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1. EXECUTIVE SUMMARY – GERMAN 

Lesen Sie mehr über DG STORE hier: www.dg-store.eu.  

In Dänemark, Deutschland und dem Rest Europas nimmt der Anteil erneuerbarer Energien (EE) an der 

Stromerzeugung aufgrund der vorherrschenden Energiekrise, die zu außergewöhnlich hohen 

Energiepreisen in ganz Europa geführt hat, in diesen Jahren erheblich zu. Die Energiekrise war ein 

Wendepunkt und hat das Augenmerk verstärkt auf Versorgungssicherheit und die Notwendigkeit 

eines schnelleren Ausbaus der erneuerbaren Energieerzeugung in Europa (IEA, 2022) gelenkt. 

Kapazitätsmangel im Stromnetz 

Die Notwendigkeit eines schnelleren Ausbaus der EE-Erzeugung führt jedoch zu einer Zunahme der 

fluktuierenden EE-Erzeugung aus Wind- und Solarenergie, was wiederum die verfügbaren Kapazitäten 

im Stromnetz unter Druck setzt. Dies hat in den letzten Jahren aufgrund von Kapazitätsmängeln im 

norddeutschen Stromnetz zu erheblichen Einschränkungen der Energieerzeugung in Dänemark 

geführt, die durch eine spezielle Regulierung verursacht wurden (Hohmeyer & Palm 2020). Langfristig 

ist es keine sinnvolle Lösung, dass dänische Windkraftanlagen dafür bezahlt werden, stillzustehen, und 

daher sind neue Lösungen erforderlich, um die überschüssige EE-Erzeugung in Zeiten hoher 

Netzbelastung zu speichern (Dansk Fjernvarme, 2022). 

Neuer Markt für Ausgleichsleistungen in Europa 2023/24 

Die spezielle Regulierung wird im Jahr 2024 in einen gemeinsamen europäischen Markt für 

Regelleistung auf der Plattform MARI (Manually Activated Reserves Initiative) überführt, auf dem alle 

europäischen Länder Ausgleichsleistungen anbieten können, um das europäische Stromnetz zu 

stabilisieren (Dansk Fjernvarme, 2021). Die nordischen Übertragungsnetzbetreiber aus Schweden, 

Norwegen, Finnland und Dänemark arbeiten zudem an einer Plattform für einen "New Nordic 

Activation Market", der voraussichtlich im Juni 2023 gestartet wird. Dieser nordische 

Energieaktivierungsmarkt wird mit der gemeinsamen europäischen MARI-Plattform verbunden sein 

und neue Arten von Angeboten für Ausgleichsleistungen einführen (Bräuner, 2022). 

Mit neuen Arten von Angeboten für Ausgleichsleistungen auf einem gemeinsamen europäischen 

Markt ergeben sich entsprechend neue Geschäftsmöglichkeiten im Bereich 

Flexibilitätsdienstleistungen und Speicherlösungen. Es liegt in der Verantwortung der 

Marktteilnehmer, diese neuen Geschäftsmöglichkeiten zu nutzen und sich insbesondere darauf zu 

konzentrieren, wie schnell, wie lange und in welchem Umfang eine Leistung auf dem zukünftigen 

gemeinsamen europäischen Markt für Regelleistung aktiviert werden kann (Bräuner, 2022). 

Techno-ökonomische Analyse des dänischen und deutschen Energiesystems 

Das DG STORE-Projekt hat die Möglichkeiten für lokale Speicher- und Flexibilitätslösungen in Lolland 

(DK) und Flensburg/Schleswig-Holtstein (DE) untersucht, mit dem Ziel, die Nutzung der EE-Erzeugung 

http://www.dg-store.eu/


 

4 
 

zu verbessern. Diese Regionen sind typischerweise durch eine hohe EE-Überproduktion 

gekennzeichnet, die zu Engpässen und einer Einschränkung der EE-Erzeugung führt, unter anderem 

aufgrund von Kapazitätsmängeln im Übertragungsnetz. Die techno-ökonomische Analyse wird daher 

Einblicke in das Potenzial lokaler Speicher- und Flexibilitätslösungen geben, wenn in Europa auf ein 

100%iges EE-Energiesystem hingearbeitet wird, das auf einem hohen Anteil von Wind- und 

Solarenergie basiert (Hohmeyer & Palm, 2020). 

Wenn Sie mehr über die Showcases in dem Projekt erfahren möchten, besuchen Sie bitte die 

Projektwebsite www.dg-store.eu.  

2. INTRODUCTION 
 

Moving towards a greener future includes relying increasingly on renewable energy. Wind and solar 

power have great potential for covering the electricity demand, but not necessarily when or where it 

is needed. In transitioning from traditional thermal power plants to increasing amounts of fluctuating 

electricity production from wind and solar, it is necessary to stabilize the electricity grid. This means 

expansion of the electricity grid itself, but also being able to shift consumption to match production. 

The project ‘Danish German STorage of Renewable Energy’ or short “DG STORE”, showcases various 

electricity flexibility and storage solutions to analyze their potential for stabilizing the electricity grid. 

The showcases located in Denmark and Germany, specifically Lolland in the Zealand Region and 

Flensburg in the Schleswig-Holstein region, highlights the key challenges facing these regions.  

The DG STORE ‘Status Quo Report’ from 2020, highlights some of these barriers the two regions face 

with the increasing demand for renewable energy production in Europe. This report seeks to analyze 

further how a future energy system in the regions will develop and how local storage and flexibility 

solutions can play a key role in solving the increasing bottlenecks in the transmission grid and lessen 

the need for downregulation through the storage and demand side management potentials.  

To read more about DG STORE, please visit the project website: www.dg-store.eu   

 

3. NOTEWORTHY CHANGES SINCE THE ‘STATUS QUO 

REPORT’ (2020) 
 

The DG STORE ‘Status Quo Report’ from 2020, gave an overview of the national energy systems in 

Germany and Denmark. Here a more detailed focus in Germany was put on the area of Schleswig-

Holstein and the area of Flensburg where the DG STORE cases on the German side is present. In 

relation to the Danish cases a more detailed focus in Denmark was put on the area of Lolland, located 

in the southwest of Zealand.  

http://www.dg-store.eu/
http://www.dg-store.eu/
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One thing to take note of since the ‘Status Quo Report’ was published in December 2020, were the 

unprecedented rise in energy prices that ensued in the wake of the COVID-19 pandemic with the 

increasing energy demand from industries and extreme weather conditions throughout Europe. In the 

slipstream of an increasing demand for energy globally, Europe also experienced a cold winter during 

2021/2022 (Greneaa & Rodkjær, 2022) and the Danish TSO Energinet even highlighted that 2021 was 

an exceptionally bad wind production year with less than 10% wind production compared to a normal 

wind year in Denmark (Øyen, 2022). Furthermore, an extremely hot summer in 2022 resulted in 

droughts throughout Europe. These droughts not only resulted in less production from the Norwegian 

hydroelectric plants due to exhausted water reservoirs, but French Nuclear power production plants 

also had problems cooling down because of the low water level (Skaaning, 2022). All of this combined 

with Russia’s war on Ukraine in the start of 2022 which resulted in suspended deliveries of gas to some 

EU member states ultimately drove the electricity prices in the EU to a record high considering that 

the energy prices had already more than doubled between December 2020 and 2021 as seen on Figure 

1 (European Council, 2023).  

 

This European energy crisis put the energy transition agenda at the topmost political level and 

highlighted the need for a more robust European energy system that can be more flexible and can 

utilize storage of intermittent renewable energy. This resulted in new and more ambitious goals both 

in Germany and Denmark concerning the transition to more renewable energy but also the increased 

focus on a European hydrogen infrastructure to store the intermittent renewable energy.  

Figure 1  Producer and consumer energy prices (€/MWh) in the EU (European Council, 2023) 
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This chapter highlights some of the noteworthy changes from the overview given in the ‘Status Quo 

Report’ from 2020 which influences cross border interconnections and national strategies on 

renewable energy expansion in Germany and Denmark. These changes have also been considered in 

the following techno-economic analysis.  

3.1. GERMANY ENERGY SYSTEM OVERVIEW  
 

Since the writing of the ‘Status Quo Report’ several substantial changes have occurred in the German 

climate and energy policy as well as in the local climate and energy plans in the city of Flensburg. These 

changes were mainly driven by two key factors: first the mounting public pressure to increase the 

ambitions of the national climate policy and the local climate plan and second the unforeseen shortage 

of natural gas supplies in Germany and the resulting tremendous price increases for natural gas and 

for electricity (cf. Figure 1). The greenhouse gas reduction targets, which were at 55% CO2 emission 

reductions for 2030 for the FRG, were increased to 65% by 2030, 88% by 2040 and to 100% climate 

neutrality by 2045 (BMWK, 2022, p. 4; BMWK, 2022a, p.8; LpB, 2023). Following this massive shift in 

climate policy a strong increase in the market diffusion speed of renewable energy sources was 

legislated. In the Renewable Energy Law of 2023, the ambition was raised massively. By 2030 the 

target was moved to 600 TWh/a or 80% (see Figure 2 below) of the anticipated electricity consumption 

(Stiftung Umweltenergierecht, 2022, p.17).  

 

Figure 2 Development of planned share of renewable electricity production in Germany by 2030 
and the actual development until 2021 (BMWK 2022, p.12) 
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In the 2021 version of the law the latest year given for the planned electricity production from 

renewables was 2029 and the target was 376 TWh/a, while the respective target of the new law is at 

533 TWh/a for 2029 (Stiftung Umweltenergierecht, 2022, p.17). Thus, the targeted generation has 

been increased by 42% for 2029 (see Table 1 below).   

In the case of the planned renewable energy based generation capacities the new law (EEG 2023) 

looks out to 2040, while the old law (EEG 2021) only addressed targets until 2030. As in the case of 

the planned total renewable electricity generation the targets were massively increased from 188 

GW (wind plus PV) for 2030 in the old law to 360 GW in the new law (see Table 2 below). What is 

more, this target increases to 506 GW in 2035.  

While the German government increased the ambition for the expansion of renewable electricity 

generation it started an initiative to speed up the extension and reinforcement of the transmission 

grid by reducing legal obstacles for the building of new power lines (BMWK, 2022, p.17). Even at the 

present stage of grid planning, several construction projects are still pending (see Figure 3 below), 

and these will not even suffice to accommodate the expansion of renewable generation capacities 

for a fully renewable power supply. 

Table 2 Development of German renewable electricity generation capacity targets in GW until 2045. (Stiftung 
Umweltenergierecht, 2022, p.17). 

Table 1 Development of German renewable electricity generation targets 
in TWh/a until 2030. (Stiftung Umweltenergierecht, 2022, p.17). 
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Although there was the attempt by the opposition party and the Liberal Democratic Party, which is 

part of the present federal coalition government, to restart a discussion on a prolongation of the 

operation of the remaining German nuclear power plants, the only change made towards the planned 

end of all nuclear power generation set for December 2022 was postponed till the end of the winter 

(April 15th 2023) in order to back up the fragile situation of the power generation system due to the 

lack of Russian gas for power production (Die Zeit, 2022). 

Figure 3 German grid expansion plan as of third quarter 2021 (BMWK 2022, p.18) 
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In the transport sector the government has set the target to 15 million fully electrical passenger cars 

and a target for building more than 100,000 public charging points per year by 2025 (BMWK, 2022, 

p.24). 

In the housing sector the new targets have been set to 50% climate neutral heat by 2030 and full 

climate neutrality of all existing buildings by 2045. It is foreseen that 4 to 6 million electrical heat 

pumps will be installed for heating by 2030 and all new buildings are supposed to meet a heat 

consumption standard of 40 kWh/m2 per year from 2025 onwards. (BMWK 2022, p.28). 

For Flensburg the climate neutrality target for the Stadtwerke was pulled up from 2050 to 2035 by the 

city council, which is setting the general operating guidelines of Stadtwerke Flensburg, which is owned 

completely by the city of Flensburg (NDR, 2022). Different from the original concept of climate 

neutrality to be reached in 2050, which was set in the ‘Integriertes Klimaschutzkonzept Flensburg’ 

(Hohmeyer et al., 2011, p.48), the new concept builds upon central and decentral heat pumps in the 

district heating system and a transition from natural gas to hydrogen being used in the CCGT 

generators in the midterm. The original plan from the ‘Klimaschutzkonzept’ to move to the use of 

wood chips for CHP has been dropped. It is foreseen that the system will rely on additional short term 

and seasonal heat storage to a substantially larger extent than originally planned, as solid biomass, 

which could have been stored easily, will not be used at a large scale anymore. Whether there is going 

to be some auxiliary biomass boiler or not is still a point of discussion (Stadtwerke Flensburg, 2023).  

The envisaged future energy supply system for Flensburg is sketched in Figure 4.  

Figure 4 Envisaged structure of Flensburg’s future energy supply system (Stadtwerke Flensburg 2023) 
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Besides these changes in the climate targets and the planned generation structure, there has been a 

need for a decision about the 150 MV high voltage connection to the Danish transmission system, as 

the Danish TSO has decided to put such power lines underground. As Flensburg would have had to 

invest into a completely new connection to Appenrade, it was decided to connect by a new 110 MV 

power line to the German connection point in Weding, which is considerably closer to Flensburg and 

helps to reduce the investment costs (Stadtwerke Flensburg 2023a). This new connection to the 

German high voltage grid is planned to be operational in 2025. With this strong new connection to the 

German grid and a substantial weakening of the connection to the Danish grid it is likely that 

Stadtwerke Flensburg will operate more in the German and less in the Nordic electricity market in the 

future.  

These new developments and decisions of late 2022 will change the situation for direct and indirect 

storage technologies in Flensburg as the use of solid biomass will be very limited. If solid biomass is 

used at all, the competition for storage will be mostly with renewable hydrogen to be used in CCGT or 

for heat generation, which will foreseeably be rather expensive as compared to solid biomass. Thus, 

the market situation for all kinds of direct and indirect storage is likely to improve as compared to the 

original plans. What is more, with the climate neutrality target being moved from 2050 to 2035 these 

storage technologies will become economically attractive far earlier than under the original plan. At 

the same time, it will be less likely that the expansion and reinforcement of the German national grid 

will be able to keep pace with the accelerated expansion of renewable energy generation capacities, 

namely, the expansion of on- and offshore wind in northern Germany. 
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3.2. DENMARK ENERGY SYSTEM OVERVIEW 

Since the writing of the ‘Status Quo Report’ the Danish Climate Law stated that Denmark must be 

climate neutral in 2050 as well as reduce greenhouse gas emissions by 70 % from 1990 to 2030. In the 

foundation for the new Danish government elected in December 2022, a new and more ambitious 

goal was set to be climate neutral in 2045 as opposed to 2050. However, these more ambitious goals 

of also reducing CO2 emissions by 110% in 2050 compared to 1990 have not been put into the Danish 

Climate Law yet (Ritzau, 2022). A noteworthy change in the Danish energy system is the geographically 

differentiated tariffs that will help position new renewable solar and wind production sites into areas 

with enough capacity and high consumption from industrial purposes e.g. Thus, a larger focus on the 

local capacities concerning production of renewable energy as well as consumption from 2023 and 

onwards. (Energistyrelsen, 2021) 

These geographically differentiated tariffs adhere to the specific geozones as seen on Figure 5, which 

gives an overview of the congestion in the Danish electricity grid. The green areas are defined by an 

area with a large electricty consumption, thus there will be a larger discount if connecting a new solar 

or wind park in such a geozone. The green zones are however also defined by being densly populated 

zones which gives RE-developers NIMBY problems. The yellow zones could be considered a goldilocks 

Figure 5 Shows the current geozone map for Denmark for the standard connection fee of electricity production units. 
(Green Power Denmark, 2023) 
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zones where there is both enough capacity in the electricity grid to connect a solar or wind park and 

is at the same time not as densly populated. Lastly, the red zones are characterised by already having 

large shares of RE in the electrity grid, thus resulting in very high costs in order to connect more RE in 

these geozones. However, these red geozones have historically been the go-to areas for RE-developers 

which might now be less incentivized in placing new RE-production here.  

The costs of connecting new solar or wind parks to the electricity grid in Denmark from 2023 onwards 

is now placed on the RE-developers as opposed to the consumers through the discontinued PSO-tariff. 

With these new tariff/fee structures for connecting more RE to the electricity grid in Denmark, it is 

expected that many new RE projects will be set on hold in 2023  and onwards due to less advantagous 

business cases. (Altinget, 2022) 

 

3.3. INTERCONNECTIONS AND ELECTRICITY TRADE 

Some noteworthy changes in the interconnections 

between Denmark and Germany compared to the 

‘STATUS QUO REPORT’ from 2020 is as follows: 

The DK1-DE connection will not be increased to 3.500 

MW until 2025 as opposed to previously stated 2024 as 

seen on Figure 6. Here the 220 kV connection will be 

increased to a 400 kV connection.  

The Krieger’s Flak connection to Denmark is 600 MW as 

opposed to 400 MW, however the connection to 

Germany is still 400 MW.  

With the coming energy island at Bornholm this offshore 

wind park will be connected to Zealand (DK2) with a 1200 

MW connection. Furthermore, a 2.000 MW connection to 

Germany will be established from this energy park at 

Bornholm in primo 2029.  

As with the Krieger’s Flak connection, the connections from the energy island at Bornholm will be 

limited by the fluctuating RE-production but can otherwise also be used as an interconnection for 

electricity trading between Germany and Denmark. (Danish Energy Agency, 2022) 

3.4. THE NEED FOR STORAGE AND DSM 

As highlighted in the ‘Status Quo Report’ there is discrepancies between the fluctuating electricity 

production and the consumption which must be solved for a 100% renewable energy system (RES) to 

function properly and minimize bottlenecks and downregulation. This time-discrepancy between 

Figure 6 Shows the plans for electrical transmission 
connections between Denmark and Germany in 
2020. (Hohmeyer & Palm, 2020) 
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production and consumption therefore creates a long-term demand for storage solutions and demand 

side management (DSM).  

A noteworthy change since 2020 is the increasing plans in both Germany and Denmark in developing 

Power-to-X solutions that produce green hydrogen from the excess RE production moving towards 

2030. In essence the green hydrogen can then be stored temporarily in a hydrogen infrastructure 

which can be used directly in hard-to-abate sectors or be converted into other e-fuels. 

Denmark is currently developing ‘energy islands’ which are large offshore wind parks that will produce 

large amounts of RE for Denmark and nearby countries. Instead of downregulating this RE-production 

due to bottlenecks a Power-to-X production facility will be connected instead. This introduces a 

flexible green hydrogen production during times of excessive RE production. The Danish Energy 

Agency’s analysis prerequisites ‘AF20’ from 2020 showed that they only expected a Power-to-X 

capacity of 1 GW by 2030. These analysis prerequisites help the Danish TSO (Energinet) in planning for 

the development of the transmission network based on the development of the electricity and gas 

consumption in Denmark. The newest analysis prerequisites ‘AF22’ shows a significant expansion of 

the Power-to-X capacity which is expected to be 6,9 GW by 2030. This significant expansion is based 

among other things on the announced projects in the pipeline towards 2030. (Ritzau, 2023) 

Germany announced their National Hydrogen Strategy in 2020 expecting 5 GW in 2030 and an 

additional expansion of 5 GW Power-to-X capacity by 2040 (BMWi, 2020). In 2022 Germany updated 

their National Hydrogen Strategy targets now expecting a total of 10 GW Power-to-X production 

capacities by 2030 (BMWK, 2022, p.20). 

This disruptive technology of Power-to-X will significantly change the market for storage and DSM 

solutions at a national level in the future as it can help stabilize the energy system through storage of 

e-fuels as countries work towards a 100% RES with more fluctuating RE-production from wind and 

solar. A key element to consider here is the conversion efficiency of the Power-to-X technology, 

whereas the first step of the e-fuel production is the hydrogen electrolysis which currently have a 

conversion efficiency of 65-70% (ESA, n.d.) or higher (82-85%) (Danish Energy Agency, n.d.) if excess 

heat is recovered for use in district heating. However, further conversion of the hydrogen to other e-

fuels will imply further losses thus there still a need for local storage and DSM solutions that is more 

efficient as opposed to the expected losses that a Power-to-X conversion implies compared to direct 

electrification.   
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3.5. BOTTLENECKS AND DOWNREGULATION 

As both Germany and Denmark are significantly increasing their RE-production there is an increasing 

need for storage and flexible consumption to solve increasing bottlenecks in the transmission grid. 

However, a temporary solution to these bottlenecks has been to downregulate the electricity 

production in Denmark. The current countertrade model ‘special regulation’ between Germany and 

Denmark is also changing in 2023/2024.  

 

As seen on Figure 7, the downregulation in Denmark on TenneT’s request, resulted in downregulation 

of up to 3.048 GWh in 2020 and 3.424 GWh in 2021. The use of ‘special regulation’ in 2022 were less 

than previous years but still shows a problem with bottlenecks in the German energy system. In recent 

years a discussion about whether the ‘special regulation’, between Germany and Denmark, complies 

with the EU competition rules and the EU rules of the free movement of goods have resulted in the 

Danish TSO building a new countertrade model that will comply with these rules. (Forsyningstilsynet, 

2022). 

The Danish TSO, Energinet, have put forward two deadlines for ending the current countertrade 

model. The first deadline will be moving to the intra-day countertrade model “New Nordic Activation 

Market’ in 2023. This collaboration between the TSO’s in Sweden, Norway, Finland, and Denmark will 

open for new types of bidding on balancing services and in preparation for the use of the MARI-

platform (Manually Activated Reserves Initiative) in 2024. This new countertrade model could also 

open for new business opportunities for actors working with balancing services or storage solutions, 

however this is defined by how quick, how long and how large of a capacity that your balancing service 

can provide on a common European regulating power market in 2023/2024. (Bräuner, 2022)  

0 500 1000 1500 2000 2500 3000 3500
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Reduced/stopped production from thermal plants Power on immersion heaters

Power down wind tubines Categories combined (*Less detailed from 2022 onwards)

Figure 7 Special regulation by Danish actors 2016-2022 on TenneT's request (Energinet, 2023) 
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Energinet advocates that it will no longer be possible to use the ‘special regulation’ unless a modified 

IT-solution is implemented in 2023.  The second deadline is the implementation of a common 

European regulating power market in 2024 using the MARI-platform. (Forsyningstilsynet, 2022). 

Thus, the ‘special regulation’ will be moved from the current balancing market to the intra-day 

markets. Here all European actors can provide their down-regulating services, but it will only be actors 

from Denmark, Sweden, Norway, and Finland as the down-regulating services must be done north of 

the bottleneck in Germany. This could provide a more competitive market for balancing services and 

storage solutions that could push for a wider integration of these services in Europe. (Energiwatch, 

2021) 

4. TECHNO-ECONOMIC SIMULATION & SCENARIOS 
 

In order to understand the future role of the different local direct electrical storage options like car 

batteries or indirect storage options through heat or cold storage for the time shift of heat production 

from electricity (like heat pumps with hot water storage or the time shift of freezer operation) it is 

necessary to understand the interaction between the local options and the operation of the overall 

electricity system at the national or even EU level, which will be mainly driven by weather patterns 

and the national energy demand.  

As these interactions are highly complex and varying in short time intervals it is necessary to use 

computer simulation models for the calculation of the interactions between the different system 

levels. Such a computer simulation model has been built based on the open software energy system 

modelling platform OEMOF (Open Energy Modelling Framework). Figure 8 shows the interactions of 

the different system levels from the local level in Flensburg or Lolland through the national levels in 

Denmark and Germany up to the EU level, where a constant interchange of electricity takes place. 
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For the project a number of questions were to be answered by the energy system simulation: 

• Which type of storage will be needed? 

• How much storage will be needed? 

• How often will the storage be needed? 

• When will it be needed (at which level of renewable electricity generation from wind and PV)? 

• What will be the market prices paid for such storage at different points of system development 

in the future? 

At the same time the case studies were supposed to give answers to a number of questions relevant 

for the future operation of the energy system: 

• Which types of direct or indirect storage will be available locally in the future? 

• When will these types of storage become available? 

• How much storage can be supplied by the different options? 

• For how long will each type of direct or indirect storage supply its service, once called upon? 

• What will it cost to make the different types of storage available locally? 

  

The Interaction Between System 

Analysis and the Practical Cases 
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Refrigerator and Freezer 

….. 

Te
c
h
n
o

-e
c
o

n
o

m
ic

 s
im

u
la

ti
o

n
 (
h
o

u
rl
y
 o

r 
e
v
e
ry

 1
5
 m

in
u
te

s
) 

Te
c
h
n

o
-e

c
o

n
o

m
ic

 s
im

u
la

ti
o

n
 

Te
c
h
n

o
-e

c
o

n
o

m
ic

 s
im

u
la

ti
o

n
 

Techno-economic simulation and electrical simulation 

Figure 8 Interactions between the different levels of the electricity system (Hohmeyer, 2021, slide 16) 
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Figure 9 shows the interaction of the energy system simulation performed in Work Package 3.2 of 

the DG STORE project, and the practical cases of direct and indirect storage. It was the aim of the 

project to derive some first answers to these questions for the region of Lolland and Flensburg. 

4.1. MODELLING APPROACH 

In the following a brief description of the techno-economic modelling approach will be given in order 

to give a background for the description of the model structure, the scenarios analysed, and the 

modelling results derived. 

According to the OEMOF approach an energy system can be designed on the basis of four elements: 

• sources (like wind or solar energy) 

• busses connecting all other parts of the energy system (like power lines, gas pipelines or heat 

pipelines) 

• transformers (all processes converting one form of energy into another, like power plants) 

and 

• sinks (all end uses of energy like household energy consumption) 

Figure 10 shows an extremely simple case of a basic energy model using these four components.  

The Interaction Between System Analysis and the 

Practical Cases 

Techno-economic system simulation 

17

Energy system simulation (Local, regional, national and EU level) 

Practical cases in DG-StORE like E-vehicles 

Techno-economic simulation (hourly or every 15 minutes) 

- Which type of storage? 

- How much? 

- How often? 

- How long? 

- When? 

- Market price for storage

- Availability of each type of storage 

- How much? 

- When? 

- How long? 

- Cost for each type of storage

Electrical Boiler, E-Vehicles, Bus Depot … 

Information from the simulation: Information from the practical cases: 

Figure 9 Questions to be answered by the techno-economic system simulation and by the local case studies (Hohmeyer 
2021, slide 17) 
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If these basic elements are attributed to some real energy system components a simple system taking 

into account electricity, gas and heat can look like the system depicted in Figure 11. Thus, every energy 

system model build on the basis of OEMOF will use these elements to describe the system.  
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 776 
Figure 2.5: Oemof Components. Adapted from Oemof Documentation [133] 777 

2.2.5.3 Using Oemof to Model Energy Systems 778 

There are three ways to create an optimization problem based on Oemof: 779 

1. The energy system describes a graph with flows on its edges by combining necessary Components 780 

and Buses; 781 

2. The basic energy system is adapted by defining additional constraints on top of the aforementioned 782 

graph logic; and 783 

3. Custom components are added to a model by subclassing from the core or creating from scratch. 784 

The use cases can be separately or combinedly used in an energy model, allowing maximum flexibility. 785 

Oemof provides existing functionalities to build energy models for varying scales. In addition, it enables the 786 

combination and adaptation of different energy models to create tools with specific research objectives. 787 

Oemof libraries can be combined to write an application to model an energy system. The current Oemof 788 

libraries are network, solph, outputlib, feedinlib, and demandlib. The solph library can solve optimization 789 

problems like LP and MILP. The outputlib collects the results of optimization, which can be visualized using 790 

any plotting library. Feedinlib and demandlib can be installed additionally to calculate feeding time series 791 

and load profiles. A Source has one output, a Sink has one input, and a Transformer can have multiple 792 

inputs and outputs. For example, a CHP plant can get gas from the Gas Bus and provide electricity and 793 

heat demand via two different Buses. Transformers can also be used to model transmission lines in the 794 

energy system. 795 

To create an Oemof-based model, an empty energy system object is constructed, which contains the Nodes 796 

and sustains information. Different scenario provision and node-handling capabilities are also provided in 797 

this step. The next step involves the population of the energy system Nodes and Flows. After that, the 798 

model is optimized using a solver. The final results are then processed using the output library in the last 799 

step. The usage can be separate or within one single model. Thus, a developer of Oemof can easily switch 800 

between economic dispatch, unit commitment, and investment modes by making minor changes depending 801 

upon the application developed. Figure 2.6 shows a more detailed example of an Oemof-based energy 802 

system where PV, Wind and a Gas plant are used as Sources, a CHP is used representing a Transformer, 803 

a storage Component is connected to the Electricity Bus, and electricity and heat loads are representing 804 

Sinks. There are three Buses in the energy system: Electricity, Heat and Gas. 805 

Figure 10 Basic structure of an energy model build on the basis of OEMOF (Maruf, 2019, p.19) 
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 806 
Figure 2.6: Example of Oemof-based Renewable Energy System 807 

Many projects have used Oemof to investigate various energy system research questions. For example, 808 

renpass simulates power supply in Germany and Europe with high temporal and regional resolution, 809 

reegishp models local heat and power systems, and openMod.sh couples the electricity, heat, and gas 810 

sectors of Schleswig-Holstein [134–136]. These applications validate Oemof's usability to investigate 811 

diverse research questions of large and complex energy systems. Figure 2.7 shows an Oemof application 812 

adapted from Hilpert et al. [120]. 813 

 814 
Figure 2.7: Example of Oemof-based sector-coupled energy system. Adapted from [120]. 815 

Figure 11 Simple energy model taking into account electricity, gas and heat. (Maruf, 2019, p.20) 
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A complex energy system including different energy sources, conversion processes and end uses may 

look like the system depicted in Figure 12. 
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 806 
Figure 2.6: Example of Oemof-based Renewable Energy System 807 

Many projects have used Oemof to investigate various energy system research questions. For example, 808 

renpass simulates power supply in Germany and Europe with high temporal and regional resolution, 809 

reegishp models local heat and power systems, and openMod.sh couples the electricity, heat, and gas 810 

sectors of Schleswig-Holstein [134–136]. These applications validate Oemof's usability to investigate 811 

diverse research questions of large and complex energy systems. Figure 2.7 shows an Oemof application 812 

adapted from Hilpert et al. [120]. 813 

 814 
Figure 2.7: Example of Oemof-based sector-coupled energy system. Adapted from [120]. 815 Figure 1210 Complex energy model taking into account electricity, methane (natural gas), heat and e-vehicles .(Maruf, 

2019, p.21) 
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A typical model development process and application using the OEMOF functionality is depicted in 

Figure 13. 

 

The energy system is mainly driven by the supply of intermittent renewable electricity from wind and 

solar energy, while the demand is driven by the demand for electricity from the different sectors 

including e-mobility and the demand for heat. All controllable generation processes like power plants 

based on solid biomass, biogas or other storable fuels as well as all storage options need to be used in 

a way that the remaining gap (positive residual load) between the intermittent renewable energy 

sources and the electricity and heat demand is covered in every second of the year and that storage 

is used to absorb most of the occurring overproduction of electricity (negative residual load).  

  

Figure 13 Typical model development process and application using the OEMOF functionality. (Maruf, 2021a, p.5) 
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Figure 14 shows the typical electricity production from offshore and onshore wind in Schleswig-

Holstein, while Figure 15 depicts a typical production from solar PV generation in northern Germany.  

 

 

 

Figure 14 Typical hourly generation from wind energy in Schleswig-Holstein across the year. (Maruf, 2021, p.11) 

Figure 15 Typical hourly generation from solar PV in Schleswig-Holstein across the year. (Maruf, 2021, p.11) 
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(a) (b) 

  

(c) (d) 

Figure 5.2: Normalized input profiles of volatile generators of OSeEM-SN model, (a) offshore wind, (b) onshore wind, (c) solar 1782 
photovoltaics (PV), and (d) hydro run-of-the-river (ROR). 1783 

Figure 5.3 shows the normalized demand profiles of SH in 2050. The total electricity demand for SH in 1784 

2050, based on the representative year, is 18.6 TWhel. Total space heat demand is 18.6 TWhth, and the 1785 

DHW demand is 4 TWhth. The amount of available biomass is calculated from the Hotmaps project [256]. 1786 

The study assumes that the existing biomass and biogas power plants are converted to CHP plants by 1787 

2050. CHP’s electrical and thermal efficiencies are assumed to be 45%, and the condensing efficiency is 1788 

assumed to be 50%. The COP of the ASHP and GSHP are assumed to be 2.3 and 3.9, respectively [257]. 1789 
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Figure 16 shows the typical structures of the demand for electricity, heating, and hot water in northern 

Germany.  

From these supply and demand structures it becomes quite obvious that other controllable sources 

are needed to reconcile the gaps between the largely fluctuating generation from wind and solar 

energy and the demands for electricity (including e-mobility) and heat. 

4.2. MODEL STRUCTURE 

The basic structure of the model used for Germany can be seen in Figure 17, where Germany is 

considered as one area with one electricity bus and in Figure 18, where Germany considered as two 

areas connected by one large transmission line. The graphs show the different components, which 

make up the energy system, while the two regional systems (Northern and Southern Germany) are 

connected by one large high voltage power line. The same structure applies to the modelling of the 

Danish energy system, which is subdivided into two power supply system’s DK1 and DK2, which are 

different price zones in the Nordic power market. 

The energy system is far more complex, as it is made up by many regional subsystems. At the top level, 

the German power system is divided into four TSO (transmission system operator) areas (see Figure 

19, left graph), namely the areas of Tennet, Amprion, 50Hz Transmission and Transnet BW, which can 

be depicted in the model as being connected by one large transmission line each representing the 

total connection capacities between each of the TSO areas (see Figure 19, right graph). Although, the 

other components of the energy system are not pictured in Figure 19, they must be modelled just like 

Figure 16 Normalized electricity, space heat and hot water demand in Schleswig-Holstein across the year. (Maruf, 2021, 
p.11) 
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 1790 
Figure 5.3: Normalized demand profiles of SH in 2050. 1791 

5.2.2 Capacity and Available Potential 1792 

The existing capacities and available potentials for the volatile generators and the storage investments are 1793 

taken from different sources, namely the Hotmaps project [256], ANGUS II project [257], Deutsche 1794 

WindGuard [258], AEE [259], and LIMES-EU project [260], as listed in Table 5.2. The available potentials 1795 

are calculated from the maximum potentials and the existing capacities. The Li-ion, Redox, and H2 1796 

potentials are assumed to be 5% of Germany’s available potentials, as stated in the project databases. The 1797 

ACAES potential is assumed to be 50% of Germany’s total potential because of its availability in only 1798 

Northern Germany. 1799 

Table 5.2: Capacity and available potential for volatile generators and storage in SH in 2050. 1800 

Technology Existing Capacity Available Potential 

Onshore Wind [GWel] 7 [258] 1.9 [259] 

Offshore Wind [GWel] 1.7 [258] 25.23 [260] 

Solar PV [GWel] 1.6 [259] 6.7 [259] 

Hydro ROR [MWel] 2 [259] 4 [259] 

Biomass & Biogas 1 GWh [259] 21.8 PJ [256] 

Li-ion [MWel] - 782.5 [257] 

Redox [MWel] - 46.5 [257] 

 
3
 The maximum offshore wind potential, according to the LIMES-EU project, is 83.6 GWel. The available potential of SH assumes 

the equal distribution of remaining capacities in the three northern states of Germany. 
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in the simpler models shown in Figure 17 and 18. In Figure 19 it can be seen that the TSO regions are 

again divided into subregions, which can be modelled separately, again, just connected to each other 

by one major power line each. This level of regional disaggregation is chosen for the most complex 

level of modelling for the project. 

 

 

 

Figure 17 Simplified block diagram of the OEMOF based energy simulation model with Germany as 
one area. (Maruf, 2021, p.7) 

Figure 18 Simplified block diagram of the OEMOF based energy simulation model with Germany as two areas NED 
and SDE. Applies to the Danish energy system with DK1 and DK2 just as well. (Maruf, 2021a, p.5) 
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What is more, the German energy system, 

specifically the electricity system is embedded into 

the European electricity system. Thus, every 

reasonable simulation of a scenario for the German 

power system has to take into account at least all 

connections to the direct electrical neighbours of 

Germany. Figure 20 depicts the basic layout of such 

minimal interconnected German/European power 

system, still ignoring all other members of the 

interconnected European electricity grid.  

For the purpose of the modelling each of the 

neighbouring countries is treated as one energy 

system without regional disaggregation.  

In more complex modelling the national energy 

systems of Germany and Denmark can be 

subdivided internally into the TSO regions or even 

the TSO sub regions, while keeping the connections 

to all neighbouring countries. 

Figure 19 Simplified block diagram of the OEMOF based energy simulation model with Germany as four TSO areas (Gröbel, 
2017, slide 6). 

Figure 20 Simplified block diagram of the OEMOF based 
energy simulation model of Germany with its directly 
connected electrical neighbours. (Own graph) 
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In addition to the different levels of 

disaggregation of the national energy 

systems of Denmark and Germany, the two 

project regions have to be singled out and 

connected to the national power system. In 

the case of Germany this is the physical 

supply area of Stadtwerke Flensburg (see 

Figure 22), consisting of Flensburg, 

Glücksburg and Harrislee. In the case of 

Denmark it is the region of the islands of 

Lolland and Falster or the communes 

Lolland and Guldborgsund (see Figure 23).  

 

 

 

  

Figure 21 Present Danish electricity system with its connection 
capacities to its electrical neighbours (Danish Energy Agency, 2018, p.7) 

Figure 22 The local energy system of Flensburg as part of the German electricity system (Graph partially based on 
Stadtwerke Flensburg 2023b) 
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In total six different models defined by the countries included and by the regional resolution were 

created for the analyses to be conducted during the project. These are: 

1. Flensburg / Northern Germany / Southern Germany 

2. Flensburg / Schleswig-Holstein /Northern Germany / Southern Germany 

3. Lolland-Falster / DK1 / DK2 / Flensburg / Schleswig-Holstein /Northern Germany / Southern 

Germany 

4. Lolland-Falster / DK1 / DK2 / Flensburg / Schleswig-Holstein /Northern Germany / Southern 

Germany / Norway / Sweden / Poland / Czech Repubilc / Austria / Switzerland / France / 

Belgium / Luxemburg / Netherlands 

5. Lolland-Falster / DK1 / DK2 / Flensburg / Schleswig-Holstein / Tennet / 50Hz / Amprion / 

Transnet-BW / Norway / Sweden / Poland / Czech Repubilc / Austria / Switzerland / France / 

Belgium / Luxemburg / Netherlands 

6. Lolland-Falster / DK1 / DK2 / Flensburg / Schleswig-Holstein / Tennet-1 / Tennet-2 / Tennet-3 

/ Tennet-4 / Tennet-5 / Tennet-6 / 50Hz-1 / 50Hz-2 / 50Hz-3/ 50Hz-4  / Amprion-1 / Amprion-

2 / Amprion-3 / Amprion-4 / Amprion-5 / Amprion-6 / Transnet-BW-1 / Transnet-BW-2 /  

Norway / Sweden / Poland / Czech Repubilc / Austria / Switzerland / France / Belgium / 

Luxemburg / Netherlands 

Figure 23 The energy system of Lolland and Falster as part of the Danish energy system (Danish Energy Agency & Energinet, 
2018, p.7) 

7       

large power stations with installed capacity of several 
hundred MW (often termed “Central” units) and 2.3 GW 
of mainly 1-50 MW small units (often termed “local” or 
“decentral” units). In practice, all thermal power plants 
(both large and small) in Denmark are combined 
heat and power plants (CHP). The heat is delivered to 
district heating systems, which distribute the heat to 
end-consumers. 

The Danish consumption peak load is about 6.5 GW, 
minimum load is about 2.5 GW and the total yearly 
electricity consumption is about 33.5 TWh. 

Denmark is today very well connected to neighbouring 
countries with a total capacity of about 6,000 MW in-
terconnections to Norway, Sweden and Germany (see 
figure 1.1 to the right). Presently Denmark is building 
additional connections to Netherlands (700 MW to be 
commissioned in 2019) and Germany (400 MW + 1000 
MW to be commissioned in 2018 and 2020 respec-
tively). Besides, a new connection to Germany (1,000 
MW) and a 1,400 MW new connection to England are 
being planned, but no final investment decisions have 
been made.

Looking ahead the development that has taken place 
in the last decade or so is expected to continue ren-
dering the power system more and more reliant on 
VRE production and increased interconnection capac-
ity to enhance the system’s balancing ability - and 
less and less dependent on thermal power plants to 
be the core of the power system. The expected future 
development is depicted in figure 1.2 below.  
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Figure 1.2: Expected future trend in Danish installed 
generation capacity and peak hourly consumption 
(Source: Energinet).
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Figure 1:1 Overview of the present Danish power 
system (2018). Installed generation capacities, and 
capacity of interconnectors to neighbouring coun-

tries (Germany towards south, Norway towards 
North  and Sweden towards East).  

(Source: Energinet).
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With the increasing number of grid zones, which each have the complexity shown in Figure 17, the 

calculation time for solving such model increases dramatically. Thus, model 5 and 6 have hardly been 

used for our calculations. 

At the heart of our modelling analysis is the question of the possible role of direct and indirect storage 

in the two regions of the project (Lolland-Falster and Flensburg). Although, we are looking at very 

different ways of direct and indirect storage of electricity (time shift of heat production from power 

in large boilers or in decentralized heat pumps, the shifting of e-car or e-bus charging over time, the 

active use of car batteries to directly store electricity and feed it back into the grid or the time shift of 

the operation of compressor units in fridges or freezers, all these applications can be seen as 

temporary storage possibilities, which can supply a certain storage capacity to be charged (Pmax) or 

discharged (Pmin) for a certain time interval (Delta t) on demand. This can be schematically illustrated 

as shown in Figure 24. 

Figure 24 A schematic view of shifting of power demand over time based on direct and indirect storage of electricity 
(Heitkoetter et al., 2021, p. 4). 

Figure 25 Distribution of the potential values for load increase, Pmax (positive values), and load deacrease, Pmin (negative 
values) (Heitkoetter et al., 2021, p. 10). 
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A detailed analysis of the potential for shifting electricity demand in Germany in 2018 and 2030 

conducted by Heitkoetter et al. (2021) shows that power-to-heat applications have by far the largest 

potential for load increases or decreases, while e-mobility and power-to-gas applications will become 

more important over time (see Figure 25) (please bear in mind the logarithmic scales of the graph). 

In a similar analysis without considering e-mobility and power-to-gas Kleinhans (2014) has shown that 

there is a very significant difference in such indirect storage (or load shifting) potentials between the 

summer and winter seasons, which is mainly due to the absence of heating demand during the winter. 

Figure 26 shows the temporal distribution of the buffer sizes and capacities of the nine technologies 

analysed during a winter week and the distribution of the same load shifting potentials during a 

summer week in Germany. While the load shifting potential is dominated by electrical heating in the 

winter, the main potential in the summer stems from air-conditioning and hot water (AC/W) Table 3 

shows the estimated loads for the different technologies and their time shift potential in hours. Short 

verbal descriptions of the technologies are given as well. 

 

 

Figure 26 Loads, buffer size and buffer capacity of different load shifting technologies in Germany during a typical winter 
and summer week (Kleinhans, 2014, p. 8-9) 
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F ig. 2 Exemplified applicat ion of the framework for characterizat ion of the potent ial for

demand side management to the accumulat ed loads eligible for DSM in Germany during a

winter week. T he colors in the respect ive panes indicate cont r ibut ions from the respect ive

categories detailed in Table 2. T he scheduled loads in panel (a) were obtained from [23, p.

154]. Panels (b) and (c) indicate the cont r ibut ions of t he respect ive categories to envelopes

of the sizes and capacit ies of the respect ive buffers as defined in Equat ions (4). In winter,

the potent ial for DSM is st rongly dominated by elect r ical heat ing devices. Due to their

limit ed shift ing potent ial of only 8 h the size of the associated storage-equivalent buffer

fluct uates significant ly in t ime. Please note, that t he condit ions (5a) and (5b) need to be

taken into account for each individual category and that a graphical validat ion of realized

loads therefore is not possible from this accumulated plot . Individuals plots for the respect ive

categories (just as e.g. presented in Figure 1) would be required for t his purpose instead.
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Since Schleswig-Holstein represents only about 3% of the German population, the regional potential 

for load shifting based on different possibilities in private households, the overall load shifting 

potential is proportionately small as Figure 27 shows. The share for industrial process based 

technologies is even smaller for Schleswig-Holstein due to its relatively low share in energy intensive 

industries (Steurer, 2016, p.68). 

 

 

 

3 Analyse von DSI-Potentialen und ihrer Nutzungscharakteristika 
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Abb. 3-19: Regionale Verteilung soziotechnischer DSI-Potentiale in positiver und negativer Richtung 

bei Querschnittstechnologien in Industrie, GHD und Haushalten 

0,00,20,40,60,81,01,21,41,61,82,02,2

Ø 1 Stunde Ø 4 Stunden Ø 1 Stunde Ø 4 Stunden

Ernährungsindustrie Kunststoffindustrie Metallbearbeitung Maschinenbau

Fahrzeugbau Landwirtschaft Gartenbau Büros
Beherbergung Krankenhäuser Handel Gastronomie

Kühlhäuser Wasserversorgung Recycling

in positiver Richtung (Lastreduktion) in negativer Richtung (Lasterhöhung)

1.000 MWel

Ø  Soziotechnisches DSI-Potential für eine Stunde bei Querschnittstechnologien (dA≤  30 m in)

BY

BW

HE

NW

HB

BB

TH

RP

SL

ST
SN

BE

MV

SH

NI

HH

100 MWel

10 MWel

BY

BW

HE

NW

HB

BB

TH

RP

SL

ST
SN

BE

MV
SH

NI

HH

1.000 MWel

Haushalte

BY

BW

HE

NW

HB

BB

TH

RP

SL

ST

SN

BE

MV

SH

NI

HH

100 MWel

10 MWel

BY

BW

HE

NW

HB

BB

TH

RP
SL

ST

SN

BE

MV

SH

NI

HH

Industrie und GHD

010

Ø 1 Stunde Ø 4 Stunden Ø 1 Stunde Ø 4 Stunden

Speicherheizungen Wärmepumpen Warmwasser Umwälzpumpen
Kühlgeräte Gefriergeräte Klimaanlagen Waschmaschinen
Wäschetrockner Geschirrspüler

Table 3: Different load shifting technologies, their energy demand and time shifting possibilities analyzed by Kleinhans for 
Germany (Kleinhans, 2014, p. 8-9) 

Figure 27 Regional distribution of the capacities of different load shifting technologies in Germany. Right side: load 
reduction, Left side: load increase (Steurer, 2016, p.70) 

10 David K leinhans

c Code Descript ion Λ [M W] ∆ t [h]

1 HEAT Elect r ic Heat ing 25000 8

2 AC/ W AC and hot water 10000 4-8a

3 CO-D Domest ic cooling devices 2000 1

4 WHIT Domest ic whit e goods 1400 24

5 VENT Vent ilat ion 900 4

6 CO-L Cooling (low and intermediate power facil it ies) 800 4

7 CO-H Cooling (high power facil it ies) 200 4

8 IN-1 Indust ry (cross-sect ional technologies) 800 4

9 IN-2 Indust ry (high demand, curtailment only) 2200 -
a For analysis ∆ t2 = 6 h is considered.

Tab le 2 Categorizat ion of loads and their corresponding potent ial for demand side manage-

ment as compiled and est imated by K lobasa [23, p. 133] (categories numbers were redefined

for reasons of clari ty). T he corresponding loads L c (t ) are available from model simulat ions

for different weekdays and seasons [23, p. 154]. T his data is used for est imat ion of the

potent ial for demand side management in Germany as shown in Figures 2 and 3.

3.2 Characterizat ion of the nat ional potent ial of a European country for

demand side management

As a second example the framework int roduced in Sect ion 2 is used for the con-

ceptual characterizat ion of the potent ial for DSM in Germany. An adequate

categorizat ion of loads with respect to their DSM characterist ics in C = 9 cat-

egories and corresponding scheduled loads L c(t) is obtained from [23], where

an in-depth analysis of the current German electricity sector and results from

model simulat ions are presented. For this purpose Klobasa analyzed relevant

industrial processesand domest ic consumers with respect to their potent ial for

the temporal shift ing of loads. In combinat ion with informat ion on the dissemi-

nat ion of the respect ive technologiescharacterist ic factors for DSM potent ial of

different sectors of German elect ricity consumpt ion could be est imated [23, p.

133]. K lobasa furthermore provides simulat ion data of the t ime-resolved loads

of the respect ive sectors, both for a summer and a winter week [23, p. 154].

Details of the categories relevant for this work are compiled in Table 2.

Simulat ion results for sector-specific load curves are available for weekdays,

Saturdays and Sundays both in winter and summer. For the scope of this

analysis the data was rearranged to cover one week (i.e. 5 weekdays, Satur-

day and Sunday) with periodic boundary condit ions4 in winter and summer,

respect ively. The maximum capacit ies in the respect ive categories were set to

the constant values listed in Table 2.

The data and results for the analysis with the framework int roduced in

Sect ion 2 are exhibited in Figures 2 (winter week) and 3 (summer week). From

inspect ion of the figures in part icular the high potent ial of electric heat ing

systems in winter for DSM act ions becomes evident .

To our knowledge this t ime-dependent size, which is highly relevant for the

characterizat ion of the potent ial of DSM as energy storage-equivalent technol-

4 Periodic boundary condit ions were implemented by invest igat ing a sequence of three

weeks in the respect ive seasons. Data for the innermost week was then used for analysis.
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The cost of load shifting options vary widely as can be seen in the right-hand part of Figure 28 (red 

curve) for Germany. Shifting electrical heating based on heat pumps or resistance heating comes at 

very low costs, while shifting of electricity demand with the help of household appliances can cost 

many times as much. Nevertheless, the shifting based on electrical heat has a very large share of the 

overall potential (Steurer, 2016, p. 75). The Figure includes the cost of stopping industrial production 

on demand as well (blue curve), but in this case it shows the cost of the production lost, which is not 

subject of our project. 

 

  

3 Analyse von DSI-Potentialen und ihrer Nutzungscharakteristika 
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Diagramm), die spezifischen Integrationskosten (Investitions- und Fixkosten) im Sinne des Er-

schließungsaufwands auf der sekundären y-Achse (rote Kurve im Diagramm) dargestellt. Der 

hellblaue und der hellrote Bereich um die beiden Kurven kennzeichnen mögliche Abweichun-

gen bei DSI-Potentialen und -Kosten, die durch Fehlerfortpflanzung der ermittelten Unsicher-

heiten der Eingangsdaten bestimmt wurden. 

 

Abb. 3-22: Kosten-Potential-Kurve für Lastverschiebung in Deutschland 

Klar erkennbar ist der Unterschied zwischen industriellen Produktionsprozessen auf der linken 

Seite der Grafik und den Querschnittstechnologien auf der rechten Seite hinsichtlich der Kos-

tenstruktur. Industrieprozesse haben aufgrund typischerweise bestehender IKT-Ausstattung 

und der hohen nutzbaren Leistung je Standort vergleichsweise sehr geringe spezifische Integ-

rationskosten. Insbesondere stromintensive Industrieprozesse sind relativ häufig bereits in 

der DSI-Vermarktung (v. a. Regelleistung, AbLaV) und haben keinen weiteren Erschließungs-

aufwand. Da diese Prozesse jedoch oftmals mit hoher Auslastung fahren, kann es bei der DSI-

Nutzung zu Produktionsbeeinträchtigungen kommen, die erhebliche variable Kosten verursa-

chen. 

Zur Einordnung der gezeigten Kostenspanne: Ganz links im Diagramm ist Elektrostahl einge-

tragen, für das der Verband Wirtschaftsvereinigung Stahl eine Spanne von 270 bis 

1.200 €/MWhel angibt. Der durchschnittliche Börsenstrompreis lag 2015 bei knapp 
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Figure 28 Merit order cost curve of different load shifting technologies in Germany (Steurer, 2016, p.75) 
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4.3. SCENARIOS 

The scenarios selected as a framework for the simulations done for the project are based upon the 

European Ten Year Network Development Plan (TYNDP 2020) (ENTSO-E, 2023), the German Network 

Development Plan 2035 (Bundesnetzagentur, 2022), and the Danish Network Development Plan 

(AF22) (Energistyrelsen 2023). This approach has been chosen to reach the greatest possible 

consistency between the assumed developments in Germany, Denmark and the rest of the EU, as the 

German Network Plan (NEP 2035) and the Danish Network Development Plan (AF22) are closely 

coordinated with the European Ten Year Network Development Plan (TYNDP 2020). In order to keep 

all assumptions consistent the German Network Development Plan uses only one of the three TYNDP 

2020 scenarios (called ‘Distributed Energy’) to take into account all assumptions about the capacity 

developments of the neighbouring countries (Bundesnetzagentur, 2020, p. 94). What is more, it uses 

all major cost assumptions concerning conventional fuels from the TYNDP 2020 (Bundesnetzagentur, 

2020, p. 66).  Table 4 shows the development of the assumed capacities in Germany until 2035 

(scenario A, scenario B and Scenario C). For scenario B an outlook till 2040 is given as well. For the 

calculations of this report we have chosen scenario B, as the most likely scenario. Although, the Danish 

network plan does not provide such a condensed oversight of the planned capacities, the data 

documentation accompanying the plan gives a very detailed oversight of all the planned capacities for 

each year from 2022 to 2050. Table 5 shows a part of the table giving an overview of the development 

of power plant capacities. Different from the German Network Development Plan the Danish Network 

Plan AF22 uses a different TYNDP 2020 scenario as general reference, the ‘National Trends’ scenario 

(Energistyrelsen, 2023, p. 4), which assumes a development based on past trends, not on the future 

necessities of climate change, a reason, why this scenario was not adopted in the German Network 

Development Plan. Nevertheless, the cost assumptions for conventional fuels are all taken from 

TYNDP 2020, which are shown in Table 6. 
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Table 4 Specifications of the three scenarios of the German Netzentwicklungsplan for 2035 for Germany ( 
Bundesnetzagentur, 2020, p. 4) 
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Table 5 Partial view of the table giving the development of conventional power plant capacities for Denmark from 2022 to 
2050 according to AF22 (Energistyrelsen, 2023a) 

Kraftværkskapaciteter

Central elkapacitet

Central elkapacitet (MW, primo år) 2022 2023

Vestdanmark (DK1) 1,928 1,963

Østdanmark (DK2) 1,610 1,870

I alt, Danmark 3,538 3,833

Anlæg, der er enten konserveret eller betinget driftsklar og tages ud af drift i løbet af 2022 er ikke medtaget i oversigten.

Central elkapacitet, alternativforløb (MW, primo år) 2022 2023

Vestdanmark (DK1) 1,928 1,963

Østdanmark (DK2) 1,610 1,870

I alt, Danmark 3,538 3,833

Anlæg, der er enten konserveret eller betinget driftsklar og tages ud af drift i løbet af 2022 er ikke medtaget i oversigten.

Decentral elkapacitet

Decentral elkapacitet, Vestdanmark (MW, primo år) 2022 2023

Baseret på naturgas 1,167 1,167

Baseret på øvrige typer brændsler 485 478

I alt, Vestdanmark 1,652 1,644

Oversigten medtager decentrale kraftvarmeanlæg i centrale såvel som decentrale fjernvarmeområder.

Der findes udover den opgjorte decentrale kapacitet også nogle anlæg, der normalvis ikke leverer til det kollektive net og derfor er udeholdt af oversigten.

Decentral elkapacitet, Østdanmark (MW, primo år) 2022 2023

Baseret på naturgas 354 354

Baseret på øvrige typer brændsler 314 303

I alt, Østdanmark 668 657

Oversigten medtager decentrale kraftvarmeanlæg i centrale såvel som decentrale fjernvarmeområder.

Der findes udover den opgjorte decentrale kapacitet også nogle anlæg, der normalvis ikke leverer til det kollektive net og derfor er udeholdt af oversigten.

Data til figurer

Elkapacitet (MW, primo år) 2022 2023

Centrale værker 3,538 3,833

Decentrale værker 2,320 2,302

I alt, Danmark 5,858 6,134

Analyseforudsætninger 2021 (AF21) til sammenligning

Elkapacitet (MW, primo år) 2022 2023

Centrale værker 3,895 3,595

Decentrale værker 2,195 2,040

I alt, Danmark 6,089 5,634
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4.4. RESULTS 

The preliminary results of our model calculations can be summarized in a few important take away 

messages (Detailed numerical results of the modelling work will be published in a scientific journal 

article after some further refinement and review): 

• Similar to previous studies our results show that the largest potential for indirect storage lies 

in the very large potential for heat storage based on electrical heating (power-to-heat) 

mainly using heat pumps. These potentials can be roughly divided into central heat storage 

based installations connected to district heating grids, like in the case of Flensburg, and 

decentral heat storage connected to single heat pumps supplying single one- or multi-family 

houses in rural areas not connected to heating grids. In addition mid-sized heat storage 

installations can be found in local small heating grids, with a similar configuration, which can 

often be found in Denmark. An open question remains about the possibility of using the heat 

capacity of the building shells of single houses as heat storage instead of heat storage tanks 

using hot water, which saves the investment costs for the water storage. The disadvantage of 

the use of the building envelope as heat storage is the limited possibility to increase the indoor 

temperature above the comfort level of the inhabitants. In the case of a hot water storage an 

increase of the water temperature does not have any impact on the room temperatures of 

the house. Although, the indirect storage potential of the use of excess power for electrical 

heating is mainly limited to the heating season (except the use of e-heat for hot water during 

the rest of the season), the heating season in Denmark and northern Germany coincides quite 

well with the wind strong months of the year as can be seen in Figure 29 (heating degree days 

per month) and Figure 30 (monthly wind energy capacity factors in Lolland). 

Table 6 Fuel prices taken from TYNDP 2020 (ENTSO-E, 2023, p.48) 
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• Depending on the market diffusion speed of e-vehicles for private transport the time shifting 

potential of the charging processes for private e-cars will be substantial by 2035. While this 

potential is still comparatively small compared to the indirect storage of surplus energy in 

heating, it will be increasing considerably over time. As in the case of power-to-heat it will be 

crucial that the time and level of charging will be available for a centralised dispatch in order 

to be coordinated with the vastly fluctuating residual load on the electricity grid. Whether the 

use of car batteries as active grid storage will become a significant option will highly depend 

on the willingness of private car owners to give access to their batteries for discharging them, 

while not directly needed.  

Figure 29 Number of heating degree days per month in Denmark and Schleswig-Holstein 2022 (Eurostat, 2023) 

Figure 30 Wind energy capacity factor in Lolland in 2022 (Renewables ninja, 2023) 
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• Other options of indirect storage, like refrigerators and freezers, as well as active demand 

shift options, like the postponement of the use of washing machines or dryers by households, 

will remain only minor options for demand side management in the project regions. 

• The greater Copenhagen area will become a key heat sink for power-to-heat applications in 

Denmark, which could absorb a substantial share of the overproduction of wind energy in the 

eastern Danish electricity grid (DK2).  

• Extensive seasonal heat storage in the Copenhagen area based on heat storage in the 

geological underground may become a viable option.  

• Overproduction from wind energy in Denmark and northern Germany will become main 

drivers for the need to increase transmission capacities, direct and indirect storage, demand 

side management, and all forms of power-to-X conversion processes. It can be foreseen that 

there will be a competitive situation between further increases in transmission capacities and 

local direct and indirect storage, demand side management, and power-to-X activities. 

• The larger the discrepancies between local wind energy capacity expansion and local and 

regional grid expansion will remain, the higher will be the potential for local direct and indirect 

storage, demand side management, and power-to-X activities. 

• The internal transmission capacities between the Lolland/Guldborgsund region and the 

Copenhagen region will be the key grid bottleneck for the Lolland/Guldborgsund region. 

• A key international transmission bottleneck for Denmark will be the capacity of the grid 

connections to Germany, which has been expanded recently and will be further expanded in 

the near future. 

• The key bottleneck for Schleswig-Holstein will be the connection of Schleswig-Holstein with 

the rest of the German grid and the further connection of the north German grid with 

southern Germany. The development of the capacities of the new DC links between norther 

and southern Germany will largely determine the need for regional direct and indirect 

storage, DSM and power-to-X activities in Schleswig-Holstein. 

• For both, Schleswig-Holstein and Denmark, Norway will become an even more important 

passive electricity storage option based on its vast storage hydro power system only limited 

by the capacity of the respective interconnectors. In the future these interconnectors will be 

utilised far more for the export of wind based overproduction in Schleswig-Holstein and 

Denmark than today.  

• Besides Norway, Sweden may become a second large international passive storage hub 

option based on its substantial storage hydro power system and the strong interconnections 

to Denmark and Germany. 
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5. DG STORE POTENTIALS, BARRIERS & 

RECOMMENDATIONS 
 

This chapter will highlight some of the findings from the “DG STORE” project here showcasing some 

of the potentials, barriers and policy recommendations associated with the showcases. The three main 

themes that will be presented in this chapter is: 

• Storage solutions for utilities. 

• DSM solutions by aggregating. 

• DSM solutions by smart charging. 

5.1. STORAGE SOLUTIONS FOR UTILITIES 

In the DG STORE project, the utilities Lolland Forsyning and Stadtwerke Flensburg investigated the 

storage potentials and barriers in connection to electrode boilers here in combination with hot water 

storage tanks. Through analysis of operating behavior of electrode boilers by Stadtwerke Flensburg in 

the DG STORE project and the theoretical advantages and disadvantages of implementing electrode 

boilers investigated by Lolland Forsyning, the below have been highlighted (see Table 7): 

Advantages Disadvantages 

- Small investment 

- Flexible regulation 

- Low standby-consumption for new electrode boilers 

- Fast startup 

- Easy and cheap maintenance 

- Small space requirements 

- Can provide a green alternative to current fossil-based 

peak and reserve load technologies on the heating side 

- Electricity price range varies 

- Electricity can have high tariffs 

- Can be expensive as a peak load 

heating resource on cold days with high 

electricity prices 

 

  

Table 7 Shows advantages and disadvantages of electrode boilers (Ea Energianalyse & PlanEnergi, 2021). 
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5.1.1. POTENTIALS 

There are many advantages to using electrode boilers as a peak load heating resource for district 

heating or process heat for the industry. These electrode boilers are usually installed as a peak-load 

capacity (5-60 MW) on the medium- to high voltage grid as opposed to electric boilers that has a 

smaller capacity (1-2 MW) and is installed on the low voltage grid using electric cartridge heaters as 

opposed to electrodes. Furthermore, the fast ramp up times (0,5-5 minutes) can provide a green 

alternative to current fossil-based peak and reserve load while it can also be used for flexibility services 

by using low electricity prices on the spot market or providing down-regulating services (Ea 

Energianalyse & PlanEnergi, 2021). The electrode boilers also have a high efficiency at almost 100% 

and can produce heating with temperatures between 95-98°C and are now a well-known and tested 

technology with relatively low investment as well as low maintenance costs (Energistyrelsen, 2022).  

This provides economic potentials considering the volatile energy prices and the increasing fluctuating 

renewable energy production both in Denmark and Germany. Stadtwerke Flensburg have an installed 

electrode boiler with a peak-load capacity of 30 MW combined with a hot water heat storage tank of 

29.300 m³ also used by the central heat and power plant units. The electrode boiler is used on the 

Danish regulating power market as a minute reserve if called upon by the transmission system 

operator (TSO). Thus, the electrode can be used for downregulating services, if bottlenecks arise in 

the respected region (Ea Energianalyse & PlanEnergi, 2021). However, the electrode boiler can also be 

used for utilizing the electricity spot market when prices are low. Optimization of the electrode boiler 

and heat storage capacity in relation to low electricity prices and lower tax burden have been analyzed 

during the DG STORE project. In 2022 Stadtwerke Flensburg’s electrode boiler produced 28% more 

heating compared to 2021, which were a benefit of the optimized operating behavior. This have 

contributed to Stadtwerke Flensburg planning to build a second electrode boiler (40 MW) in 

combination with another hot water storage tank of similar capacity as the current one of 29.300 m³. 

For further information on the optimization and economic potentials please contact Tom Trittin, 

Executive Assistant to the CEO at Stadtwerke Flensburg.  

5.1.2. BARRIERS 

The main disadvantage for the electrode boilers is the price range on electricity, which can vary 

depending on many factors and have been extremely volatile in 2022 (cf. chapter 3.0.). These high 

tariffs also play a key role in the profitability of the electrode boilers whereas Stadtwerke Flensburg, 

Germany, experienced a price increase in 2021 of 662% from 20,5 €/MWh to 135,6 €/MWh depending 

on whether the electricity used for heating production originated from their own power production 

and whether the fuel type for this production was based on fossil. An example of tariffs charged on 

electricity bought from the grid in Germany are the tax on electricity (20,5€/MWh), network charges 

(39,2€/MWh), the renewable energy act levy (26-65€/MWh) and other tariffs (10,9€/MWh) 

(Stadtwerke Flensburg, 2021) which heavily impact on the cost of heat produced from electricity 
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besides the pure spot market price of the electricity itself. The profitability and the full load operating 

hours of the electrode boilers at Stadtwerke Flensburg were minimal due to these high tariffs/levies. 

However, due to the extremely volatile electricity prices in 2022, Germany’s Federal Government 

decided to permanently abolish the renewable energy act levy (EEG) in January 2023 to reduce the 

cost burden of the EEG levy and to pass on this reduction to end consumers (The Federal Government, 

2022). With these reduced levies/tariffs it is now much more interesting to look at electrode boilers 

in combination with hot water storage tanks. Nevertheless, it does not seem to make a lot of sense to 

charge an electricity tax on electricity used for electrical heating in times of renewable overproduction 

and downregulation as this downregulated electricity could not be used and taxed, if it would not be 

used for heat production and heat storage. 

The biggest regulatory barrier according to Stadtwerke Flensburg is currently the network charge tariff 

which limits the full load operating hours even when electricity prices are low or negative. In such a 

scenario where power production is not profitable through their central heat and power plant, the 

electrode boiler could run with cheap electricity from the electricity grid and in that case provide the 

needed heat for the local district heating. Stadtwerke Flensburg however sees the network charges as 

making this uneconomic at most times even though the electricity prices are cheap or even negative.  

5.1.3. POLICY RECOMMENDATIONS 

As the primary operating costs of the electrode boiler is the electricity price, this is highly affected by 

policy driven tariffs/levies like the EEG levy in Germany or the varying electricity spot market prices. 

With the example of the EEG levy being abolished in Germany at the start of January 2023, the Danish 

counterpart to this levy was the ‘Public Service Obligations’ (PSO) tariff which were discontinued in 

2022 (cf. chapter 3.2.). Like the German EEG Levy the revenue from the tariff/levy was used to cover 

costs related to renewable energy and decentralized plants, as well as research funding and their 

administration (Energistyrelsen, n.d.). 

This trend in Denmark and Germany to lessen the electricity tariffs/levies opens for a better business 

case for utilities in utilizing the overproduction of renewable energy from wind and solar through 

downregulating services or converting cheaper electricity at the spot market to heating energy for 

their district heating networks. Another interesting development in Denmark is the geographically 

differentiated tariffs which in its first iteration have been focused on the local capacities concerning 

connection tariffs for production of renewable energy (cf. chapter 3.2.). In the second iteration of 

these geographically differentiated tariffs, the consumption side could prove interesting in relation to 

economic incentives for the placement of industrial electrode boilers on the 10 kV voltage level in 

congested zones like Lolland-Falster (Plesner, 2023). The geographically differentiated consumption 

tariffs are expected to support the placement of facilities like power-to-x plants, or industrial electrode 

boilers with a large electricity consumption that will respond relatively strongly to price signals of 

consumption tariffs (Energistyrelsen, 2021). However, these changes will not be implemented until 
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2024, since the legislative framework and methodology of this geographically differentiated 

consumption tariffs are still under development in Denmark (KEFM, 2023).  

In Germany there are discussions on splitting Germany into different power price zones depending on 

the capacity of renewables in the different states (Wehrmann, 2022). Whether a geographically 

differentiated tariff structure like the one being developed in Denmark could be the solution in 

Germany is hard to tell but is nonetheless an interesting development to follow on whether these 

geographically differentiated price incentives will work as intended in Denmark.  

5.2. DEMAND SIDE MANAGEMENT SOLUTIONS BY AGGREGATING 

In the DG STORE project, three showcases investigated demand side management by aggregating 

different technologies.  

One showcase was the German housing company Selbsthilfe-Bauverein eG (SBV) that wanted to test 

how smart refrigerators in a new housing project could be used in a smarter way through controlling 

the compressors and pooling several refrigerators together. However, in 2020/2021 no refrigerators 

were available on the market with basic data access that could record energy consumption or allow 

control of the compressor independently of the temperature. However, with the emergence of 

inverter refrigerators the smart home refrigerators could still be an interesting flexibility solution to 

look at in the future when considering home appliances are becoming smarter and easier to adjust 

the use time of in a flexible manner and could open for households participating actively in flexibility 

trading (Neupane et. al., 2022, p.368; Zhang et al., 2022, p.429).  

Another showcase investigating demand side management were Vitani Energy Systems together with 

the grocery store company Salling Group, who wanted to demonstrate how energy consumption could 

be shifted in a typical grocery store through a forecast-based approach retrieving data on the amount 

of green electricity available, weather forecast, solar, wind and rain influence. This approach could 

ensure that a typical grocery store could optimize their energy consumption without compromising 

the temperature in the refrigerators/freezers or in the store itself. IT-security problems did however 

prove a larger barrier than anticipated and Vitani Energy Systems solution could not be further tested 

in the ‘Netto” grocery store during the DG STORE project. However, in 2022 Salling Group managed 

to become the first grocery store chain in the world to connect 500 of their Danish ‘Netto’ grocery 

stores to the ‘Flex Platform’ which is a flexibility aggregation platform developed by Andel & IBM 

Denmark, using artificial intelligence, IoT and Blockchain solutions (Andel, 2020; Salling Group, 2022). 

This ‘Flex Platform’ provides an opportunity for Salling Group to sell their system services by regulating 

the energy consumption of their ventilation, heating, cooling, and refrigerators/freezers. Thus, Salling 

Group are compensated for being standby on a flexibility market and are also compensated if the 

system services get activated by the Danish TSO, Energinet. 
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The last showcase which this chapter will delve deeper into were the showcase from Neogrid 

Technologies together with Lolland Municipality. Here aggregation of residential heat pumps for 

system services were investigated. The Danish TSO, Energinet, who was a network partner in the DG 

STORE project worked on defining the role of an aggregator and introducing this into the rules for the 

Danish electricity market. Thus, Energinet worked on designing market frameworks that allow various 

technologies to contribute to the balancing of the electricity grid and making the market for system 

services more accessible to actors like Neogrid Technologies.  

5.2.1. POTENTIALS 

As mentioned, this chapter will delve into the potentials associated with aggregation of heat pumps 

investigated in the showcase from Neogrid Technologies and Lolland Municipality. From a system 

perspective demand side management will be a key component in shifting local consumption and 

optimize local operation which can reduce the overall cost for grid reinforcements by the Distribution 

System Operators (DSO’s) and thus lower electricity prices. Therefore, a big interest is shown in 

developing more system services that can help balance the electricity grid to fit the increasing amount 

of fluctuating electricity production from wind and solar (Neogrid Technologies, 2023).  

 

As shown on Figure 31, the electricity consumption from heat pumps in Denmark is expected to rise 

drastically towards 2030 as individual natural gas boilers are phased out and more industry sees a 

benefit in utilizing excess heat from their industrial processes (Energistyrelsen, 2023b). In 2020 8% of 

all residential buildings in Denmark used heat pumps as their primary heating technology. This 

percentage is expected to rise to 14% in 2030 and to 20% in 2035, thus it is expected that around 

260.000 residential buildings will have heat pumps in 2030 (Danish Energy Agency, 2022). Denmark 

Statistics showed that the number of heat pumps increased from 176.240 in the start of 2022 to 

222.455 in the start of 2023, which is a record rise of 26% (Home A/S, 2023). Considering this drastic 

Figure 31 Shows the expected heat pump electricity consumption towards 2050 in Denmark 
(Energistyrelsen, 2023b) 
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increase in heat pumps used as the primary heating in residential buildings in Denmark, a clear 

potential can be seen.  

Initially, Neogrid Technologies investigated how heat pumps could be controlled smarter through 

cloud-based controlling systems that could help avoid expensive tariff hours and electricity prices by 

incorporating data from weather and price forecasts. This showed an initial economic potential for 

the heat pump owners of 5-10% savings on their electricity bill.  The next step is to aggregate all these 

cloud-controlled heat pumps in a pool which can be sold as a system service on a flexibility market. 

The Danish TSO is still designing the market framework for aggregators and Neogrid Technologies is 

working on qualifying their pool of heat pumps and investigate the economic potential for the end-

users (Neogrid Technologies, 2023). 

5.2.2. BARRIERS 

Neogrid Technologies have experienced several barriers while working on the showcase in the DG 

STORE project. One of these barriers is the lack of standardization on the design of heat pumps which, 

does not allow third-party access to most heat pumps available on the Danish market. This currently 

increases both costs and time in connecting heat pumps to a larger pool. Main costs operating a pool 

of heat pumps currently comes from connecting a heat pump to the pool platform besides the actual 

development of the aggregator platform and operation hereof (ibid.). 

As the market framework for aggregators are still under development in Denmark it is relatively hard 

to provide system services through an aggregated solution today as the aggregator must be 

prequalified with their aggregated pool and must be tested before they can enter the market for 

system services (Energinet, 2022). Getting approved with a pool of aggregated heat pumps today is 

rather lengthy process and requires a relatively large bid size to get approved. This could be done 

today in close collaboration with a Balancing Responsible Party (BRP) where heat pumps can be pooled 

with other flexible devices to secure bid size, however this is time consuming as BRP IT interfaces are 

different from each other (Neogrid Technologies, 2023).  

Lastly, aggregating heat pumps are a complicated business model that must be more lucrative 

compared to a locally optimized operation of heat pumps which already in itself provides lucrative 

savings for the heat pump owner.  Thus, building a pool of aggregated heat pumps provides a complex 

value chain which must be balanced between administrative costs and the benefits of the flexibility 

solution. This value chain must be comprised of a fair and understandable compensation mechanism 

between the BRP, aggregator and heat pump owner. This value chain might also be further strained 

considering the increased competition on system services on the new Nordic market that will be 

implemented in 2023/2024 (cf. chapter 3.5.; Energistyrelsen, 2021a).  
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5.2.3. POLICY RECOMMENDATIONS 

In Denmark there is currently a need for more standardization from heat pump manufacturers to make 

these more accessible for third-party access. When looking outside the borders of Denmark solutions 

have already been found to overcome this barrier. In 2012 the German heat pump association 

‘Bundesverbad Wärmepumpe’ introduced a ‘SG Ready’ label certifying that the heat pump was smart 

grid ready and had third-party access. This label has since its introduction in Germany become a 

requirement in the beginning of 2023 to qualify for federal subsidies when changing to a heat pump 

from e.g., natural gas boilers (gridX, n.d.). This regulation is a good example on how regulation can 

significantly reduce connection costs which is one of the main costs associated with operating a pool 

of heat pumps.  

In relation to the design of the market framework, Energinet is already working on making the system 

services market more accessible while also providing easier access for aggregators. The current 

process of getting approved as an aggregator in Denmark is complex and very strict in qualifying the 

effect of a pool of heat pumps. Neogrid Technologies have in their showcase found that the DSO 

markets for system services are limited today which is a result of these still being under development. 

However, one solution provided for the DSO markets are the ‘Flex Platform’ by Andel & IBM previously 

mentioned which is currently the only standard market solution in Denmark at the DSO-level (Neogrid 

Technologies, 2023).  

5.3. DEMAND SIDE MANAGEMENT SOLUTIONS USING SMART CHARGING 

In the DG STORE project, three showcases investigated the possibilities of demand side management 

through smart charging of e-vehicles and e-busses. However, several factors played a role in delaying 

the implementation of these showcases which resulted in a more theoretical approach to this topic.   

The first showcase was the German housing company Selbsthilfe-Bauverein eG (SBV) that wanted to 

gather information about the charging behavior of e-vehicle owners and their willingness to allow 

controlled charging and discharging of their e-vehicles. SBV conducted a member survey in 2021 with 

2600 participants, which showed that less than 1,8% of these already owned an e-vehicle, and 10,7% 

showed an interest for more e-vehicle charging infrastructure. An interesting follow-up question 

showed that 8,9% of the members were interested in acquiring an e-vehicle if the proper charging 

infrastructure were available (SBV, 2021). Out of the 1,8% members that already owned an e-vehicle, 

SBV managed to receive one signed expression of interest in letting their private e-vehicle participate 

in controlled charging and discharging at the installed charging station in Wohnpark Tarup, Flensburg. 

This proved more difficult than expected as the e-vehicle could not use bidirectional charging, but 

nonetheless statistical data from the respective charging processes were obtained through consent of 

the SBV members. This statistical data was later extrapolated for the energy modelling in the 

Flensburg area.  
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The second showcase were Stadtwerke Flensburg that also investigated bidirectional charging through 

their company’s e-vehicle fleet. This however also proved to be problematic as their current e-vehicle 

fleet and charging infrastructure were not capable of bidirectional charging. The profitability of 

additional investments in new charging infrastructure or suitable electric vehicles was not apparent 

at the time, however with the elimination of the EEG levy and more interest from car manufactures in 

building bidirectional ready e-vehicles this could prove interesting when the current company e-

vehicle fleet would have to be replaced (cf. chapter 5.1.3.). The profitability with the abolishment of 

the EEG levy was not recalculated within the scope of the project. 

The last showcase investigating smart charging were Aktiv Bus Flensburg, which had plans to fully 

transition their bus fleet to electric busses and built a new bus depot. To avoid additional strain on the 

electrical grid a smart charging system were to be developed. This system would then be able to 

handle bidirectional charging and help the grid in peak demand situations through a loading 

management software. The first electric busses were to be acquired within the duration of the DG 

STORE project and test the planned loading management software. The delay in the overall project 

and a lack of subsidies, postponed the acquisition of electric busses. The first 10 electrical busses out 

of 20, are expected to arrive in the beginning of 2024. Thus, the testing of a smart loading 

management software could not be achieved within the scope of the DG STORE project. 

5.3.1. POTENTIALS 

The growth of e-mobility and charging infrastructure are seen in both Germany and Denmark with a 

political push for a faster transition to e-vehicles. A lot more e-vehicles are expected to arrive on the 

Danish and German roads towards 2030. In Germany the political ambitions by 2030 are 10 million e-

vehicles (1.038.731 BEV’s today) and in Denmark this is 1 million e-vehicles (113.000 BEV’s today) 

(Besserladen, 2022; Danmarks Statistik, 2023; Dansk e-Mobilitet, 2022; European Commission, 2023). 

This shows a vast potential for demand side management considering the expected increase in battery 

electric vehicles (BEV’s) will be tenfold by 2030 compared with today.  

A German initiative were started in 2021, to establish bidirectional charging as an important 

component of the energy and transportation transition in politics and society, and to ensure the 

progressive development of the necessary regulatory framework for bidirectional charging. Here a 

position paper was made by the initiative in 2022 to provide clear recommendations on how to 

promote bidirectional charging (Nymoen et.al, 2022). An interesting conclusion from the initiative, is 

that vehicle-to-home (V2H) will most likely be introduced faster than vehicle-to-grid (V2G) as there 

are less regulatory barriers when introducing bidirectional charging ‘behind-the-meter’ at your home 

(ibid; Besserladen, 2022).  

In Denmark the Danish trade association ‘Dansk e-Mobilitet’ have recently stated that the V2G is 

nearing a breakthrough, as several car manufacturers have announced that bidirectional charging 

(V2G) of e-vehicles is the future and that their newer V2G ready car models are released by the end 
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of 2023 (Dansk e-Mobilitet, 2023). Especially V2H is highlighted as a contributor to covering a portion 

of a households regular electricity consumption during peak periods when electricity prices are at their 

highest and charge during the times when electricity prices are at their lowest (ibid).  

An interesting demonstration project in Germany were concluded in 2022 between Honda R&D 

Europe and Next Kraftwerke which is one of Europe’s largest virtual power plants. Here a small fleet 

of six V2G ready Honda e’s along with their V2G ready charging station managed to provide system 

services for the German TSO, Amprion. This made Honda the first car manufacturer in Europe to 

receive a prequalification for providing frequency containment reserves (FCR) through a fleet of e-

vehicles, thus being able to provide a first response to frequency disturbances on the electricity grid 

(Hill, 2022).  

5.3.2. BARRIERS 

As Stadtwerke Flensburg experienced at the start of the DG STORE project in 2020, their charging 

infrastructure and e-vehicle fleet was not V2G ready and therefore it would be too expensive to 

replace at the given time. A market overview conducted in the start of the project also showed that 

except for a few research projects, bidirectional charging was hardly being applied in Germany. This 

was partly due to insufficient availability of V2G ready e-vehicles on the market, but also a lack of V2G 

infrastructure and the absence of legal and regulatory frameworks that would support V2G. This was 

also shown in the position paper of the German initiative in 2022 (Nymoen et.al, 2022). The availability 

of V2G ready e-vehicles and charging infrastructure are however increasing and is nearing a 

breakthrough (Dansk e-Mobilitet, 2023). But the V2G ready e-vehicles are dependent on V2G ready 

infrastructure which is an essential part of the solution. If there are no technical requirements for 

public charging infrastructure providers in establishing V2G ready infrastructure this could prove 

problematic for smart charging in the future (Besserladen, 2022). 

Another barrier to consider will be the tariffs and levies on the electricity put back into the grid from 

V2G e-vehicles. This can prove a major barrier considering the business case to promote V2G e-

vehicles and system services. Here V2H could potentially prove easier to implement as some 

regulation/tariffs could be avoided when discharging your e-vehicle ‘behind-the-meter’ (ibid.). 

5.3.3. POLICY RECOMMENDATIONS 

With the increased interest in V2G from car manufacturers and a political push for more e-vehicles 

and charging infrastructure, regulation must be considered in this area to standardize future V2G e-

vehicles and charging infrastructure but also promote smart charging considering that the number of 

e-vehicles are expected to increase tenfold within the next seven years. This will otherwise most likely 

put an unnecessary strain on the electricity grid in the future if all future e-vehicles and charging 

infrastructure revolves around dump charging. The position paper by the initiative for bidirectional 

charging in Germany provided some clear recommendations on how to promote bidirectional 
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charging in Germany. One key point from the initiative, was that the current push for charging 

infrastructure by the EU, through stricter requirements in the building sector should also encompass 

V2G ready charging infrastructure. Currently the regulation simply promotes that certain buildings 

under construction and renovation shall prepare parking spaces for future charging infrastructure 

among other things, and that this charging infrastructure should ideally be for bidirectional charging, 

however it is not a requirement. Here the initiative requires more legal certainty for the proper design 

of future markets when it comes to bidirectional charging, and it should therefore be a standard for 

future charging infrastructure to be V2G ready. (Nymoen et.al, 2022). 

The Danish TSO, Energinet, together with Denmark’s green business organization, Green Power 

Denmark, are already looking at what regulation must be changed to better introduce V2G e-vehicles 

into the electricity grid without “polluting” the grid altogether. Here certain requirements will have to 

be meet for V2G batteries to supply power to the electricity grid at the right voltage and frequency. 

Thus, these changes could make V2G batteries equate to actual power production plants to supply 

electricity back on the grid, here meeting the ‘Requirements for Generators’ (RfG) by the EU-standard 

level. This RfG regulation is currently addressed for wind and solar production plants among other 

technologies but could by the end of 2023 also involve V2G batteries in Denmark. (Dansk e-Mobilitet, 

2023).   
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6. CONCLUSION 
 

Detailed numerical results of the techno economic modelling work will be published in a scientific 

journal article after some further refinement and review.  

Some key qualitative results to take away from the modelling work in the DG STORE project is that the 

largest potential for indirect storage lies in the very large potential for heat storage based on 

electrical heating (power-to-heat). These potentials can be roughly divided into central heat storage-

based installations connected to district heating grids, like in the case of Flensburg, and decentral heat 

storage connected to single heat pumps supplying single one- or multi-family houses in rural areas not 

connected to heating grids. To promote these power-to-heat technologies such as heat pumps and 

electrode boilers, electricity tariffs/levies must be lessened or abolished as seen with the EEG levy in 

Germany but also connected storage solutions are essential to increase the business case of the 

power-to-heat solutions. As more residential buildings are expected to transition to individual heat 

pumps in the coming years, a standard for ‘Smart Grid Readiness’ must be a requirement to receive 

federal subsidies in Denmark as it is the case in Germany. This will help promote a future market for 

aggregation of heat pumps and significantly reduce connection costs which is one of the main costs 

associated with operating a pool of heat pumps. 

Depending on the market diffusion speed of e-vehicles for private transport the time shifting 

potential of the charging processes for private e-cars will be substantial by 2035. While this potential 

is still comparatively small compared to the indirect storage of surplus energy in heating, it will be 

increasing considerably over time. As in the case of power-to-heat it will be crucial that the time and 

level of charging will be available for a centralised dispatch in order to be coordinated with the vastly 

fluctuating residual load on the electricity grid. Here the willingness of private car owners to give 

access to their car batteries for system services is crucial. Furthermore, a standardization and 

regulation of V2G e-vehicles as well as V2G charging infrastructure is needed to sustain the expected 

increase of e-vehicles by 2030.  

Overproduction from wind energy in Denmark and northern Germany will become main drivers for 

the need to increase transmission capacities, direct and indirect storage, demand side management 

and all forms of power-to-X conversion processes. It can be foreseen that there will be a competitive 

situation between further increases in transmission capacities and local direct and indirect storage, 

demand side management and power-to-X activities. 
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