and slightly reduce the total CO2 emissions.  

Li-ion batteries (scenario 9): Main conclusions 

 
• Li-ion batteries are effective for integrating fluctuating RES generation and 

for reducing the total CO2 emissions of operating the energy system. 

• Li-ion batteries for balancing large amounts of supply and demand in the 

energy system are not socio-economically feasible, due to high investment 

costs. 
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Figure 29 The results from scenarios 9, where it is assumed that stationary, lithium-ion 
batteries, that are not directly coupled to PV systems, are introduced in the system. 
Note that the total system cost chart (red) and the CO2 emission chart (green) show 
relative values (the difference between the current scenario and the baseline scenario, 
for each configuration) while the discharged energy chart (purple) shows absolute val-
ues. 
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5.3.9 Scenarios 10: 

Scenario Configurations 

10  

Li-ion batteries 

coupled to PV 

A10 

Germany 

B10 

Island mode 

D10 

More DH 

E10 

More nuclear 

 
Figure 30 shows the results for the scenario with Li-ion batteries coupled di-
rectly to all PV systems in the model (assuming the same PV capacity in each 
variation as in all other scenarios). The batteries are used for balancing the fluc-
tuations in PV supply and electricity demand, and not for balancing the fluctua-
tions the total electricity supply. The batteries are, however, assumed to be cen-
trally controlled, and the aim of this scenario is not to maximize the self-con-
sumption of each PV producing building. 

The results in scenario 10 show trends that are identical to those in scenario 9. 
The description of the results or scenario 9 in section 5.3.8 therefore also applies 
to scenario 10. The main difference lies in the numerical values, which can be 
explained by the fact that the installed battery capacities are not the same in both 
scenarios; the battery capacity in scenario 10 is smaller than in scenario 9. 

Figure 57 in Appendix B shows a direct comparison between Li-ion batteries 
coupled to PV systems and Li-ion batteries that are not directly coupled to PV. 
It is a comparison between scenarios 9 and 10, where they now have an identical 
installed battery capacity. The figure shows that the batteries that are not directly 
coupled to PV systems are slightly more feasible on all indicators. This is be-
cause they provide the system with greater flexibility than the PV-coupled bat-
teries, and the investment in the batteries is therefore of greater use. This con-
clusion also holds for the case of non-centrally controlled batteries coupled to 
PV systems where the aim is to maximize the self-consumption of the building. 

Figure 58 shows that for the variation with 330 TWh/yr of electricity generation 
from wind and PV in configuration A, the technically optimal fraction of PV 
systems that should be coupled to battery system is approximately 75% of all 
PV systems. This gives the lowest CO2 emissions and best fluctuating RES in-
tegration, but does, however, increase the total system costs substantially. 

Li-ion batteries coupled to PV systems (scenario 10): Main conclusions 

 
• Li-ion batteries coupled to PV systems are effective for integrating fluctuat-

ing RES generation and for reducing the total CO2 emissions of operating 

the energy system, provided they are centrally controlled. 

• Li-ion batteries coupled to PV systems are not socio-economically feasible, 

due to high battery investment costs. 

• Li-ion batteries that are not directly coupled to PV systems are more feasible 

on all indicators than Li-ion batteries that are directly coupled to PV. 
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Figure 30 The results for scenarios 10, where it is assumed that Li-ion batteries, that 
are directly coupled to individual PV systems, are introduced in the system. Note that 
the total system cost chart (red) and the CO2 emission chart (green) show relative val-
ues (the difference between the current scenario and the baseline scenario, for each 
configuration) while the discharged energy chart (purple) shows absolute values. 

  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 87  

5.3.10 Scenarios 11: 

Scenario Configurations 

11  

Power-to-gas-to-

power (hydrogen) 

A11 

Germany 

B11 

Island mode 

D11 

More DH 

E11 

More nuclear 

 
Figure 31 shows the results of the scenario with power-to-gas-to-power, where 
electricity is stored as hydrogen via electrolysis of water and then converted 
back to electricity via fuel cells. It is assumed that the electrolysis and fuel cell 
devices are not two separate devices, but that both modes of operation take place 
in the same reversible solid oxide cells. This kind of electrolysis/fuel cells is 
more efficient than other types (alkaline or proton-exchange membrane), which 
is important for maximizing the round-trip-efficiency of this process. 

The results in scenario 11 show trends that are identical to those in scenario 9. 
The description of the results or scenario 9 in section 5.3.8 therefore also applies 
to scenario 11.  

Power-to-gas-to-power has a lower round trip efficiency than e.g. batteries. It is 
therefore less effective at integrating fluctuating RES than batteries. Power-to-
gas-to-power does, however, offer the advantage that the energy storage capac-
ity (on hydrogen form) is not linked to the energy conversion capacity (the elec-
trolysis and fuel cell energy conversion capacity). This is beneficial to avoid 
overinvestment in energy conversion capacity when storing very large amounts 
of energy.  This explains why the curves for the increase in total system costs 
are slightly less steep in scenario 11 than in scenario 9. 

Figure 60 in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity generation from wind and PV in configuration A 90% reduction in CEEP 
can be obtained by installing electrolysers that consume 2000 TWh/yr. This 
would increase the total system costs by 195 €/person/yr. This large capacity of 
P2G2P would, however, not be feasible in this system, as 2000 TWh/yr is more 
than three times the annual electricity demand in the system. 

Power-to-gas-to-power, hydrogen (scenario 11): Main conclusions 

 
• Power-to-gas-to-power is good for integrating fluctuating RES generation 

and for reducing the total CO2 emissions of operating the energy system. 

• Power-to-gas-to-power is not socio-economically feasible, due to high in-

vestment costs. 

• Less expensive than batteries for storing very large amounts of energy, but 

a lower round-trip efficiency. 
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Figure 31 The results for scenario 11, where EES in the form of electrolysis, hydrogen 
storage and fuel cells in introduced in the system. The black line shows the electrolyzer 
electricity consumption (left y-axis), the white line shows the installed electrolysis power 
and the grey line shows the installed fuel cell power (right y-axis). Note that the total 
system cost chart (red) and the CO2 emission chart (green) show relative values (the 
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values. 
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5.3.11 Scenarios 12: 

Scenario Configurations 

12  

Vanadium-redox 

flow batteries 

A12 

Germany 

B12 

Island mode 

D12 

More DH 

E12 

More nuclear 

 
Figure 32 shows the results of the scenario with vanadium-redox flow batteries. 
The battery capacity is gradually increased from zero to 1500 GWh storage ca-
pacity and 190 GW conversion capacity. 

The results in scenario 12 show trends that are identical to those in scenario 9. 
The description of the results or scenario 9 in section 5.3.8 therefore also applies 
to scenario 12. The main difference lies in the numerical values, which can be 
explained by the fact that the installed battery capacities are not the same in both 
scenarios; the battery capacity in scenario 10 is smaller than in scenario 9. 

Vd-redox batteries are assumed to have a lower round-trip-efficiency than Li-
ion batteries, but considerably better than power-to-gas-to-power. It is therefore 
less effective at integrating fluctuating RES than batteries. Similar to power-to-
gas-to-power, Vd-redox batteries offer the advantage that their energy storage 
capacity is not linked to the energy conversion capacity. This is beneficial to 
avoid overinvestment in energy conversion capacity when storing very large 
amounts of energy.  This explains why the curves for the increase in total system 
costs are slightly less steep in scenario 11 than in scenario 9. 

Figure 62 in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity generation from wind and PV in configuration A, a 90% reduction in 
CEEP can be obtained by installing a 2.5 TWh and 325 GW capacity of Vd-
redox batteries. This would increase the total system costs by 225 €/person/year. 

Vd-redox flow batteries (scenario 12): Main conclusions 

 
• Vd-redox batteries are good for integrating fluctuating RES generation and 

for reducing the total CO2 emissions of operating the energy system. 

• Vd-redox batteries are not socio-economically feasible, due to high invest-

ment costs. 

• Less socio-economically costly than Li-ion batteries for balancing very large 

amounts of supply and demand in systems with a high share of fluctuating 

RES, as the energy conversion capacity is not linked to the energy storage 

capacity in Vd-redox batteries. 
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Figure 32 The results for scenarios 12, where vanadium-redox flow batteries are intro-
duced in the system. Note that the total system cost chart (red) and the CO2 emission 
chart (green) show relative values (the difference between the current scenario and the 
baseline scenario, for each configuration) while the discharged energy chart (purple) 
shows absolute values. 
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5.3.12 Scenarios 13: 

Scenario Configurations 

13  

Pit & tank TES in 

district heating 

A13 

Germany 

(15% district heating) 

C13 

More district heating 

(50% district heating) 

 
Figure 33 shows the results for the case of pit and tank thermal energy storage 
in district heating. The tank storage is assumed to be short-term storage, while 
the pit storages are assumed to be long-term storages, primarily for seasonal 
storage of heat from solar thermal collectors. 

The introduction of the TES has positive effects on both the total system costs 
and the CO2 emissions in both configurations. The effects of introducing the 
storages has rather small effects on the indicators, especially in configuration A 
where DH accounts for a very small amount of the total heating sector. 

The TES have virtually no effect on how much fluctuating RES generation can 
be integrated in the system. This is because in the current scenario, the storages 
only increase the flexibility of the district heating sector, without being well 
connected to the electricity sector via power-to-heat solutions. It would therefore 
probably be more useful for the integration of RES to employ the TES technol-
ogies together with power-to-heat, so that the electricity sector can benefit from 
the flexibility that the TES introduce in DH. 

Pit and tank thermal energy storage in DH (scenario 13): Main conclusions 

 
• Pit and tank TES in DH reduce the total system costs and the total CO2 

emissions from the system operation. 

• Pit and tank TES do not help with integrating fluctuating RES generation in 

the electricity sector, when the TES technologies are not combined with 

power-to-heat solutions. 
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Figure 33 The results for scenarios 13, where tank and pit thermal energy storages in 
district heating are introduced. Black: TTES storage capacity. Grey: PTES storage ca-
pacity. Note that the total system cost chart (red) and the CO2 emission chart (green) 
show relative values (the difference between the current scenario and the baseline sce-
nario, for each configuration) while the discharged energy chart (purple) shows absolute 
values. 
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5.3.13 Scenarios 14:  

Scenario Configurations 

14  

Aquifer & tank TES 

in district heating 

A14 

Germany 

(15% district heating) 

C14 

More district heating 

(50% district heating) 

 
Figure 34 shows the results for the case of aquifer and tank thermal energy stor-
age in district heating. The tank storage is assumed to be short-term storage, 
while the aquifer storages are assumed to be long-term storages, primarily for 
seasonal storage of heat from solar thermal collectors. 

The introduction of the TES has positive effects on both the total system costs 
and the CO2 emissions in configuration A, but only on the CO2 emissions in 
configuration C. The investment in TES capacity is larger in configuration C 
than in A. In configuration C, the investment in this rather large capacity is not 
compensated by the benefits the storages yield to the system.  As in scenario 13, 
the effects of introducing the storages has rather small effects on the indicators, 
especially in configuration A where DH accounts for a very small amount of the 
total heating sector. 

Similar to scenario 13, the TES have virtually no effect on how much fluctuating 
RES generation can be integrated in the system. This is because in the current 
scenario, the storages only increase the flexibility of the district heating sector, 
without being well connected to the electricity sector via power-to-heat solu-
tions. It would therefore probably be more useful for the integration of RES to 
employ the TES technologies together with power-to-heat, so that the electricity 
sector can benefit from the flexibility that the TES introduce in DH. 

Aquifer and tank TES in DH (scenario 14): Main conclusions 

 
• Aquifer and tank TES in DH can slightly reduce the total system costs when 

they are carefully dimensioned. 

• Aquifer and tank TES in DH slightly reduce the total CO2 emissions from the 

system operation. 

• Pit and tank TES do not help with integrating fluctuating RES generation in 

the electricity sector, when the TES technologies are not used together with 

power-to-heat solutions. 
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Figure 34 The results for scenarios 14, where tank and aquifer thermal energy storages 
in district heating are introduced. Black: TTES storage capacity. Grey: PTES storage 
capacity. Note that the total system cost chart (red) and the CO2 emission chart (green) 
show relative values (the difference between the current scenario and the baseline sce-
nario, for each configuration) while the discharged energy chart (purple) shows absolute 
values. 

 

 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 95  

5.3.14 Scenarios 15: 

Scenario Configurations 

15  

Tank TES in indi-

vidual heating 

A15 

Germany 

(15% district heating) 

C15 

More district heating 

(50% district heating) 

 
Figure 35 shows the results for the case of tank thermal energy storage in indi-
vidual heating. The tanks are assumed to be conventional, accumulation tanks 
that are actively used for balancing the heat supply and demand. 

The introduction of the tank TES in individual heating has positive effects on 
both the total system costs and the CO2 emissions in both configurations. The 
effects of introducing the storages has rather small effects on the economic and 
environmental indicators, especially in configuration C where individual heating 
only accounts for half of the heating sector. 

The tank TES have a small effect on the integration of fluctuating RES genera-
tion in the system. This is mainly in the fraction of individual heating that uses 
either electric heating or heat pumps; i.e. where there is a power-to-heat conver-
sion capacity connected to the tank TES. In this case the flexibility in the heating 
system, offered by the TES, can be used to some extent to make the electricity 
consumption of the electric heating or heat pumps flexible, thereby enabling 
better integration of fluctuating RES. 

The optima seen in all curves in Figure 35 are related to the assumed installed 
capacity of the tanks. For the installed tank TES storage capacity of around 200 
GWh, the tanks are best utilized at around 300-330 TWh/yr generation from 
wind and PV. A storage capacity of 200 GWh corresponds to approximately 50 
litres per person, assuming a population of 80 million and a 40 K temperature 
difference in the storage. For a larger tank TES storage capacity, the total costs 
of the system increase, as the addition is capacity is not utilised very much. 

Tank TES in individual heating (scenario 15): Main conclusions 

 
• Tank thermal energy storage in individual heating is beneficial on all indica-

tors 

• Tank thermal energy storage in individual heating has rather small effects 

on the integration of fluctuating RES. 
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Figure 35 The results for scenarios 15, where tank thermal energy storages in individual 
heating are introduced.  Note that the total system cost chart (red) and the CO2 emission 
chart (green) show relative values (the difference between the current scenario and the 
baseline scenario, for each configuration) while the discharged energy chart (purple) 
shows absolute values. 
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5.4 Hybrid scenario results 

5.4.1 Scenarios 16: 

Scenario Configurations 

16  

Heat pumps and 

thermal storages 

A16 = A7+A15 

Germany 

(15% district heating) 

C16 = C5+C13 

More district heating 

(50% district heating) 

 
Figure 36 shows the results for the scenario where heat pumps and thermal en-
ergy storages are combined. This scenario is modelled for configurations A and 
C. In A16, small tank thermal storages and individual heat pumps are combined 
(scenarios A7+A15), but in C16, large tank and pit thermal storages are com-
bined with large heat pumps (C5+C13). The installed capacities of each tech-
nology follow the same development in variations 1-15 as they do in the tech-
nology-specific scenarios (A7, A15, C5 and C13). 

The combination of heat pumps and TTES in individual heating (A16) is highly 
beneficial on all indicators. The performance in A16 is furthermore better on all 
indicators than in the individual heat pump scenario (A7), except for the dis-
charged energy (the CEEP reduction is greater, but not the discharged energy, 
due to storage losses). This improvement is not surprising, as the individual sce-
narios A7 and A15 are both beneficial on all indicators. Furthermore, the cou-
pling of heat pumps and TTES introduces flexibility to the heating supply as 
well as a connection with the electricity sector. This combination thus allows for 
a flexible power-to-heat sector coupling, enabling the integration of more fluc-
tuating RES generation by converting it efficiently to heat when it is beneficial 
for the electricity sector, and not strictly following the time series of the heating 
demand (as in A7).  

The combination of heat pumps and TES in district heating (C16) is beneficial 
on all indicators, except regarding the total CO2 emissions for less than 300 
TWh/yr generation from wind and PV. The performance in C16 is furthermore 
better on all indicators than in C5. The results in C16 can be explained using the 
same argumentation as for A16 in the previous paragraph. In configuration C, 
the DH heat supply is, however, already less CO2 intensive than the individual 
heating is. For this reason, there is less potential for reducing the CO2 emissions 
in the DH system in the DH configuration by replacing fuel consumption with 
heat generation from heat pumps, than there is in individual heating.  

Heat pumps and TES (scenario 16): Main conclusions 

 
• The combination of heat pumps and thermal energy storages in individual 

heating is highly beneficial on all indicators. 

• The combination of heat pumps and thermal energy storages in DH is ben-

eficial on all indicators, for high shares of fluctuating RES generation. 

• The combination of heat pumps with TES is better on all indicators than 

implementing heat pumps without TES. 
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Figure 36 The results for scenarios 16, where thermal storage and heat pumps are 
combined. In configuration A, these technologies are introduced in individual heating 
(scenarios A7+A15), in configuration C they are introduced in district heating (scenarios 
C5+C13). The black line shows the DH TTES capacity and the white line shows the 
PTES capacity in C16. The grey line with circles shows the individual TTES capacity in 
A16. The grey line with squares shows the individual heat pump capacity (electric) in 
A16 and the grey line with triangles shows the DH heat pump capacity in C16. Note that 
the total system cost chart (red) and the CO2 emission chart (green) show relative val-
ues (the difference between the current scenario and the baseline scenario, for each 
configuration) while the discharged energy chart (purple) shows absolute values. 

  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 99  

5.4.2 Scenarios 17: 

Scenario Configurations 

17  

Heat pumps, TES 

& flexible demand 

A17 = A3+A7+A15 

Germany 

(15% district heating) 

C17 = C3+C5+C13 

More district heating 

(50% district heating) 

 
Figure 37 shows the results for the scenario where heat pumps, thermal energy 
storages and flexible electricity demand are combined. This is the same as sce-
nario 16, with the addition of flexible demand. This scenario is modelled for 
configurations A and C. In A17, small tank thermal storages and individual heat 
pumps are combined with flexible demand (scenarios A3+A7+A15), but in C17, 
large tank and pit thermal storages and large heat pumps are combined with 
flexible demand (C3+C5+C13). The installed capacities of each technology fol-
low the same development in variations 1-15 as they do in the technology-spe-
cific scenarios (A3, A7, A15, C3, C5 and C13). 

The combination of heat pumps, TES and flexible electricity demand has a pos-
itive effect on all indicators, both in individual heating (A17) and district heating 
(C17). Scenario 16 can be viewed as a sub-set of scenario 17, and the description 
of the results for scenario 16 also applies for scenario 17. Similar to scenario 16, 
there is less potential for cost and CO2 emission savings in the DH configuration 
(C16) than in the individual heating configuration (A17) because the DH supply 
in configuration C is already less CO2 intensive than the individual heating sup-
ply in configuration A. 

The addition of flexible electricity demand increases the feasibility on all three 
indicators, as can be seen by comparing the results of scenario 17 with scenario 
16. Scenario 17 performs slightly better on all indicators, because the flexibility 
is not only constrained to the heating sector and its connection with the electric-
ity sector through power-to-heat; a separate degree of flexibility has also been 
introduced in the electricity sector. This allows for even more integration of 
fluctuating RES, and with slightly lower costs and CO2 emissions than in sce-
nario 16. 

As mentioned in the description of the results in scenario 3, it is not clear to what 
degree electricity consumer are willing to be flexible, or what the socio-eco-
nomic costs of compensating them for such flexibility would be. If flexibility in 
the electricity demand is available to some degree, the results of this scenario 
indicate that combining it with heat pumps and TES would be both technically 
and economically beneficial. 

Heat pumps, TES and flexible demand (scenario 17): Main conclusions 

 
• The combination of heat pumps and thermal energy storages in individual 

heating is highly beneficial on all indicators, both in individual heating and in 

DH. 

• The combination of heat pumps TES and flexible electricity demand is better 

on all indicators than without the flexible electricity demand. 
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Figure 37 The results for scenarios 17, where thermal energy storage and heat pumps 
are combined with flexible electricity demand. In configuration A, these technologies are 
introduced in individual heating (scenarios A3+A7+A15), in configuration C they are in-
troduced in DH (scenarios C3+C5+C13). The black line shows the DH TTES capacity 
and the white line shows the PTES capacity in C17. The grey line with circles shows the 
individual TTES capacity in A17. The grey line with squares shows the individual heat 
pump capacity (electric) in A17 and the grey line with triangles shows the DH heat pump 
capacity in C17. The capacity for flexible demand is not shown in the figure. Note that 
the total system cost chart (red) and the CO2 emission chart (green) show relative val-
ues (the difference between the current scenario and the baseline scenario, for each 
configuration) while the discharged energy chart (purple) shows absolute values. 
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5.4.3 Scenarios 18: 

Scenario Configurations 

18  

Heat pumps, TES 

& Li-ion batteries 

A18=A7+A9+A15 

Germany 

(15% DH) 

C18=C5+A9+C13 

More DH 

(50% DH) 

D18=D7+D9+D15 

More electric vehi-

cles 

 
Figure 38 shows the results for the scenario where heat pumps, thermal energy 
storages and Li-ion batteries are combined. This is the same as scenario 16, with 
the addition of Li-ion batteries (non-PV coupled). This scenario is modelled for 
configurations A, C and D. In A18 and D18, small tank thermal storages and 
individual heat pumps are combined with Li-ion batteries, but in C18, large tank 
and pit TES and large heat pumps are combined with Li-ion batteries). The in-
stalled capacities of each technology follow the same development in variations 
1-15 as they do in the technology-specific scenarios, except for the installed bat-
tery capacity. The battery storage capacity assumed in this scenario is 50% of 
the assumed capacity in A9, as the other technologies in this scenario also offer 
flexibility and thereby reduce the need for investment in batteries. 

The combination of heat pumps, TTES and Li-ion batteries in individual heating 
(A18) is highly beneficial regarding CO2 emissions and the integration of fluc-
tuating RES generation. In fact, this is the best scenario for these two indicators 
in configuration A, out of those included in the modelling. This combination is 
also beneficial regarding the total system costs for a wind and PV generation of 
more than 330 TWh/yr. The reasons for this good performance are similar to 
those given in the result sections for scenarios 16 and 17. The Li-ion batteries 
serve a similar function in this scenario as the flexible electricity demand does 
in scenario 17; they decouple the dependence of electricity supply and demand 
in time. The batteries are more technically effective at this than flexible demand 
(for the assumed capacities of these two methods), as can be seen on the dis-
charged energy and CO2 indicators. Utilizing Li-ion batteries for obtaining flex-
ibility does, however, have higher capital costs, leading to very little reduction 
in the total system costs in this scenario. This scenario is one out of two in this 
work where a system with EES storage shows a reduction in total system costs, 
compared with the baseline scenario. 

The combination of heat pumps, TTES and Li-ion batteries is also beneficial for 
the integration of fluctuating RES generation and CO2 emissions in configura-
tions C and D. In these configuration, the benefits of this combination are, how-
ever, not sufficient to make up for the high capital costs of the Li-ion batteries, 
because they do not replace as much fuel consumption. Therefore, this combi-
nation is not economically beneficial in configurations C and D (at least not for 
the installed capacities in this scenario) 

Heat pumps, TES and Li-ion batteries (scenario 18): Main conclusions 

 
• The combination of heat pumps, TES and Li-ion batteries is beneficial on all 

indicators in individual heating (configuration A) for a high share of fluctuat-

ing RES generation. 

• In systems with a lot of DH or EVs, this combination is not economically 

beneficial due to the high investment costs in Li-ion batteries. 

• If Li-ion batteries are to be implemented in an energy system, it is beneficial 

to do so in combination with heat pumps and TES. 
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Figure 38 The results for scenarios 18, where thermal storage and heat pumps are 
combined with lithium-ion batteries (not coupled directly to PV). In configuration A, these 
technologies are introduced in individual heating (scenarios A7+A9+A15), in configura-
tion C they are introduced in district heating (scenarios C5+A9+C13). The black line 
shows the DH TTES capacity and the white line shows the PTES capacity in C18. The 
grey line with circles shows the individual TTES and the grey line with triangles shows 
the installed battery capacity in C18. Note that the total system cost chart (red) and the 
CO2 emission chart (green) show relative values (the difference between the current 
scenario and the baseline scenario, for each configuration) while the discharged energy 
chart (purple) shows absolute values.  
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5.4.4 Scenarios 19: 

Scenario Configurations 

19  

Heat pumps, TES 

& Li-ion+PV 

A19 = A7+A10+A15 

Germany 

(15% district heating) 

C19 = A5+A10+C13 

More district heating 

(50% district heating) 

 
Figure 39 shows the results for the scenario where heat pumps, thermal energy 
storages and PV coupled Li-ion batteries are combined. This is the same as sce-
nario 16, with the addition of Li-ion batteries that are coupled directly to PV 
systems. This scenario is modelled for configurations A and C. In A18, small 
tank thermal storages and individual heat pumps are combined with Li-ion+PV 
systems, but in C18, large tank and pit thermal storages and large heat pumps 
are combined with Li-ion+PV systems. The installed capacities of each technol-
ogy follow the same development in variations 1-15 as they do in the technol-
ogy-specific scenarios, except for the installed battery capacity. 

The combination of heat pumps and TTES in individual heating and Li-ion bat-
teries coupled to PV (A19) is highly beneficial regarding CO2 emissions and the 
integration of fluctuating RES generation in individual heating. The perfor-
mance is, however, slightly poorer than in scenario A18 (as perhaps anticipated 
from the comparison between A9 and A10 in subsection 5.3.9). This combina-
tion is also beneficial regarding the total system costs in configuration A for a 
wind and PV generation of more than 360 TWh/yr. The reasons for this good 
performance are similar to those given in the result sections for scenarios 16, 17 
and 18. This scenario is one out of two in this work where a system with EES 
storage shows a reduction in total system costs, compared with the baseline sce-
nario. 

The results for configuration C are not as beneficial. The reasons for this are the 
same as explained in scenarios 16-18, that the CO2 emissions of the DH supply 
in configuration C already has lower average CO2 emissions and the introduc-
tion of the technologies in this scenario therefore has less potential for reducing 
CO2 emissions by replacing fuels in DH. 

The combination of heat pumps, TTES and PTES in DH and Li-ion batteries 
coupled to PV (C19) is beneficial for integrating more fluctuating RES and for 
reducing the CO2 emissions. It is, however, only economically beneficial up to 
a wind and PV generation of 390 TWh/yr. 

Heat pumps, TES and Li-ion+PV systems (scenario 19): Main conclusions 

 
• The combination of heat pumps, TES and Li-ion batteries is beneficial on all 

indicators in configuration A for a high share of fluctuating RES generation, 

especially for the integration of fluctuating RES and CO2 emission reduction. 

• If Li-ion+PV systems are to be implemented in an energy system, it is ben-

eficial to do so in combination with heat pumps and TES. 
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Figure 39 The results for scenarios 19, where thermal energy storage and heat pumps 
are combined with Li-ion batteries coupled directly to PV. In configuration A, these tech-
nologies are introduced in individual heating (scenarios A7+A10+A15), in configuration 
C they are introduced in district heating (scenarios C5+A10+C13). Note that the total 
system cost chart (red) and the CO2 emission chart (green) show relative values (the 
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values. In the chart on 
the bottom, the dark grey line shows the installed individual TTES capacity in scenario 
A19, the black line shows the installed DH TTES capacity in scenario C19, the white 
line shows the installed DH PTES capacity in scenario C 19 and the light grey line shows 
the installed Li-ion battery (coupled to PV) capacity in scenario A19 and C19. 
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5.5 Result summary 

5.5.1 Technology and Scenario Specific Result Summary 

The overall trends in the results of scenarios 2-19, shown in Sections 5.3 and 
5.4, are summarized for each energy system configuration A-E in Table 21 
through Table 25. In the tables, the effect of each energy supply and demand 
balancing technology (or combination of technologies) on the system is catego-
rized for the indicators into “beneficial” (green), “neutral” (yellow) or “not ben-
eficial” (red). The division in these three categories is defined as follows for the 
three indicators: 

• Total annual socio-economic energy system costs 

(change in €/person/year, relative to the baseline scenario):  

o Green:  𝑥 < −25 

o Yellow:  −25 ≤ 𝑥 ≤ 25 

o Red:  𝑥 > 25 

• Total annual CO2 emissions from the operation of the energy system  
(change in ton/person/year, relative to baseline scenario): 

o Green:  𝑥 < −0.2 

o Yellow:  −0.2 ≤ 𝑥 ≤ 0 

o Red: 𝑥 > 0 

• The annual discharged energy  
(TWh/yr): 

o Green:  𝑥 > 10 

o Yellow:  0 ≤ 𝑥 ≤ 10 

o Red: 𝑥 < 0 

The indicator values in variation 15 (510 TWh/yr wind and PV generation) are 
used as a basis for the categorisation. As can be seen by these definitions, in-
creases in total CO2 emissions and negative values for the discharged energy 
(i.e. worse integration of RES) is not tolerated and leads to red labels in the 
tables. This is because the aim of this project is to identify DES technologies or 
solutions that can facilitate the integration of more RES, with the ultimate goal 
of reducing negative effects from the energy system operation on the environ-
ment and climate. Technologies that do not reduce CO2 emissions and do not 
facilitate the integration of more RES in the energy system are therefore not 
considered useful for fulfilling the aim of the current project. Relatively small 
increases in the socio-economic total system costs are, however tolerated, as this 
may not necessarily be prohibitive for the implementation of the technologies. 

In the following subsections, the main conclusions for each energy system con-
figuration A-E will be summarised along with the corresponding table for the 
performance of the indicators in each scenario of the current configuration. 

5.5.1.1 Result Summary, Configuration A (Germany’s Energy System) 

Five scenarios in configuration A are feasible according to all three indicators 
(only green labels in Table 21): 

▪ A7: Heat pumps in individual heating 
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▪ A16: A combination of heat pumps and tank TES in individual heating. 

▪ A17: A combination of heat pumps and tank TES in individual heating 
and flexible electricity demand (A3+A7+A15). 

▪ A18: A combination of heat pumps and tank TES in individual heating 
and lithium-ion batteries (A7+A9+A15). 

▪ A19: A combination of heat pumps and tank TES in individual heating 
and lithium-ion batteries that are coupled directly to PV 
(A7+A10+A15). 

Heat pumps in individual heating (A7) provide the system with a highly efficient 
pathway for utilizing excess electricity generation in the heating sector, thereby 
allowing for more integration of fluctuating RES in a cost-effective way. The 
hybrid scenarios (A16-A19) all combine the heat pumps with further methods 
of increasing the flexibility of the heating sector (via TES) and/or of the elec-
tricity sector. The combination with TES and flexible demand (scenarios A16 
and A17) makes the system even more feasible on all indicators than in the heat 
pump scenario A7. This flexibility and the power-to-heat sector coupling offered 
by the heat pumps results in a cost-effective method for integrating more fluc-
tuating RES and lowering the CO2 emissions from the operation of the system.  

The scenarios where Li-ion batteries are combined with heat pumps and TES 
(scenarios A18 and A19) are beneficial on all indicators for high levels of wind 
and PV generation, compared to the baseline scenario A0, but the total system 
cost in these scenarios is higher than when the batteries are not included (i.e. 
compared to scenarios A7 and A16). Scenarios A18 and A19 are not beneficial 
compared to the baseline scenario A0 because they have Li-ion batteries; they 
are beneficial because they have heat pumps and even though they have Li-ion 
batteries. The implementation of batteries is more feasible in connection with 
heat pumps and TTES than as a stand-alone solution, as the Li-ion scenarios A9 
and A10 are not economically feasible compared to the baseline A0. 

Five scenarios in configuration A are potentially feasible (or indifferent) for the 
energy system (some yellow labels but no red labels in Table 21): 

▪ A3: Flexible electricity demand 

▪ A4: Electric boilers in district heating 

▪ A13: Pit and tank thermal energy storages in district heating 

▪ A14: Aquifer and tank thermal energy storages in district heating 

▪ A15: Tank thermal energy storages in individual heating 

Flexible electricity demand (A3) has a positive effect on all indicators. Electric 
boilers in DH have a positive effect on all indicators except for the total CO2 
emissions, for which they have almost no effect. The impacts of these two tech-
nologies on the total system costs and the CO2 emissions are rather small, re-
sulting in yellow labels. Combining flexible electricity demand with other tech-
nologies increases the impact. The effect of the thermal energy storage technol-
ogies on the system are also rather limited, especially in the case of TES in DH 
(A14 and A15). This results in yellow labels for all indicators in the TES sce-
narios. The effect of TES on the integration of more fluctuating RES can be 
increased by a combination with power-to-heat technologies. The limited effect 
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of DH technologies in other configurations than C is furthermore a consequence 
of the low share of district heating in the total heating demand. 

The remaining eight scenarios in configuration A are not feasible for at least one 
of the indicators (a red label in Table 21): 

▪ A2: Electrical interconnections to abroad 

▪ A5: Heat pumps in district heating 

▪ A6: Electric heating in individual heating 

▪ A8: Power-to-gas (methanation) 

▪ A9: Lithium-ion batteries 

▪ A10: Lithium-ion batteries directly coupled to photovoltaics 

▪ A11: Power-to-gas-to-power (hydrogen) 

▪ A12: Vd-redox flow batteries 

 
Table 21 The result trends for all scenarios in energy system configuration A, divided 
into the categories “beneficial” (green), “neutral” (yellow) and “not beneficial” (red) for 
each of the three indicators. Model-external uncertainty factors related to some of the 
scenarios are listed in a separate column; they are discussed further in Chapter 6. 

 

 

Scenarios A # Total  

system 

cost  

CO2  

emissions 

Integration 

of  fluctuat-

ing RES 

External 

uncertainty 

factors 

Interconnections 2    Sec. of supply 

Flexible demand 3    Potential 

El. heating, DH 4    Limited DH 

Heat pumps, DH 5    Limited DH 

El. heating, ind. 6     

Heat pumps, ind. 7     

P2G 8    Technology 

Li-ion 9     

Li-ion + PV 10     

P2G2P 11    Technology 

Vd-redox 12    Technology 

TTES+PTES, DH 13    Limited DH 

TTES+ATES, DH 14    Limited DH  

TTES, ind. 15     

HP+TTES 16     

HP+TTES+Flex. 17    Flex. potential 

HP+TTES+Li-ion 18     

HP+TTES+(Li+PV) 19     
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The scenarios with electrical interconnectors (A2), heat pumps in DH (A5), 
power-to-gas (A8) and EES technologies (A9-A12) are not economically bene-
ficial. In all these cases, the reason is that the annualised capital costs associated 
with the introduction of these technologies weigh heavier than the economic 
benefits that the technologies can deliver. It is thus socio-economically more 
beneficial not to introduce these technologies in the system (or possibly to in-
troduce them in much lower capacities to those chosen in the current analysis). 
These technologies are, however, beneficial for reducing the total system CO2 
emissions and for integrating more fluctuating RES. In case very ambitious pol-
icies or goals regarding CO2 emission reduction or RES integration are being 
followed, the increase in total system costs may not be completely prohibitive 
for the introduction of some of these technologies. The introduction of individ-
ual electric heating (A6) causes increased CO2 emissions, and is therefore not 
environmentally feasible in this configuration.  

5.5.1.2 Result Summary, Configuration B (Island Mode) 

The results in energy system configuration B show identical trends to the results 
in configuration A. This is reflected in Table 22, where it can be seen that the 
labels of each scenario are identical to the labels in Table 21. The summary of 
the configuration A results in subsection 5.5.1.1 therefore also applies to con-
figuration B. 

The main difference between configuration A and B is that there is more need 
for balancing energy supply and demand in B, due to the absence of electrical 
interconnections. This usually leads to slightly more feasible results on the dis-
charged energy indicator in configuration B than in A, and similar or slightly 
more favourable results for the economic and environmental indicator in con-
figuration B than in A. 

Table 22 The result trends for all scenarios in energy system configuration B, divided 
into the categories “beneficial” (green), “neutral” (yellow) and “not beneficial” (red) for 
each of the three indicators. Grey cells indicate that the scenario was excluded in the 
modelling of this configuration. Model-external uncertainty factors related to some of the 
scenarios are listed in a separate column; they are discussed further in Chapter 6. 

Scenarios B # Total  

system 

cost  

CO2  

emissions 

Integration 

of  fluctuat-

ing RES 

External 

uncertainty 

factors 

Interconnections 2     

Flexible demand 3    Potential 

El. heating, DH 4    Limited DH 

Heat pumps, DH 5    Limited DH 

El. heating, ind. 6     

Heat pumps, ind. 7     

P2G 8    Technology 

Li-ion 9     

Li-ion + PV 10     

P2G2P 11    Technology 

Vd-redox 12    Technology 
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5.5.1.3 Result Summary, Configuration C (More District Heating) 

One scenario in configuration C is feasible according to all three indicators (only 
green labels in Table 22): 

▪ C17: A combination of heat pumps and tank TES in district heating 
and flexible electricity demand (A3+A5+A13). 

This scenario is feasible in configuration C for the same reasons as scenario A17 
is feasible. The combination of heat pumps, TES and flexible electricity demand 
makes the demand in the heating sector and the electricity sector flexible, as well 
as providing a link between the two sectors. This allows for improved utilisation 
of resources and an increased integration of fluctuating RES, in comparison with 
the baseline scenario C0. 

Table 23 The result trends for all scenarios in energy system configuration B, divided 
into the categories “beneficial” (green), “neutral” (yellow) and “not beneficial” (red) for 
each of the three indicators. Grey cells indicate that the scenario was excluded in the 
modelling of this configuration.  Model-external uncertainty factors related to some of 
the scenarios are listed in a separate column; they are discussed further in Chapter 6. 

 

Scenarios C # Total  

system 

cost  

CO2  

emissions 

Integration 

of  fluctuat-

ing RES 

External 

uncertainty 

factors 

Interconnections 2     

Flexible demand 3    Potential 

El. heating, DH 4     

Heat pumps, DH 5     

El. heating, ind. 6     

Heat pumps, ind. 7     

P2G 8     

Li-ion 9     

Li-ion + PV 10     

P2G2P 11     

Vd-redox 12     

TTES+PTES, DH 13     

TTES+ATES, DH 14     

TTES, ind. 15     

HP+TTES 16     

HP+TTES+Flex. 17    Flex. potential 

HP+TTES+Li-ion 18     

HP+TTES+(Li+PV) 19     
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Seven scenarios in configuration C are potentially feasible (or indifferent) for 
the energy system (some yellow labels but no red labels in Table 22): 

▪ C3: Flexible electricity demand 

▪ C5: Heat pumps in district heating 

▪ C13: Pit and tank thermal energy storages in district heating 

▪ C14: Aquifer and tank thermal energy storages in district heating 

▪ C15: Tank thermal energy storages in individual heating 

▪ C16: A combination of heat pumps and tank TES in district heating. 

▪ C19: A combination of heat pumps and tank TES in district heating and 
lithium-ion batteries that are coupled directly to PV (A7+A10+A15). 

The results for flexible electricity demand (C3) are virtually identical to the re-
sults in configuration A (A3), as this does not affect the district heating sector 
much when little or no power-to-heat capacity is present. Heat pumps in DH are 
more feasible in this configuration than in A and B, but still have very small 
impacts on the total system costs and CO2 emissions. Similar to configuration A 
and B, the TES technologies (C13-C15) have no or very small impacts on the 
system, although the impacts of the DH TES are somewhat larger in scenario C 
than in A and B due to the increased share of DH in the total heating demand. 
The combined impact of heat pumps and TES in DH (C16) on the system is also 
very small. 

Two scenarios in configuration C are not feasible for at least one of the indica-
tors (a red label in Table 22): 

▪ C4: Electric boilers in district heating 

▪ C18: A combination of heat pumps and tank TES district heating and 
lithium-ion batteries (A7+A9+A15). 

Similar to electric heating in individual heating in configurations A and B, the 
introduction of large amounts of electric heating in DH (C4) causes increased 
CO2 emissions. The combination of Li-ion batteries (C18) with heat pumps and 
TES does not yield the same economic benefits as it does in configurations A 
and B, and the introduction of Li-ion batteries in configuration C is therefore not 
feasible, due to high battery investment costs. 

5.5.1.4 Result Summary, Configuration D (More Electric Vehicles) 

Only one of the ten scenarios modelled in configuration D is potentially feasible 
according to all three indicators, as shown in Table 24: 

▪ D7: Heat pumps in individual heating 

All other scenarios in configuration D cause increased socio-economic system 
costs compared to the baseline scenario D0. This also goes for the scenarios that 
are found to be economically beneficial in other configurations. Furthermore, 
the total CO2 emissions from the operation of the system are either lowered by 
very a very small amount or increased, compared with D0, in almost all scenar-
ios in configuration D. The exception from this is scenario D16 (heat pumps, 
TTES and Li-ion batteries), where the CO2 emissions are considerably lowered. 
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Table 24 The result trends for all scenarios in energy system configuration D, divided 
into the categories “beneficial” (green), “neutral” (yellow) and “not beneficial” (red) for 
each of the three indicators. Grey cells indicate that the scenario was excluded in the 
modelling of this configuration. Model-external uncertainty factors related to some of the 
scenarios are listed in a separate column; they are discussed further in Chapter 6. 

 

The explanation for the generally decreased feasibility of introducing the energy 
supply and demand balancing technologies in configuration D, compared to the 
other configurations, is that the electric vehicles in D already provide the energy 
system with considerable flexibility. They are assumed to be charged via smart 
charging, which introduces a great deal of flexibility to the electricity demand 
in an economically feasible way. This also allows for a lowering of the CO2 
emissions in the system, without the introduction of specific technologies for 
balancing supply and demand. It is thus more difficult for these technologies to 
compete economically and environmentally with the baseline scenario in con-
figuration D. 

An additional reason for the low feasibility of introducing electricity conversion 
technologies that consume electricity (electric heating, heat pumps and power-
to-gas) in the EV configuration is that these technologies increase the electricity 
demand in the system even further. When the combined additional electricity 
demand from these technologies and EVs is introduced in the system, the RES 
electricity generation is not sufficiently large during all hours of the year. In this 
case the system must respond by producing electricity with higher marginal 
costs and more fuel consumption. This leads to a decreased economic and envi-
ronmental feasibility, compared to the configurations where the conversion tech-
nologies are introduced without also having EVs in the system. This is therefore 
not a problem of the energy conversion technologies but rather a problem of too 

Scenarios D # Total  

system 

cost  

CO2  

emissions 

Integration 

of  fluctuat-

ing RES 

External 

uncertainty 

factors 

Interconnections 2    Sec. of supply 

Flexible demand 3    Potential 

El. heating, DH 4     

Heat pumps, DH 5     

El. heating, ind. 6     

Heat pumps, ind. 7     

P2G 8    Technology 

Li-ion 9     

Li-ion + PV 10     

P2G2P 11    Technology 

Vd-redox 12    Technology 

TTES+PTES, DH 13     

TTES+ATES, DH 14     

TTES, ind. 15     

HP+TTES+Li-ion 18     
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little RES electricity generation in the system. The feasibility of introducing the 
energy conversion technologies could likely be improved in configuration D by 
increasing the RES electricity generation to even larger amounts than are in-
cluded in this work.  

5.5.1.5 Result Summary, Configuration E (More Nuclear Power) 

One scenario in configuration E is feasible according to all three indicators 
(only green labels in Table 25): 

▪ E7: Heat pumps in individual heating 

 Individual heat pumps are feasible in configuration E for the same reasons as in 
A and B. They enable the integration of excess electricity generation in the heat-
ing sector via highly efficient power-to-heat conversion. Combining the heat 
pumps with TES and flexible electricity demand is also anticipated to be feasible 
in configuration E, based on the results in A. Such hybrid scenarios are, how-
ever, not included in the modelling in configuration E. 

Two scenarios in configuration E are potentially feasible (or indifferent) for 
the energy system (some yellow labels but no red labels in Table 25): 

▪ E3: Flexible electricity demand 

▪ E6: Electric heating in individual heating 

 

Table 25 The result trends for all scenarios in energy system configuration E, divided 
into the categories “beneficial” (green), “neutral” (yellow) and “not beneficial” (red) for 
each of the three indicators. Grey cells indicate that the scenario was excluded in the 
modelling of this configuration. Model-external uncertainty factors related to some of the 
scenarios are listed in a separate column; they are discussed further in Chapter 6. 

 

 

 

 

 

 

 

 

 

 

 

 

Scenarios E # Total  

system 

cost  

CO2  

emissions 

Integration 

of  fluctuat-

ing RES 

External 

uncertainty 

factors 

Interconnections 2     

Flexible demand 3    Potential 

El. heating, DH 4     

Heat pumps, DH 5     

El. heating, ind. 6     

Heat pumps, ind. 7     

P2G 8    Technology 

Li-ion 9     

Li-ion + PV 10     

P2G2P 11    Technology 

Vd-redox 12    Technology 
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Flexible electricity demand and individual electric heating both have slightly 
positive effects on the total system cost and CO2 emissions in configuration E, 
and highly positive effects on the integration of fluctuating RES. The economic 
and environmental impacts are, however, so small that these technologies are 
labelled yellow in these indicators. 

Six scenarios in configuration E are not feasible for at least one of the indica-
tors (a red label in Table 25): 

▪ E2: Electrical interconnections to abroad 

▪ E8: Power-to-gas (methanation) 

▪ A9: Lithium-ion batteries 

▪ A10: Lithium-ion batteries directly coupled to photovoltaics 

▪ A11: Power-to-gas-to-power (hydrogen) 

▪ A12: Vd-redox flow batteries 

These technologies are all very good for integrating more fluctuating RES in the 
system and good for lowering the CO2 emissions in the system in configuration 
E. The relatively high investment costs for these technologies does, however, 
result in increased total system costs. 

5.5.2 Global Results Summary Across All Model Scenarios 

5.5.2.1 System Redesign Recommendations 

The results of the baseline scenarios of all configurations A0-E0, shown in Fig-
ure 21, show that their outcomes on the indicators are quite different. Scenario 
D0 performs better on all indicators than the other baseline scenarios do; it is the 
least socio-economically costly and lowest CO2 emitting configuration, as well 
as being the configuration with the lowest CEEP (i.e. best at integrating fluctu-
ating RES). Overall, configuration D0 is the most feasible energy system con-
figuration.  

Scenario A0 has higher socio-economic total system costs, higher total CO2 
emissions than scenario C0 and enables the integration of the same amount of 
fluctuating RES. This makes the baseline configuration C0 more feasible than 
A0. Scenario E0 has the highest total system costs and performs worst when it 
comes to integrating fluctuating RES. Scenario E0 does, however, have the low-
est total CO2 emissions. The feasibility of scenario E0 therefore depends on the 
policy and aims being followed; i.e. if costs, RES integration, CO2 reduction or 
the risks associated with nuclear power weigh highest in the energy system pol-
icy. 

The results of the baseline scenarios (in Figure 21) thus enable some generic 
conclusions about which system redesigns would be beneficial in energy sys-
tems with a high share of electricity generation from fluctuating RES:  

• A system redesign towards more district heating (configuration C) would 
be beneficial in all cases. Emphasizing a massive conversion from indi-
vidual heating towards district heating with low-CO2 emitting heat gen-
eration should be prioritised. The redesign towards more district heating 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 114  

increases the potential for introducing low-cost distributed energy stor-
age in the form of large-scale thermal energy storages. 

• A system redesign towards more electric vehicles (configuration D) 
would be beneficial. Emphasizing a massive conversion away from ICE 
vehicles towards electric vehicles should be prioritised. To maximize the 
positive effects of introducing electric vehicles, they should be smart 
charged. The redesign towards more electric vehicles with smart charg-
ing introduces a substantial and cost-effective distributed electrical en-
ergy storage capacity in the system in the form of vehicle batteries. 

• A system redesign from island energy system operation towards inter-
connected systems is beneficial on all indicators. The feasibility of inter-
connecting currently island energy systems to other energy systems 
should be investigated in case such interconnections are geographically 
possible. 

• A system redesign away from inflexible nuclear power towards any of 
the other scenarios would be beneficial for the total system costs and the 
integration of fluctuating RES. Nuclear power is an effective method of 
reducing CO2 emissions in the short term, but does not facilitate the in-
troduction of large amounts of fluctuating RES. Emphasizing a conver-
sion away from nuclear power (or towards very flexible nuclear power 
generation) should be prioritised in energy systems with a large nuclear 
power capacity that wish to integrate fluctuating RES, in order to avoid 
technology lock-in effects that may prohibit the integration of the RES 
generation in the long term. 

A combination of these four system redesign measures is anticipated to have 
positive impacts on the energy system. The optimal combination of this has not 
been identified in this work, but would be an interesting topic of further studies. 
The impact of each of the system redesign measures listed above on the indica-
tors would, in most cases, be substantially greater and more positive than the 
implementation of the energy supply and demand balancing technologies in sce-
narios 2-19 without any system redesign. The results therefore indicate that pol-
icy makers should combine the implementation of DES technologies (or other 
supply and demand balancing technologies) with a combination of these system 
redesign measures. 

5.5.2.2 General Energy Conversion and Storage Recommendations 

The following recommendations regarding the choice of energy storage and con-
version technologies, that should be implemented alongside the system redesign 
measures listed above, can be given based on the results of scenarios 2-19 in 
configurations A-E: 

• Individual heat pumps are feasible in all configurations. Their introduc-
tion should be prioritized in order to replace fossil fuelled heat genera-
tion in individual heating and increase the efficiency of heat generation. 

• Flexible electricity demand is potentially feasible in all configurations 
except the EV configuration (D). With more RES electricity generation, 
it would likely also be feasible in configuration D. It should be investi-
gated and tested to which degree the electricity consumers are willing to 
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be flexible and how socio-economically expensive it would be to com-
pensate them for their flexibility. 

• TTES are potentially feasible in all investigated configurations, but have 
a small effect on the integration of RES when implemented alone. A 
connection with the electricity sector through power-to-heat should be 
looked into when implementing TTES, for increasing the positive im-
pacts of the TTES. The most feasible technology combinations are those 
that provide flexibility both in the electricity sector and the heating sector 
and have a link between the two (power-to-heat). An example of this is 
a combination of DES and flexible sector coupling; e.g. combinations 
that include TTES, heat pumps and flexible electricity demand. 

• EES, P2G and electrical interconnections lead to increased total system 
costs in all configurations, due to high technology investment costs com-
pared to the benefits the technologies bring in the system. The imple-
mentation of these technologies should only be prioritized in energy sys-
tems where very high integration of fluctuating RES and very large re-
ductions in CO2 emissions are clearly prioritized higher than the mini-
misation of the total socio-economic energy system costs. Power-to-gas 
could e.g. be a cost-effective way of reducing CO2 emissions in the 
transport sector for transport applications where conversion to EVs is not 
feasible. 

• The economic feasibility of electrical energy storages can be improved 
by implementing them in combination with flexible sector coupling with 
the heating sector; i.e. together with heat pumps and TTES in individual 
heating.  

5.6 Sensitivity Analysis 

5.6.1 Fuel Price Variation 

The changes in the total socio-economic system costs indicator have been inves-
tigated for higher fuel prices and for lower fuel prices than those assumed in the 
modelled scenarios. This has been performed by increasing (or decreasing) the 
unit price of all fuels in the model (fossil fuels, biomass and uranium) for all 
scenarios, (including the corresponding baseline scenarios), and then calculating 
the total system cost indicator again for all scenarios.  

The change in the total system costs between each technology scenario (2-15) 
and the corresponding baseline scenario (0) is then calculated, based on the new 
total system cost values obtained both for the technology scenario and the base-
line scenario. This is a measure of how economically feasible each technology 
scenario is in a world where the increased (or decreased) fuel prices are assumed.  

The economic feasibility of each scenario, calculated based on the increased (or 
decreased) fuel prices, is then compared to the economic feasibility of the cor-
responding scenario that contains the unaltered fuel prices (this feasibility is 
shown as the total system cost curves in the result charts (Figure 22 to Figure 
39)).  

The results of this comparison are shown in Table 26 for a 30% decrease in fuel 
prices and in Table 27 for a 30% increase in fuel prices (from the fuel price 
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values presented in Appendix A. and used throughout the modelling work). The 
values in the tables denote how much more feasible (negative values, i.e. savings 
in total system costs) or less feasible (positive values, i.e. increase in total system 
costs) each scenario becomes with a 30% increase (or decrease) in the fuel 
prices. All values in the tables correspond to variation 15 (i.e. 510 TWh/yr wind 
and PV generation). The values in the tables are supplemented with bars that 
illustrate the sign and the magnitude of the change in feasibility with the increase 
(or decrease) in total system costs. Green bars denote a reduction in total system 
costs (i.e. increased feasibility with the new fuel prices compared with the unal-
tered fuel prices); orange bars denote an increase in total system costs (i.e. de-
creased feasibility with the new fuel prices compared with the unaltered fuel 
prices). 

 

Table 26 Changes in the total system cost indicator when all fuel costs are lowered by 
30%. All values in the table are in units of €/person/year. The values show how much 
more or less economically beneficial the introduction of each technology would be in 
each configuration in a world with 30% lower fuel prices. A positive value indicates an 
increase in total system cost (less feasible), a negative value indicates a decrease in 
the total system cost (more feasible). The values in the table correspond to variation 15 
of each scenario (510 TWh/yr wind and PV generation). 
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Table 27 Changes in the total system cost indicator when all fuel costs are increased 
by 30%. All values in the table are in units of €/person/year. The values show how much 
more or less economically beneficial the introduction of each technology would be in 
each configuration in a world with 30% higher fuel prices. A positive value indicates an 
increase in total system cost (less feasible), a negative value indicates a decrease in 
the total system cost (more feasible).The values in the table correspond to variation 15 
of each scenario (510 TWh/yr wind and PV generation). 

 

 

The result of the sensitivity analysis on the fuel prices shows that in a large ma-
jority of the scenarios, the fuel prices do not alter the economic feasibility of the 
scenarios substantially, e.g. by less than 25 €/person/year. In the scenarios with 
individual heat pumps (scenario 7) and in all hybrid scenarios (scenarios 16-19), 
the economic feasibility of the scenarios is altered by more than 25 €/person/year 
or more. The largest change in economic feasibility is observed in scenario D18, 
where it changes by 303 €/person/year. 

The conclusions regarding the economic feasibility of the scenarios remain un-
altered with the 30% increase or decrease in fuel prices for all scenarios except 
in the following cases: 

• A 30% increase in fuel costs for scenario C5 (heat pumps in DH) makes 
this scenario slightly economically beneficial (whereas it is not when un-
altered fuel costs are assumed). 

• A 30% decrease in fuel costs for scenarios A18 and A19 (the hybrid sce-
narios including Li-ion batteries) pushes them from being economically 
feasible towards being less economically feasible than the baseline sce-
nario A0.  
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• A 30% decrease in fuel costs for scenario D18 makes it very economi-
cally feasible. This scenario is the most sensitive to changes in fuel prices 
out of all calculated scenarios. This is because this scenario is more de-
pendent on fuels than the others, as there is not sufficient RES electricity 
generation to cover the demand due to increased demand from EVs and 
heat pumps. More fuels must therefore be consumed for generating elec-
tricity in this scenario than in most of the other scenarios. Increasing the 
RES electricity generation in D18 even further would make this scenario 
less sensitive to changes in fuel prices. 

5.6.2 CO2 Emission Price Variation 

Table 28 Changes in the total system cost indicator when the CO2 emission price is set 
to 50% of the value of the baseline CO2 price. The values show how much more or less 
economically beneficial the introduction of each technology would be in each configu-
ration in a world with 50% lower CO2 emission prices. A positive value indicates an 
increase in total system cost (less feasible), a negative value indicates a decrease in 
the total system cost (more feasible). The values in the table correspond to variation 15 
of each scenario (510 TWh/yr wind and PV generation). 

 

 

The same type of sensitivity analysis as for the fuel prices has been performed 
on the CO2 emission prices in the model. The changes in the socio-economic 
feasibility of each scenario have been investigated with a 50% increase and de-
crease in the CO2 emission price. This has been performed with the same method 
as described for the fuel price sensitivity analysis. The results are also presented 
in the same manner, with Table 28 showing the change in the economic feasi-
bility when the CO2 emission price is decreased by 50% and Table 29 showing 
the change in the economic feasibility when the CO2 price is increased by 50%. 
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All values in the tables correspond to variation 15 of each scenario (510 TWh/yr 
wind and PV generation). 

The results of the sensitivity analysis on the CO2 emission price show that the 
emission price does not alter the economic feasibility of the scenarios substan-
tially, or by less than 25 €/person/year in all scenarios. The conclusions regard-
ing the economic feasibility of all scenarios remain unchanged with the 50% 
increase or decrease in CO2 emission prices in all cases. 

It should be noted that the total CO2 emissions from the system operation are 
not changed when the model is run with increased or decreased CO2 emission 
prices. This is because EnergyPLAN is a simulation model and not an optimiza-
tion model, and the CO2 prices does not alter the technical operation of the en-
ergy system in the model, but only alters its economic results. 

Table 29 Changes in the total system cost indicator  when the CO2 emission price is set 
to 150% of the value of the baseline CO2 price. The values show how much more or 
less economically beneficial the introduction of each technology would be in each con-
figuration in a world with 50% higher CO2 emission prices. A positive value indicates an 
increase in total system cost (less feasible), a negative value indicates a decrease in 
the total system cost (more feasible).The values in the table correspond to variation 15 
of each scenario (510 TWh/yr wind and PV generation). 

 

5.6.3 Lithium-ion Battery Price Variation 

The investment costs for lithium-ion batteries have fallen rapidly in recent years. 
It is anticipated that this trend will continue, but it is not certain how fast or how 
far the batteries will come down in price in the coming years. To illustrate how 
different developments in the lithium-ion battery price would affect the model, 
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a sensitivity analysis has been carried out the total system costs of scenario A9. 
The total system costs of this scenario have been calculated for three different 
levels of lithium-ion battery investment costs; unchanged costs (180 €/kWh), 
50% of the scenario A9 battery costs (90 €/kWh) and 10% of the scenario A9 
battery costs (18 €/kWh, i.e. a reduction by 90%). The 50% price reduction is 
viewed as a plausible price level for Li-ion batteries in the not-so-distant future. 
The 90% price level is, however, viewed mainly as an academic exercise to in-
vestigate how a drastic (and perhaps unrealistic) reduction in battery prices 
would affect the results. 

The results of this sensitivity analysis are shown in Figure 40. The results show 
that even with a 50% reduction in the Li-ion battery investment costs, scenario 
A9 would still be substantially more socio-economically costly than the baseline 
scenario A0. With a 90% reduction in the battery price, the total socio-economic 
system costs of scenario A9 would be slightly lower than that of the baseline 
scenario A0 for a high generation from wind and PV. This can be used as a 
benchmark for how low the investment costs of battery technologies (with an 
installed capacity and efficiency comparable to that of Li-ion in scenario A9) 
would have to be for them to be economically feasible in the energy system 
variation A in this model 

 

Figure 40 A sensitivity analysis on the investment costs of lithium-ion batteries in sce-
nario A9. The absolute value of the total system cost indicator is shown as a function of 
the wind and PV generation for three different levels of Li-ion investment costs. The total 
system cost indicator for the baseline scenario A0 is shown for comparison. 

 

It should be mentioned that a sensitivity analysis has not been carried out on the 
investment costs of wind turbines or photovoltaics. This was not considered nec-
essary, as all scenarios include the same development in wind turbine and PV 
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capacity in variations 1-15 (from 90 TWh/yr up to 510 TWh/yr). Changes in the 
price levels for wind turbines or PV would affect all scenarios equally, leaving 
the differences between the total system costs of each scenario and the total sys-
tem costs of the corresponding baseline scenario unaltered. The numeric values 
of all total system cost result curves in all figures in Appendix B would be shifted 
up or down as a result of this, but all conclusions would remain unchanged. 

5.6.4 Variation in the Ratio Between Wind and Photovoltaic Power 

As shown in Figure 16, the optimal ratio between the installed capacity of wind 
turbines and PV in the baseline scenario A0 of the model is at approximately 
25% PV capacity out of the total wind+PV capacity. It is, however, not clear if 
or how this optimal ratio between the installed capacity of wind and PV moves 
as the various technologies for balancing supply and demand are introduced in 
the model. To investigate this, a variation in the ratio between the installed ca-
pacities of wind turbines and PV was carried out for scenario A18. This was 
calculated for variation 9 (330 TWh/yr wind and PV generation). In this sce-
nario, three technologies have been introduced that were not present in the base-
line scenario A0. 

The result of this variation in the ratio between the wind and PV capacity is 
shown in Figure 41. It can be seen that for scenario A18, the optima of the curves 
are located at approximately 35% PV capacity out of the total installed wind+PV 
capacity. This variation gives slightly more feasible results on all indicators than 
the 25% PV capacity used in the standard version of scenario A18 (and in all 
other scenarios in this work). It is therefore clear that the optimal mix between 
the installed capacity of wind turbines and photovoltaics changes somewhat be-
tween scenarios. This effect is not expected to change the conclusions of this 
modelling work, but is worth having in mind in further work and when investi-
gating specific cases for the implementation of DES. 
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Figure 41 A variation of the installed PV capacity as a fraction of the total installed wind 
turbine and PV capacity in the model. This calculation is carried out for scenarios A18 
and A0, in both cases with a fixed 330 TWh/yr total electricity generation from wind and 
PV. The dark coloured curves show the results for scenario A18 and the light coloured 
curves show the results for scenario A0. The purple curve shows the curve of the dis-
charged energy indicator for scenario A18. The optimal fraction of PV is approximately 
35% in scenario A18 but approximately 25% in scenario A0. 
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6 Discussion 

6.1 Modelling Framework Discussion 

In this subtask the aim is to identify which combinations of DES technologies 
and energy system contexts can be technically and economically beneficial for 
the integration of fluctuating renewable energy generation. This has been per-
formed via scenario-based energy system modelling  performed using the energy 
system simulation software EnergyPLAN. In the following, some aspects and 
implications of this methodology will be discussed, including a discussion of the 
benefits and drawbacks of the scenario approach and simulation software used 
in this work. 

The EnergyPLAN energy system simulation software used for the modelling is 
an aggregated model, mainly designed for the modelling of large (e.g. regional, 
national or continental) energy systems. As discussed in the model description 
in section 3.1, the tool enables the modelling of all sectors of the energy system 
and their interactions. The model is an aggregated, copper-plate model, but is 
computationally very fast and therefore well suited for modelling a large array 
of scenarios. The aggregated, top-down approach means that the model is suita-
ble for assessing the total, big-picture impact of introducing a DES technology 
(or other technologies) in the energy system as a whole, but is not suitable for 
modelling the more detailed effects they have on the local energy systems in 
which they are implemented. The copper-plate approach means that the model 
is suitable for assessing the impact of the technologies in an energy system set-
ting where transmission and/or distribution grid capacities are not assumed to be 
limiting factors, but it is not capable of taking the impacts of DES technologies 
(or other technologies) on any congestion problems in the transmission or dis-
tribution systems into account. For more detailed modelling of local impacts of 
DES and their  impacts on congestion problems, further work with other mod-
elling frameworks that are more dedicated for these tasks, is needed. 

Another consequence of the aggregated, copper-plate approach is that no infor-
mation is obtained in this modelling about where the energy supply and demand 
balancing solutions and the fluctuating RES generation should be located geo-
graphically within the modelled energy system. This should be considered in 
further analyses for the introduction of DES, especially when considering spe-
cific cases and countries. 

The estimated investment in the expansion of the electricity grid has been taken 
into account in the results. This is in particular relevant in scenarios with EVs, 
power-to-heat and or power-to-gas, as the peak electricity load in these scenarios 
is higher than in the remaining scenarios. There are of course substantial uncer-
tainties connected to the estimated grid investment costs. Those costs further-
more depend on how great the already existing overcapacity is in the energy 
system. 

The EnergyPLAN model simulates an energy system with a perfect knowledge 
of all the modelled parameters, including a knowledge about the fluctuating RES 
generation profiles, the energy demand profiles and the electricity spot price 
profiles, which are all input in the model in the form of hourly time-series for a 
whole year. The model is then capable of simulating the most rational operation 
of the energy system under the constraints and equations that govern the model. 
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In reality, such perfect operation of the system cannot be replicated but only 
approached, because energy system operators must deal with uncertainties about 
future prices, generation profiles, demands and more. 

In the EnergyPLAN tool, specialised technical aspects of the energy conversion 
and storage technologies in the model cannot be modelled in full detail. This is 
often a necessary trade-off in energy system modelling, because including very 
technology specific details on all energy conversion and storage technologies of 
a whole nation-wide energy system model is neither practically nor computa-
tionally feasible. The technical model input parameters for electrical energy 
storages are the installed storage injection and extraction power capacities, the 
injection and extraction and efficiencies, the storage energy capacity. For ther-
mal energy storages, the technical model input parameters are the storage energy 
capacity and the storage strategy (e.g. daily, weekly, seasonal storage cycles). 
The energy losses for thermal energy storages are calculated in the model based 
on the storage strategy. For power-to-heat and power-to-gas, the technical model 
input parameters are the installed energy conversion power capacity and the con-
version efficiency. In all cases, the economic model input parameters are the 
specific investment costs of the storage or conversion unit, its operation and 
maintenance costs (O&M) and its technical lifetime in years.  

The relatively simple representation of the storages in the model has some im-
plications regarding the choice of the which energy storage technologies to in-
clude in the modelling and which to exclude. As an example, two battery tech-
nologies with different chemistries but identical efficiencies, costs and technical 
lifetime cannot be distinguished in the model. It would therefore not be neces-
sary to include separate model scenarios for these two technologies, as the mod-
eller knows beforehand that the results for both technologies would be identical. 
If one of the battery technologies was more expensive and less efficient than the 
other, the modeller would furthermore know beforehand that the model result 
would show that this battery technology was less economically and technically 
feasible than the other technology. After performing a literature study on the 
costs and efficiencies of different DES technologies, these considerations can be 
used for choosing which technologies to include in the modelling (the cheapest 
and most efficient technologies in each category) and which technologies to ex-
clude (the ones that are more expensive and/or less efficient than the most prom-
ising competing technology in each category). These considerations have been 
used when choosing which technologies to include in the scenario modelling. 

6.2 Scenario-Analysis Methodology Discussion 

In the methodology chosen for the scenario modelling in this work, it is not fea-
sible to investigate all possible combinations of energy storage (or conversion) 
capacities and fluctuating RES generation capacities. The results and conclu-
sions in this work are therefore based on calculations performed for some spe-
cific combinations of these capacities. The investigated capacities are defined a 
priori by the modeller, and are not outputs of the model. The installed capacities 
for the energy conversion and storage technologies in each variation of each 
scenario are, furthermore, defined based on the best judgment of the modellers 
regarding how much energy supply and demand balancing capacity is needed in 
each case. This is described further in section 4.4.  

As a result of this methodology, it is by no means certain that the results of the 
scenarios represent the optimal performance of the energy storage or conversion 
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technology in the given energy system configuration. There are almost certainly 
other combinations of storage (or conversion) capacities and fluctuating RES 
capacities that are slightly more economically and/or environmentally feasible 
than the combinations included in the current modelling. This is in particular 
true for combinations that include individual heat pumps, as all scenarios in this 
modelling work that include individual heat pumps are found to be technically 
and economically beneficial. This is not expected to change the general trends 
and conclusions obtained from the model results. A more comprehensive opti-
misation of the capacities is outside the scope of this work but would, however, 
be a useful addition in further work and when studying specific DES usage 
cases. It should also be noted that, although the different technologies are mod-
elled one by one in technology-specific scenarios here (in order to investigate 
their effects on the system), reality will almost certainly include a combination 
of all (or most) the technologies included in this work. 

An implication of the methodology used in this work is that the installed capac-
ities of the different energy storage and/or conversion technologies cannot be 
compared across scenarios. It is e.g. not possible to say how much heat pump 
capacity in DH would be needed in scenario 5 to equal the installed Li-ion bat-
tery capacity in scenario 9; this would be comparing apples and oranges. For 
this reason, the results are suitable for identifying the general trends for one 
technology at a time on each of the three indicators, but a comparison of the 
numerical values of the indicators across scenarios is not applicable. 

Similar considerations are also true for the comparison of the results of the sce-
narios across configurations (A-E). Comparing the absolute values of the indi-
cators between configurations is not applicable, due to the very different starting 
points (baseline scenarios) of the configurations. The results of the economic 
and environmental indicators are therefore only presented relative to the corre-
sponding baseline scenarios when comparing across configurations. 

The technologies included in the modelling are divided in four categories; dis-
tributed EES, distributed TES, energy conversion technologies and alternative 
methods for balancing energy supply and demand. The different categories each 
have somewhat different roles in the system. The EES technologies operate 
within the electricity sector and have the potential of storing overproduction of 
electricity from fluctuating RES for use at later times, thereby lowering or avoid-
ing the consumption of fuels for supplying the demand during low production 
from fluctuating RES. The TES technologies play a similar role, but within the 
heating sector (either in DH or individual heating). The energy conversion tech-
nologies have a somewhat different role, as they can be used for reducing the 
overproduction in one sector by enabling the usage of this energy in another 
sector (where it may be used immediately or stored e.g. as a synthetic fuel). The 
alternative methods for balancing supply and demand included here have similar 
effects on the system as EES, but do this by shifting the demand in time or in-
fluencing the total demand by import or export of energy.  

In all cases, the introduction of the technologies in the model in this work aims 
at moving the overshooting fluctuating RES production to hours of lacking RES 
production, compared to the demand. A technically successful implementation 
of this will reduce the demand for fuels in the system and increase the share of 
renewable energy, thereby reducing the total system CO2 emissions. In the 
method used here, an economically successful implementation of this will re-
duce the total socio-economic costs of the energy system (i.e. how much it costs 
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society as a whole to fulfil its demand for energy services, disregarding all taxes 
and subsidies). As shown in the results, the scenarios where this implementation 
is most technically and economically successful is often where storage technol-
ogies and conversion technologies have been combined in a flexible sector cou-
pling solution. 

It is worth noting that the CO2 emission values in the different scenarios  range 
from approximately 11 ton/person/yr to 7 ton/person/year. This means that the 
maximum reduction in CO2 emissions observed in the model only corresponds 
to around 35% of the total CO2 emissions in the model. This means that 65% of 
the CO2 emissions are not affected by the introduction of more RES, the imple-
mentation of the recommended energy system redesign measures or by the in-
troduction of the energy supply and demand balancing technologies. This in-
cludes e.g. CO2 emissions in the industrial and mobility sectors, as well as the 
fraction of the electricity, heating and gas sectors where it is not possible to re-
place fuel usage even though all recommended measures in this work are carried 
out. This pointed out here to illustrate the complexity and scale of the emission 
goals and climate challenges that lie before us. The introduction of DES or other 
energy supply and demand balancing technologies for the integration of large 
amounts of RES is only one part, but an important part, in the transition towards 
a sustainable and environmentally responsible energy supply. 

6.3 Model-External Uncertainty Factors 

The technologies included in the modelling have a number of properties and 
uncertainty factors that are not included in the model. These can be referred to 
as model-external uncertainty factors. Some of these factors are mentioned in 
Table 21 through Table 25. 

For electrical interconnections, it is not clear how reliable the electricity ex-
change with the neighbouring countries is. The development of electricity spot 
prices is uncertain, and so is the ability or willingness of the neighbouring coun-
tries to exchange when needed in the national system (as overproduction and 
underproduction may coincide in neighbouring systems with a similar RES 
mix). Fundamental national security of energy supply may also be a concern 
when relying greatly on electrical interconnectors to abroad.  

Electric heat pumps require an external heat source, but no assumptions are 
made in the model regarding what this heat source should be. The potential for 
external heat sources that are suitable for electric heat pumps has also not been 
estimated in this work. The coefficient of performance of electric heat pumps 
also depends on the heat source and its temperature, but an average constant 
COP of 3.0 is simply assumed in the model. Furthermore, heat pumps may have 
a very long peak-demand periods during long cold periods of the year, which 
may decrease their potential for flexible operation unless connected to a suffi-
ciently large TES. These aspects must be investigated in more detailed when 
preparing case-specific studies of the implementation of electric heat pumps. 

The magnitude of the available potential for flexible electricity demand is not 
clear, and depends on the willingness of electricity consumers to be flexible. 
This willingness again depends on the business models and technical solutions 
that are available for making the demand flexible. It is also uncertain if or how 
much the electricity consumers would need to be compensated for their flexibil-
ity. The costs of any such compensation are not included in the model. 
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For the power-to-gas-to-power and power-to-gas technologies, the development 
in the costs, scaling and reliability of the electrolysis and methanation technolo-
gies must reach the assumptions used in the model. The choice of modelling 
solid oxide electrolysers and fuel cells here, rather than the more conventional 
alkaline cells, was taken based on the development potential of this technology. 
The technology has the potential for reaching the assumed maturity, but only 
with concentrated research, development and demonstration efforts and if the 
market for these technologies increases. In case the solid oxide technology fails 
to reach these targets, the performance of the P2G2P and P2G scenarios will be 
worse than in the results shown here. 

The same uncertainties apply to the battery prices for Li-ion and Vd-redox bat-
teries. Li-ion batteries are proven technology with prices that have rapidly fallen 
in recent years. This development is anticipated to continue such that the invest-
ment costs for battery systems (including power electronics, inverters and cas-
ing) can reach the assumed level within the next 5-10 years. The Vd-redox bat-
tery technology is not as mature, and both technology development and price 
reductions are needed for them to reach the maturity assumed in the model. Sim-
ilar to the solid oxide cells, this requires a concentrated research, development 
and demonstration effort and the development of a larger market for Vd-redox 
batteries. 

The nuclear power plants included in configuration E are assumed to operate as 
inflexible baseload electricity generation. Technological advancements may 
lead to increased flexibility of nuclear power plants. This would enable in-
creased integration of fluctuating RES in energy systems with nuclear power. 

The transition away from ICE vehicles towards electric vehicles has already be-
gun. As seen by the results of configuration D, electric vehicles can be very 
useful for cost effective integration of fluctuating RES. This assumes that all 
EVs are charged in smart (flexible) way. Measures should be taken to ensure 
that smart charging will be the standard method as the transition towards electric 
vehicles advances. A failure to implement smart charging infrastructure (and 
some incentives for the vehicle owners to make use of this) would lead to less 
feasible results in the model scenarios in configuration D. 

Many of the energy storage or conversion technologies modelled in this work 
have a potential of yielding ancillary services to the electricity grid, in addition 
to providing the modelled balancing of supply and demand. These ancillary ser-
vices include frequency regulation and primary reserve supply. The provision of 
these services could reduce the need for other reserve capacity in the system and 
improve the economy of the storage or conversion technology. These electricity 
system service aspects were not included in this subtask but should be looked 
into in future studies focussed on distributed electrical energy storages. 

A summary of the conclusions of this work, as well as policy recommendations 
based on those conclusions, can be found in the executive summary (Chapter 0). 

6.4 Outlook 

In this work, the technical and economic feasibility of DES technologies and 
other technologies for balancing energy supply and demand has been assessed 
for the energy system as a whole. More detailed modelling of some aspects of 
distributed energy storages, such as how they may help relieving congestion in 
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distribution grids and how they may be useful for providing ancillary services 
to the electricity grid, requires further work in other, more specific modelling 
frameworks.  

One of the main results of this work is that flexible sector coupling, e.g. through 
flexibility in the electricity sector and/or the heating sector (e.g. through energy 
storage) with a coupling between them in the form of power-to-heat technolo-
gies, is very beneficial for the system as a whole. Other beneficial flexible cou-
plings between other sectors that were not looked into in this work may also be 
possible. Further research into which combinations of flexibility and sector cou-
pling could be most useful for integrating renewable energy and lowering the 
CO2 emissions of the energy system should be carried out. 
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Appendix A  EnergyPLAN Model Input Data 

The values of all technical input parameters presented in this Appendix are those 
used in in the EnergyPLAN model of Germany that was prepared for [Mathiesen 
2017], unless otherwise stated in Chapter 4 of the subtask 3 report. This model 
has been calibrated to German energy system statistics for the year 2010. 

The values of all economic input parameters presented in this Appendix stem 
from the EnergyPLAN cost database [EnergyPLAN 2015], unless otherwise 
stated in Chapter 4 of the subtask 3 report. 

A.1  Technical model input data 

A.1.1  Energy Supply, Installed Capacities 

 

Table 30 

 

 



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 134  

Table 31 

 

 

Table 32 

 

 

A.1.2  Fuel Supply 

 

Table 33 
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Table 34 

 

 

Table 35 

 

 

A.1.3  Energy Demand 

 

Table 36 

 

 

Table 37 
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Table 38 

 

 

Table 39 

 

 

Table 40 
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Table 41 

 

 

Table 42 
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A.1.4  Energy Storage and Interconnections 

 

Table 43 

 

 

Table 44 
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A.2  Economic model input data 

 

A.2.1  Energy Conversion Units 

 

Table 45 
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Table 46 
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Table 47 

 

 

A.2.2  Energy Storage and Transmission 

 

Table 48 
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A.2.3  Fuels 

 

Table 49 
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Table 50 

 

 

A.2.4  Vehicles 

 

Table 51 
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A.2.5  Variable Operation & Maintenance 

 

Table 52 
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Appendix B  Result Figures from Subtask 3 Scenario Modelling 

B.1  About the Result Figures 

The results of all scenarios included in the subtask 3 energy system modelling 
are included in this Appendix (in Figure 42 - Figure 112). The results are pre-
sented in terms of the three indicators defined and used in section 3.4 of the 
subtask 3 report: 

1) The total socio-economic energy system costs per person, per year 
(€/person/yr). 

2) The CO2 emissions arising from the energy system operation per person, 
per year (ton CO2/person/yr). 

3) The “discharged energy” per year (TWh/yr).  

In the analyses carried out in this project, the objective is to identify solutions 
that minimize indicators 1) and 2) and maximize indicator 3), while significantly 
increasing the share of electricity from wind turbines and photovoltaics in the 
system’s electricity consumption. The result figures show how well the different 
distributed energy storage and/or conversion solutions help in reaching these 
objectives in different energy system configurations, within the boundaries of 
the current model and assumtions. 

In this Appendix, the results are shown as a separate figure for each scenario. 
The result figures all have the same format; they all contain four charts which 
share the same x-axis. In the standard version of each scenario (e.g. A2), the 
installed capacity of wind turbines and photovoltaics in the system is increased 
in fixed steps. Here the the x-axis of the charts shows the annual amount of the 
system’s national electricity consumption that is supplied by wind turbines and 
photovoltaics. It should be noted that the electricity consumption supplied by 
wind and PV does not necessarily match the electricity generated by these 
sources, as overproduction (i.e. hours where the electricity supply exceeds the 
sum of electricity demand and export) may occur, especially for high levels of 
wind and PV penetration. 

The chart at the bottom of each figure shows the installed energy storage and/or 
conversion capacity (in some cases on two separate y-axes) as a function of the 
electricity consumption supplied by wind and PV. It should be noted that the 
storage or conversion capacities are not results of the model calculations, but 
rather input values to the model. These capacities and their development with 
the stepwise increasing electricity production from wind and PV are, however, 
very different between scenarios. For a good understanding of the results of in-
dicators 1)-3) it is necessary to keep in mind which storage and/or conversion 
capacities the results are based on in each scenario. The charts at the bottom of 
each figure are intended to assist with this. 

The remaining three charts in each result figure show the results of indicators 
1)-3) in absolute values (not relative to the baseline results) as a function of the 
electricity consumption supplied by wind and PV. In the chart at the top of each 
figure, the electricity overproduction (critical excess electricity production, 
CEEP) is shown on the 2nd y-axis, for comparison with indicator 3). Note that 
the scaling of the y-axis differs across the result figures. 
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The result figures all follow the same colour coding. The chart at the bottom is 
drawn in grayscale and with a gray background, in an attempt to remind the 
reader that this chart differs from the other three charts in that it doesn’t show 
calculation results, but rather model inputs. The results of indicators 1), 2) and 
3) are shown in orange, green and purple, respectively, and the CEEP is shown 
in blue. The results of the current scenario are, in all cases, shown in dark col-
ours, while the results from the corresponding baseline scenario are shown for 
comparison in lighter colours. 

For the scenarios marked with a “+” in Figure 13, two result figures are pre-
sented. In addition to the standard version of the scenario described in the pre-
vious paragraph, an additional analysis has been carried out (e.g. A2-1), where 
the installed capacity of the energy storage or conversion unit(s) in the current 
scenario has been varied stepwise while keeping the electricity supply from 
wind and PV constant (at approx. 330 TWh/yr). In the corresponding result fig-
ures, the joint x-axis of the four charts shows the installed amount of energy 
storage or conversion solutions in the current scenario. In these graphs, the y-
axis of the chart at the bottom of each figure shows the electricity consumption 
supplied by wind and PV. The baseline scenario in these charts is shown as a 
single point in each chart, i.e. the point corresponding to 330 TWh/yr wind and 
PV production.  
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B.2  Scenarios A: The Standard Energy System Configuration 

B.2.1  A2: Electrical interconnections 

 

Figure 42 Electricity interconnectors in energy system configuration A. The dark col-
oured lines correspond to scenario A2 and the light coloured lines correspond to the 
baseline scenario A0. 
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Figure 43 Varying electricity interconnection capacity for a fixed electricity generation 
from wind and PV. The single point in a lighter colour in the three indicator charts and 
the single black point in the bottom chart all correspond to the baseline scenario A0.  
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B.2.2  A3: Flexible Electricity Demand 

 

Figure 44 Flexible electricity demand in energy system configuration A. The dark col-
oured lines correspond to scenario A3 and the light coloured lines correspond to the 
baseline scenario A0. 
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Figure 45 Varying flexible demand for a fixed electricity generation from wind and PV. 
The single point in a lighter colour in the three indicator charts and the single black point 
in the bottom chart all correspond to the baseline scenario A0. 
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B.2.3   A4: Electric Boilers in District Heating 

 

Figure 46 Electric boilers in DH in energy system configuration A. The dark coloured 
lines correspond to scenario A4 and the light coloured lines correspond to the baseline 
scenario A0. 
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B.2.4  A5: Heat Pumps in District Heating 

 

Figure 47 Electric heat pumps in DH in energy configuration A. The dark coloured lines 
correspond to scenario A4 and the light coloured lines correspond to the baseline sce-
nario A0.  
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B.2.5  A6: Electric Heating in Individual Heating 

 

Figure 48 Individual electric heating in energy system configuration A. The dark col-
oured lines correspond to scenario A6 and the light coloured lines correspond to the 
baseline scenario A0. 
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Figure 49 Varying individual electric heating capacity for a fixed electricity generation 
from wind and PV. The single point in a lighter colour in the three indicator charts and 
the single black point in the bottom chart all correspond to the baseline scenario A0.  
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B.2.6  A7: Heat Pumps in Individual Heating 

 

Figure 50 Individual heat pumps in energy system configuration A. The dark coloured 
lines correspond to scenario A7 and the light coloured lines correspond to the baseline 
scenario A0. 
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Figure 51 Varying individual heat pump capacity for a fixed electricity generation from 
wind and PV. The single point in a lighter colour in the three indicator charts and the 
single black point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.7  A8: Power-to-Gas (Biogas Methanation) 

 

Figure 52 Power-to-gas in energy system configuration A. The dark coloured lines cor-
respond to scenario A8 and the light coloured lines correspond to the baseline scenario 
A0. 
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Figure 53 Varying power-to-gas capacity for a fixed electricity generation from wind and 
PV. The single point in a lighter colour in the three indicator charts and the single black 
point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.8  A9: Li-ion batteries (neighborhood-scale) 

 

Figure 54 Lithium-ion batteries in energy system configuration A. The dark coloured 
lines correspond to scenario A9 and the light coloured lines correspond to the baseline 
scenario A0. 
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Figure 55 Varying lithium-ion battery capacity for a fixed electricity generation from wind 
and PV. The single point in a lighter colour in the three indicator charts and the single 
black point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.9  A10: Li-ion Batteries Coupled to PV Systems 

 

Figure 56 Lithium-ion batteries coupled directly to PV systems in energy system con-
figuration A. The dark coloured lines correspond to scenario A10 and the light coloured 
lines correspond to the baseline scenario A0. 
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Figure 57 A comparison between Li-ion batteries that are directly coupled to PV (sce-
nario A10) and Li-ion batteries not directly coupled to PV (scenario A9). The battery 
capacity for both cases is identical here. The results show that batteries that are more 
centrally located, i.e. not coupled domestically to PV systems before they are connected 
to the grid, perform better on all three indicators. Both cases are, however, more expen-
sive than the baseline scenario.  
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Figure 58 Varying lithium-ion battery (coupled to PV) capacity for a fixed electricity gen-
eration from wind and PV. The single point in a lighter colour in the three indicator charts 
and the single black point in the bottom chart all correspond to the baseline scenario 
A0. 
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B.2.10  A11: Power-to-Gas-to-Power (hydrogen) 

 

Figure 59 Power-to-gas-to-power in energy system configuration A. The dark coloured 
lines correspond to scenario A11 and the light coloured lines correspond to the baseline 
scenario A0. 
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Figure 60 Varying power-to-gas-to-power capacity for a fixed electricity generation from 
wind and PV. The single point in a lighter colour in the three indicator charts and the 
single black point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.11  A12: Vd-redox Batteries 

 

Figure 61 Vanadium-redox flow batteries in energy system configuration A. The dark 
coloured lines correspond to scenario A12 and the light coloured lines correspond to 
the baseline scenario A0. 
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Figure 62 Varying Vd-redox battery capacity for a fixed electricity generation from wind 
and PV. The single point in a lighter colour in the three indicator charts and the single 
black point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.12  A13: Pit and Tank Thermal Energy Storage in District Heating 

 

Figure 63 Pit and tank thermal energy storage in energy system configuration A. The 
dark coloured lines correspond to scenario A13 and the light coloured lines correspond 
to the baseline scenario A0. 
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B.2.13  A14: Aquifer and Tank Thermal Energy Storage in District Heating 

 

Figure 64 Aquifer and tank thermal energy storage in energy system configuration A. 
The dark coloured lines correspond to scenario A14 and the light coloured lines corre-
spond to the baseline scenario A0. 
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B.2.14  A15: Tank Thermal Storage in Individual Heating 

 

Figure 65 Tank thermal energy storage in individual heating in energy system configu-
ration A. The dark coloured lines correspond to scenario A15 and the light coloured lines 
correspond to the baseline scenario A0. 
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Figure 66 Varying TTES capacity in individual heating for a fixed electricity generation 
from wind and PV. The single point in a lighter colour in the three indicator charts and 
the single black point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.15  A16 (Hybrid Scenario): Heat Pumps (ind.) + TTES (ind.) 

 

Figure 67 A combination of heat pumps and tank thermal energy storage in individual 
heating in energy system configuration A. The dark coloured lines correspond to sce-
nario A16 and the light coloured lines correspond to the baseline scenario A0. 
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Figure 68 Varying TTES capacity in individual heating for a fixed electricity generation 
from wind and PV. The single point in a lighter colour in the three indicator charts and 
the single black point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.16  A17 (Hybrid Scenario): Flexible Demand + Heat Pumps (ind.) + TTES (ind.) 

 

Figure 69 A combination of heat pumps, tank thermal energy storage and flexible elec-
tricity demand in individual heating in energy system configuration A. The dark coloured 
lines correspond to scenario A17 and the light coloured lines correspond to the baseline 
scenario A0. 
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B.2.17  A18 (Hybrid Scenario): Li-ion + Heat Pumps (ind.) + TTES (ind.) 

 

Figure 70 A combination of heat pumps and tank thermal energy storage in individual 
heating and Li-ion batteries, in energy system configuration A. The dark coloured lines 
correspond to scenario A18 and the light coloured lines correspond to the baseline sce-
nario A0.  
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Figure 71 Varying Li-ion battery capacity for a fixed electricity generation from wind and 
PV. The single point in a lighter colour in the three indicator charts and the single black 
point in the bottom chart all correspond to the baseline scenario A0. 
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B.2.18  A19 (Hybrid Scenarios): Li-ion+PV systems + Heat Pumps (ind.) + TTES (ind.) 

 

Figure 72 A combination of heat pumps and tank thermal energy storage in individual 
heating and Li-ion batteries that are directly coupled to PV, in energy system configura-
tion A. The dark coloured lines correspond to scenario A19 and the light coloured lines 
correspond to the baseline scenario A0. 
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B.3  Scenarios B: Island Mode 

B.3.1  B3: Flexible Electricity Demand 

 

Figure 73 Flexible electricity demand in energy system configuration B (island mode). 
The dark coloured lines correspond to scenario B3 and the light coloured lines corre-
spond to the baseline scenario B0.  
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B.3.2  B4: Electric Boilers in District Heating 

 

Figure 74 Electric boilers in DH in energy system configuration B (island mode). The 
dark coloured lines correspond to scenario B4 and the light coloured lines correspond 
to the baseline scenario B0. 
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B.3.3  B5: Heat Pumps in District Heating 

 

Figure 75 Electric heat pumps in DH in energy system configuration B (island mode). 
The dark coloured lines correspond to scenario B5 and the light coloured lines corre-
spond to the baseline scenario B0.  
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B.3.4  B6: Electric Heating in Individual Heating 

 

Figure 76 Electric heating in individual heating in energy system configuration B (island 
mode). The dark coloured lines correspond to scenario B6 and the light coloured lines 
correspond to the baseline scenario B0.  
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B.3.5  B7: Heat Pumps in Individual Heating 

 

Figure 77 Heat pumps in individual heating in energy system configuration B (island 
mode). The dark coloured lines correspond to scenario B7 and the light coloured lines 
correspond to the baseline scenario B0. 
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B.3.6  B8: Power-to-Gas (Biogas Methanation) 

 

Figure 78 Power-to-gas (biogas methanation) in energy system configuration B (island 
mode). The dark coloured lines correspond to scenario B8 and the light coloured lines 
correspond to the baseline scenario B0.The black curve in the chart on the bottom is 
the electrolyzer electricity consumption, the light gray curve is the installed electrolyzer 
input capacity and the white curve is the installed biomethane output capacity. The dark 
gray curve at the bottom corresponds to the baseline scenario, to show that no power-
to-gas is included there. 
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B.3.7  B9: Li-ion Batteries (neighborhood-scale) 

 

Figure 79 Lithium-ion batteries in energy system configuration B (island mode). The 
dark coloured lines correspond to scenario B9 and the light coloured lines correspond 
to the baseline scenario B0. The black curve shows both the battery storage capacity 
(in GWh, left y-axis) and the installed battery power (in GW, right y-axis). 
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B.3.8  B10: Li-ion batteries Coupled to PV Systems 

 

Figure 80 Lithium-ion batteries directly coupled to PV systems in energy system con-
figuration B (island mode). The dark coloured lines correspond to scenario B10 and the 
light coloured lines correspond to the baseline scenario B0. The black curve shows both 
the battery storage capacity (in GWh, left y-axis) and the installed battery power (in GW, 
right y-axis).  
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B.3.9  B11: Power-to-Gas-to-Power (Hydrogen) 

 

Figure 81 Power-to-gas-to-power (hydrogen storage) in energy system configuration B 
(island mode). The dark coloured lines correspond to scenario B11 and the light col-
oured lines correspond to the baseline scenario B0. The black curve shows both the 
battery storage capacity (in GWh, left y-axis) and the installed battery power (in GW, 
right y-axis).The black line shows the annual electrolyzer electricity consumption. The 
white line shows the installed electrolysis capacity and the light-gray line shows the 
installed fuel cell capacity (the electrolyzer and fuel cell are assumed to be the same 
device, utilizing reversible solid oxide cells; then the cells yield a lower power capacity 
in electrolysis mode than in fuel cell mode due to a lower current density during fuel cell 
opearation). 
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B.3.10  B12: Vd-redox Flow Batteries 

 

Figure 82 Vd-redox flow batteries in energy system configuration B (island mode). The 
dark coloured lines correspond to scenario B12 and the light coloured lines correspond 
to the baseline scenario B0. The black curve shows both the battery storage capacity 
(in GWh, left y-axis) and the installed battery power (in GW, right y-axis). 
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B.4  Scenarios C: More District Heating 

B.4.1  C3: Flexible Electricity Demand 

 

Figure 83 Flexible electricity demand in energy system configuration C (more district 
heating). The dark coloured lines correspond to scenario C3 and the light coloured lines 
correspond to the baseline scenario C0. 
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B.4.2  C4: Electric Boilers in District Heating 

 

Figure 84 Electric boilers in DH in energy system configuration C (more district heating). 
The dark coloured lines correspond to scenario C4 and the light coloured lines corre-
spond to the baseline scenario C0. 
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B.4.3  C5: Heat Pumps in District Heating 

 

Figure 85 Electric heat pumps in DH in energy system configuration C (more district 
heating). The dark coloured lines correspond to scenario C5 and the light coloured lines 
correspond to the baseline scenario C0. 
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B.4.4  C13: Pit and Tank Thermal Energy Storage in District Heating 

 

Figure 86 Pit and tank thermal energy storage in DH in energy system configuration C 
(more district heating). The dark coloured lines correspond to scenario C13 and the light 
coloured lines correspond to the baseline scenario C0. The black line shows the in-
stalled tank thermal storage (TTES) capacity, and the light gray line shows the installed 
pit thermal energy storage (PTES) capacity. 
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B.4.5  C14: Aquifer & Tank Thermal Energy Storage in District Heating 

 

Figure 87 Aquifer and tank thermal energy storage in DH in energy system configura-
tion C (more district heating). The dark coloured lines correspond to scenario C14 and 
the light coloured lines correspond to the baseline scenario C0. The black line shows 
the installed tank thermal storage (TTES) capacity, and the light gray line shows the 
installed pit thermal energy storage (PTES) capacity. 

  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 193  

B.4.6  C15: Tank Thermal Energy Storage in Individual Heating 

 

Figure 88 Tank thermal energy storage in individual heating in energy system configu-
ration C (more district heating). The dark coloured lines correspond to scenario C15 and 
the light coloured lines correspond to the baseline scenario C0. The black line shows 
the installed tank thermal storage (TTES) capacity, and the light gray line shows the 
installed pit thermal energy storage (PTES) capacity. 
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B.4.7  C16 (Hybrid Scenario): Heat Pumps (DH) + (TTES+PTES) (DH) 

 

Figure 89 A combination of heat pumps and Pit and tank thermal energy storage in 
individual heating in energy system configuration C (more district heating). The dark 
coloured lines correspond to scenario C16 and the light coloured lines correspond to 
the baseline scenario C0. The black line shows the installed tank thermal storage 
(TTES) capacity, the white line shows the installed pit thermal energy storage (PTES) 
capacity and the light gray line shows the installed heat pump capacity (electric). 
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B.4.8  C17 (Hybrid Scenario): Flexible Demand + Heat Pumps (DH) + TTES (DH) 

 

Figure 90 A combination of flexible electricity demand, heat pumps and Pit and tank 
thermal energy storage in individual heating in energy system configuration C (more 
district heating). The dark coloured lines correspond to scenario C17 and the light col-
oured lines correspond to the baseline scenario C0. The black line shows the installed 
tank thermal storage (TTES) capacity, the white line shows the installed pit thermal en-
ergy storage (PTES) capacity and the light gray line shows the amount flexible electricity 
demand. 
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B.4.9  C18 (Hybrid Scenario): Li-ion + Heat Pumps (ind.) + TTES (ind.) 

 

Figure 91 A combination of Li-ion batteries, heat pumps and Pit and tank thermal en-
ergy storage in individual heating in energy system configuration C (more district heat-
ing). The dark coloured lines correspond to scenario C18 and the light coloured lines 
correspond to the baseline scenario C0. The black line shows the installed tank thermal 
storage (TTES) capacity, the white line shows the installed pit thermal energy storage 
(PTES) capacity and the light gray line shows the installed Li-ion battery capacity. 
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B.4.10  C19 (Hybrid Scenarios): Li-ion+PV systems + Heat Pumps (ind.) + TTES (ind.) 

 

Figure 92 A combination of Li-ion batteries coupled to PV systems, heat pumps and Pit 
and tank thermal energy storage in individual heating in energy system configuration C 
(more district heating). The dark coloured lines correspond to scenario C19 and the light 
coloured lines correspond to the baseline scenario C0. The black line shows the in-
stalled tank thermal storage (TTES) capacity, the white line shows the installed pit ther-
mal energy storage (PTES) capacity and the light gray line shows the installed Li-ion 
battery capacity. 
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B.5  Scenarios D: More Electric Vehicles 

B.5.1  D0: Comparison between dump charge, smart charge and V2G 

 

Figure 93 A comparison between dump charge, smart charge and vehicle-to-grid for 
electric vehicles, in energy system configuration D (more electric vehicles).  
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B.5.2  D2: Electricity Interconnections to Abroad 

 

Figure 94 Electrical interconnections to abroad in energy system configuration D (more 
electric vehicles). The dark coloured lines correspond to scenario D2 and the light col-
oured lines correspond to the baseline scenario D0.  
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B.5.3  D3: Flexible Electricity Demand 

 

Figure 95 Flexible electricity demand in energy system configuration D (more electric 
vehicles). The dark coloured lines correspond to scenario D3 and the light coloured lines 
correspond to the baseline scenario D0. 
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B.5.4  D6: Electric Heating in Individual Heating 

 

Figure 96 Electric heating in individual heating in energy system configuration D (more 
electric vehicles). The dark coloured lines correspond to scenario D6 and the light col-
oured lines correspond to the baseline scenario D0.  
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B.5.5  D7: Heat Pumps in Individual Heating 

 

Figure 97 Heat pumps in individual heating in energy system configuration D (more 
electric vehicles). The dark coloured lines correspond to scenario D7 and the light col-
oured lines correspond to the baseline scenario D0.  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 203  

B.5.6  D8: Power-to-Gas (Biogas Methanation) 

 

Figure 98 Power-to-gas (biogas methanation) in energy system configuration D (more 
electric vehicles). The dark coloured lines correspond to scenario D8 and the light col-
oured lines correspond to the baseline scenario D0.The black curve in the chart on the 
bottom is the electrolyzer electricity consumption, the light gray curve is the installed 
electrolyzer input capacity and the white curve is the installed biomethane output ca-
pacity. The dark gray curve at the bottom corresponds to the baseline scenario, to show 
that no power-to-gas is included there. 
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B.5.7  D9: Li-ion Batteries (Neighborhood Scale) 

Figure 99 Li-ion batteries in energy system configuration D (more electric vehicles). The 
dark coloured lines correspond to scenario D9 and the light coloured lines correspond 
to the baseline scenario D0. The black curve shows both the battery storage capacity 
(in GWh, left y-axis) and the installed battery power (in GW, right y-axis). 
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B.5.8  D10: Li-ion Batteries Coupled to PV Systems 

 

Figure 100 Li-ion batteries coupled to PV systems in energy system configuration D 
(more electric vehicles). The dark coloured lines correspond to scenario D10 and the 
light coloured lines correspond to the baseline scenario D0. The black curve shows both 
the battery storage capacity (in GWh, left y-axis) and the installed battery power (in GW, 
right y-axis). The black curve shows both the battery storage capacity (in GWh, left y-
axis) and the installed battery power (in GW, right y-axis). 
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B.5.9  D11: Power-to-Gas-to-Power (Hydrogen) 

 

Figure 101 Power-to-gas-to-power (hydrogen storage) in energy system configuration 
D (more electric vehicles). The dark coloured lines correspond to scenario D11 and the 
light coloured lines correspond to the baseline scenario D0. The black line shows the 
annual electrolyzer electricity consumption. The white line shows the installed electrol-
ysis capacity and the light-gray line shows the installed fuel cell capacity (the electro-
lyzer and fuel cell are assumed to be the same device, utilizing reversible solid oxide 
cells; then the cells yield a lower power capacity in electrolysis mode than in fuel cell 
mode due to a lower current density during fuel cell opearation). 
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B.5.10  D12: Vd-redox Flow Batteries 

 

Figure 102 Vd-redox batteries in energy system configuration D (more electric vehi-
cles). The dark coloured lines correspond to scenario D12 and the light coloured lines 
correspond to the baseline scenario D0. The black line shows both the battery storage 
capacity (in GWh, left y-axis) and the gray line shows the installed battery power (in 
GW, right y-axis). 

  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 208  

B.5.11  D18 (Hybrid Scenario): Li-ion + Heat Pumps (ind.) + TTES (ind.) 

 

Figure 103 A combination of heat pumps and tank thermal energy storage in individual 
heating and Li-ion batteries, in energy system configuration D (more electric vehicles). 
The dark coloured lines correspond to scenario D18 and the light coloured lines corre-
spond to the baseline scenario D0.  
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B.6  Scenarios E: More Nuclear Power 

B.6.1  E2: Electricity Interconnections to Abroad 

 

Figure 104 Electrical interconnections to abroad in energy system configuration E 
(more nuclear power). The dark coloured lines correspond to scenario E2 and the light 
coloured lines correspond to the baseline scenario E0.  
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B.6.2  E3: Flexible Electricity Demand 

 

Figure 105 Flexible electricity demand in energy system configuration E (more nuclear 
power). The dark coloured lines correspond to scenario E3 and the light coloured lines 
correspond to the baseline scenario E0. 
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B.6.3  E6: Electric Heating in Individual Heating 

 

Figure 106 Electric heating in individual heating in energy system configuration E (more 
nuclear power). The dark coloured lines correspond to scenario E6 and the light col-
oured lines correspond to the baseline scenario E0.  
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B.6.4  E7: Heat Pumps in Individual Heating 

 

Figure 107 Heat pumps in individual heating in energy system configuration E (more 
nuclear power). The dark coloured lines correspond to scenario E7 and the light col-
oured lines correspond to the baseline scenario E0.  



Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 213  

B.6.5  E8: Power-to-Gas (Biogas Methanation) 

 

Figure 108 Power-to-gas (biogas methanation) in energy system configuration E (more 
nuclear power). The dark coloured lines correspond to scenario E8 and the light col-
oured lines correspond to the baseline scenario E0. The black curve in the chart on the 
bottom is the electrolyzer electricity consumption, the light gray curve is the installed 
electrolyzer input capacity and the white curve is the installed biomethane output ca-
pacity. The dark gray curve at the bottom corresponds to the baseline scenario, to show 
that no power-to-gas is included there. 
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B.6.6  E9: Li-ion Batteries (Neighborhood Scale) 

 

Figure 109 Li-ion batteries in energy system configuration E (more nuclear power). The 
dark coloured lines correspond to scenario E9 and the light coloured lines correspond 
to the baseline scenario E0.The black curve shows both the battery storage capacity (in 
GWh, left y-axis) and the installed battery power (in GW, right y-axis). 
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B.6.7  E10: Li-ion Batteries Coupled to PV Systems 

 

Figure 110 Li-ion batteries coupled to PV systems in energy system configuration E 
(more nuclear power). The dark coloured lines correspond to scenario E10 and the light 
coloured lines correspond to the baseline scenario E0.The black curve shows both the 
battery storage capacity (in GWh, left y-axis) and the installed battery power (in GW, 
right y-axis). 
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B.6.8  E11: Power-to-Gas-to-Power (Hydrogen) 

 

Figure 111 Power-to-gas-to-power (hydrogen storage) in energy system configuration 
E (more nuclear power). The dark coloured lines correspond to scenario E11 and the 
light coloured lines correspond to the baseline scenario E0.The black line shows the 
annual electrolyzer electricity consumption. The white line shows the installed electrol-
ysis capacity and the light-gray line shows the installed fuel cell capacity (the electro-
lyzer and fuel cell are assumed to be the same device, utilizing reversible solid oxide 
cells; then the cells yield a lower power capacity in electrolysis mode than in fuel cell 
mode due to a lower current density during fuel cell opearation). 
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B.6.9  E12: Vd-redox Flow Batteries 

 

Figure 112 Vd-redox flow batteries in energy system configuration E (more nuclear 
power). The dark coloured lines correspond to scenario E2 and the light coloured lines 
correspond to the baseline scenario E0. The black line shows both the battery storage 
capacity (in GWh, left y-axis) and the gray line shows the installed battery power (in 
GW, right y-axis). 
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