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1. EXECUTIVE SUMMARY ï DANISH 

Læs mere om DG STORE her: www.dg-store.eu.  

I Danmark og Tyskland og resten af Europa øges andelen af vedvarende energi (VE) i elproduktionen 

betydeligt disse år set i lyset af den overskyggende energikrise som har medført ekstraordinære høje 

energipriser rundt om i Europa. En energikrise der har været et vendepunkt og som har skabt et øget 

fokus på forsyningssikkerhed og præcedens for hurtigere udbygning af den vedvarende 

energiproduktion i Europa. (IEA, 2022) 

Manglende kapacitet på tværs af elnettet 

Behovet for en hurtigere udbygning af VE-produktionen medfører dog en forøgelse af den 

fluktuerende VE-produktion fra vind- og solenergi der tilsvarende ligger pres på den tilgængelige 

kapacitet på tværs af elnettet. Dette har i de senere år medført behovet for en betydelige 

nedregulering af energiproduktion i Danmark grundet manglende kapacitet i det nordtyske elnet 

gennem en specialregulering (Hohmeyer & Palm 2020). På lang sigt er dette en uhensigtsmæssig 

løsning at danske vindmøller betales for at stå stille og dette kræver derfor nye løsninger til f.eks. at 

lagre VE-produktionen i de tidspunkter hvor elnettet er mest belastet (Dansk Fjernvarme, 2022).  

Nyt marked for balanceydelser i Europa 2023/24 

Specialreguleringen vil i 2024 være overgået til et fælleseuropæisk regulerkraftmarked på platformen 

MARI (Manually Activated Reserves Initiative), hvor alle europæiske lande kan byde ind med 

balanceydelser der kan hjælpe til at stabilisere det europæiske elnet (Dansk Fjernvarme, 2021). Hertil 

arbejder ŘŜ ƴƻǊŘƛǎƪŜ ¢{hΩŜǊ ŦǊŀ {ǾŜǊƛƎŜΣ bƻǊƎŜΣ CƛƴƭŀƴŘ ƻƎ 5ŀƴƳŀǊƪ Ǉň Ŝƴ ΩbŜǿ bƻǊŘƛŎ !ŎǘƛǾŀǘƛƻn 

aŀǊƪŜǘΩ ǇƭŀǘŦorm som i løbet af juni 2023 regnes med at blive igangsat. Dette nordiske 

energiaktiveringsmarked skal kobles op på den fælleseuropæiske MARI platform som vil introducere 

nye typer af budgivning for balanceydelser (Bräuner, 2022). 

Med nye typer af budgivning for balanceydelser på et fælleseuropæisk regulerkraftmarkedet, giver 

dette tilsvarende nye forretningsmuligheder inden for fleksibilitetsydelser og lagringsløsninger. Disse 

nye forretningsmuligheder er op til markedsaktørene at indfri og de vil især have fokus på hvor hurtig 

og hvor længe, samt hvor stor en ydelse der kan aktiveres på det kommende fælleseuropæiske 

regulerkraftmarked. (Bräuner, 2022). 

Tekno-økonomisk analyse af det danske og tyske energisystem 

DG STORE projektet har undersøgt mulighederne for lokale lagrings- og fleksibilitetsløsninger på 

Lolland (DK) og i Flensburg (DE), her med fokus på at forbedre udnyttelsen af VE-produktionen. Disse 

regioner er typisk afspejlet af en stor overproduktion af VE som medfører flaskehalse og nedregulering 

af VE-produktionen bl.a. grundet manglende kapacitet i transmissionsnettet. Den tekno-økonomiske 

analyse vil derfor give indblik i potentialerne ved lokale lagrings- og fleksibilitetsløsninger når der i 

http://www.dg-store.eu/
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Europa arbejdes frem mod et 100% VE energisystem som er baseret på høje andele vind-og solenergi. 

(Hohmeyer & Palm, 2020)  

Hvis du ønsker at læse mere om showcasene i projektet, så besøg projekthjemmesiden 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 Ψ5ŀƴƛǎƘ DŜǊƳŀƴ {¢ƻǊŀƎŜ ƻŦ wŜƴŜǿŀōƭŜ 9ƴŜǊƎȅΩ ƻǊ ǎƘƻǊǘ άDG STOREέΣ 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 Ψ{ǘŀǘǳǎ vǳƻ wŜǇƻǊǘΩ ŦǊƻƳ нлнлΣ ƘƛƎƘƭƛƎƘǘǎ ǎƻƳŜ ƻŦ ǘƘŜǎŜ ōŀǊǊiers 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 óSTATUS QUO 

REPORTô (2020) 
 

¢ƘŜ 5D {¢hw9 ΨStatus Quo ReportΩ 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.  

One thing to take note ƻŦ ǎƛƴŎŜ ǘƘŜ Ψ{ǘŀǘǳǎ vǳƻ wŜǇƻǊǘΩ ǿŀǎ ǇǳōƭƛǎƘŜŘ ƛƴ 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 

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

ǿƛǘƘ wǳǎǎƛŀΩǎ ǿŀǊ ƻƴ ¦ƪǊŀƛƴŜ 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.  

¢Ƙƛǎ ŎƘŀǇǘŜǊ ƘƛƎƘƭƛƎƘǘǎ ǎƻƳŜ ƻŦ ǘƘŜ ƴƻǘŜǿƻǊǘƘȅ ŎƘŀƴƎŜǎ ŦǊƻƳ ǘƘŜ ƻǾŜǊǾƛŜǿ ƎƛǾŜƴ ƛƴ ǘƘŜ Ψ{ǘŀǘǳǎ vǳƻ 

wŜǇƻǊǘΩ ŦǊƻƳ нлнл ǿƘƛŎƘ ƛƴŦƭǳŜƴces 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.  

Figure 1  tǊƻŘǳŎŜǊ ŀƴŘ ŎƻƴǎǳƳŜǊ ŜƴŜǊƎȅ ǇǊƛŎŜǎ όϵκa²Ƙύ ƛƴ ǘƘŜ 9¦ ό9ǳǊƻǇŜŀƴ /ƻǳƴŎƛƭΣ нлноύ 
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3.1. GERMANY ENERGY SYSTEM OVERVIEW  
 

Since the writing of the ΨStatus Quo ReportΩ 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 ΨLƴǘŜƎǊƛŜǊǘŜǎ Klimaschutzkonzept FlensburgΩ 

(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. ¢ƘŜ ƻǊƛƎƛƴŀƭ Ǉƭŀƴ ŦǊƻƳ ǘƘŜ ΨYƭƛƳŀǎŎƘǳǘȊƪƻƴȊŜǇǘΩ ǘƻ ƳƻǾŜ ǘƻ ǘƘŜ ǳǎŜ ƻŦ 

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 9ƴǾƛǎŀƎŜŘ ǎǘǊǳŎǘǳǊŜ ƻŦ CƭŜƴǎōǳǊƎΩǎ ŦǳǘǳǊŜ ŜƴŜǊƎȅ ǎǳǇǇƭȅ ǎȅǎǘŜƳ ό{ǘŀŘǘǿŜǊƪŜ CƭŜƴǎōǳǊƎ нлноύ 
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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 

{ƛƴŎŜ ǘƘŜ ǿǊƛǘƛƴƎ ƻŦ ǘƘŜ Ψ{ǘŀǘǳǎ vǳƻ wŜǇƻǊǘΩ 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 

Ψ{¢!¢¦{ v¦h w9thw¢Ω ŦǊƻƳ 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 KriegerΩs 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.  

!ǎ ǿƛǘƘ ǘƘŜ YǊƛŜƎŜǊΩǎ Cƭŀƪ 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 

!ǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǘƘŜ ΨStatus Quo ReportΩ 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 ΨŜƴŜǊƎȅ ƛǎƭŀƴŘǎΩ ǿƘƛŎƘ ŀre 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 

AgencyΩǎ analysis prerequisites Ψ!CнлΩ 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 Ψ!CннΩ ǎƘƻǿǎ 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 ΨǎǇŜŎƛŀƭ ǊŜƎǳƭŀǘƛƻƴΩ between Germany and 

Denmark is also changing in 2023/2024.  

 

As seen on Figure 7, the ŘƻǿƴǊŜƎǳƭŀǘƛƻƴ ƛƴ 5ŜƴƳŀǊƪ ƻƴ ¢ŜƴƴŜ¢Ωǎ ǊŜǉǳŜǎǘ, resulted in downregulation 

of up to 3.048 GWh in 2020 and 3.424 GWh in 2021. The ǳǎŜ ƻŦ ΨǎǇŜŎƛŀƭ ǊŜƎǳƭŀǘƛƻƴΩ ƛƴ нлнн 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 ΨǎǇŜŎƛŀƭ ǊŜƎǳƭŀǘƛƻƴΩ, 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 άbŜǿ bƻǊŘƛŎ !ŎǘƛǾŀǘƛƻƴ 

aŀǊƪŜǘΩ in 2023. This collaboration between ǘƘŜ ¢{hΩǎ ƛƴ {ǿŜŘŜƴΣ bƻǊǿŀȅΣ 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)  
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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 ΨǎǇŜŎƛŀƭ ǊŜƎǳƭŀǘƛƻƴΩ ǳƴƭŜǎǎ 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). 

¢ƘǳǎΣ ǘƘŜ ΨǎǇŜŎƛŀƭ ǊŜƎǳƭŀǘƛƻƴΩ ǿƛƭƭ ōŜ ƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ŎǳǊǊŜƴǘ ōŀƭŀƴŎƛƴƎ ƳŀǊƪŜǘ ǘo 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. 

 



 

16 
 

 

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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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 
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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) 

Figure 11 Simple energy model taking into account electricity, gas and heat. (Maruf, 2019, p.20) 
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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 [134ï136]. 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 
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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 [134ï136]. 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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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. CHPôs 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 ǎȅǎǘŜƳΩǎ 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 Germanyôs available potentials, as stated in the project databases. The 1797 

ACAES potential is assumed to be 50% of Germanyôs 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 w ith installed capacity of several 
hundred MW (often termed C̄entral° units) and 2.3 GW 
of mainly 1-50 MW small units (often termed l̄ocal° or 
d̄ecentral° 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 w ith 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 
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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). 



 

28 
 

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 Exempliýed 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 deýned 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

þuctuates signiýcant 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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F ig. 3 Exempliýed 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

summer week. For details of the representat ion it is referred to the capt ion of Figure 2. In

summer, the overall part of the demand available for DSM is much lower than in winter,

since there is no signiýcant cont r ibut ion of elect rical heat ing. Instead, air condit ioning and

warm water (category 2) gain in importance.
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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). 

 

 

 

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) 








































