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Weitere Informationen zum DG STORE unter: www.dg-store.eu.

Danemark und Deutschland erhohen ihre Anteile der Produktion erneuerbarer
Energien zur Stromerzeugung. Dies ist ein wesentlicher Bestandteil des Wandels
hin zu einer klimaneutralen Gesellschaft. Die Zunahme schwankender Wind- und
Solarenergieerzeugung fuhrt jedoch zu Problemen durch rGumliche und zeitliche
Diskrepanzen zwischen Stromerzeugung und -nachfrage.

R&umliche Anpassung

Grof3e Wind- und Solarkapazitdten befinden sich im Regelfall nicht in der Nahe

von Gebieten mit hohem Verbrauch, sodass ein "Transport’ von Strom von den
Erzeugungsstandorten zu den Verbrauchszentren erforderlich ist. Derzeit entsprechen
die Kapazitdten des ddanischen und des deutschen Stromnetzes nicht immer dem vollen
Ubertragungsbedarf, weshalb lokale Uberproduktion zu Engpdssen im Stromnetz
fUhren kann. Da Netzerweiterungen nur langfristig geplant und umgesetzt werden
kénnen, besteht ein tempordrer Bedarf fur lokale Energiespeicherung, um eine
Abregelung (‘Herunterregelung') der Produktionskapazitdten zu vermeiden, bis die
Netzkapazitat ausreichend erweitert ist.

Zeitliche Anpassung

Langfristig werden sowohl Ddnemark als auch Deutschland eine 100-prozentige
Stromerzeugung aus erneuerbaren Energien haben, die auf groBen Mengen an

Wind- und Solarenergie basiert. Wenn aber der gréf3te Teil der Stromerzeugung
schwankend ist, mUssen Verbrauch und/oder Erzeugung rechtzeitig zeitlich verschoben
werden (kénnen), um dem Erzeugungsaufkommen zu entsprechen. Speicher- und
Nachfragemanagement sind der SchlUssel zur dieser zeitlichen Verschiebung.

In Deutschland wird der derzeitige Speicherbedarf zur Eindémmung von Problemen
mit rdumlichen Diskrepanzen nicht mehr bestehen, wenn das Stromnetz

einmal ausreichend ausgebaut und erweitert worden ist. Bei Anndherung an

eine 100-prozentige Stromerzeugung aus erneuerbaren Energien wird die
Speichernotwendigkeit aber wieder gegeben sein. Danemark wird vor 2030 eine
100-prozentige Stromerzeugung aus erneuerbaren Energien erreichen. Die Dynamik
(Geschwindigkeit) dieses Wandels fUhrt zu einer Uberschneidung des kurz- und
langfristigen Speicherbedarfs, was zu einer kontinuierlichen Nachfrage nach diesen
Technologien fihrt.

Das Projekt DG STORE beschaftigt sich mit den lokalen Méglichkeiten des Speicher-
und Nachfragemanagements (sog. DSM), und zwar auf der Insel Lolland (DK)

und im Raum Flensburg - beides Gebiete mit einer Uberproduktion von Strom aus
erneuerbaren Energien und entsprechenden Problemen mit Engpdssen und Abregelung.
Durch die Kombination einer lokalen Perspektive fUr umsetzbare Lésungen vor Ort mit
einer Systemperspektive und die Modellierung der Auswirkungen lokaler Lésungen im
Sinne einer erhohten Flexibilitdt des Energiewesens wird das Projekt die Potenziale von
Speichertechnologien in einem klimaneutralen Energiesystem aufzeigen und darstellen,
ab welchem Anteil erneuerbarer Energien am Energiemix es sinnvoll ist, in Speicher-
und DSM-Technologien zu investieren.

Im Jahr 2019 betrug der Anteil erneuerbarer Energien an der Stromversorgung in
Deutschland und Danemark 42,1% bzw. 67,5% [1] [2], hauptsdchlich aus Wind, Sonne
und Biomasse. Deutschland strebt bis 2050 einen Anteil erneuerbarer Energien von
80% bei der Stromerzeugung an [3], wdhrend Ddnemark, wie bereits erwdhnt, bis 2030
voraussichtlich 100% seines Strombedarfs aus erneverbaren Energien decken wird [4].

Abb. 1und Abb. 2 zeigen die Uberproduktion von Strom aus erneuerbaren Energien

in der Gemeinde Lolland sowie in Schleswig-Holstein, dem Bundesland, in dem sich
Flensburg befindet. Der Anteil erneuerbarer Energien an der lokalen Stromversorgung
liegt in diesen beiden Gebieten bereits Gber 100%.
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Abb. 1 Prognostizierte Stromerzeugung aus Solar- und Onshore-Windenergie sowie des
Stromverbrauchs in der Gemeinde Lolland, 2020-2040. Daten aus der Kapazitdtskarte von
Energinet [5] und den Technology Data von Energinet [6]
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Abb. 2 Stromerzeugung aus erneuverbaren Energien und Bruttostrom-verbrauch in Schleswig-
Holstein (SH) und Hamburg (HH) von 2003 bis 2025 (geplant) [7] (Ubersetzt)

Diese 6rtliche Uberproduktion von Strom verursacht Probleme im Stromnetz. Abb.
3 zeigt, dass in naher Zukunft groBe Uberlastungen im an Lolland angeschlossenen
Stromnetz auftreten werden. Da die Produktion von Wind- und Solarenergie weiter
zunimmt, steigt auch die Nachfrage nach entsprechendem 'Abtransport’. Wenn
das Netz nicht die erforderliche Strommenge durchleiten kann, gibt es Engpass—
probleme. Wenn der Strom nicht lokal verbraucht bzw. gespeichert werden kann,
wird die Produktion abgeregelt, d. h. vorGbergehend reduziert oder ganz gestoppt.

Overload [MWh] @ <500

Abb. 3 Uberschissige Energie pro Jahr in einem N-1 Szenario fur 2025, 2030 und 2040 aus der
Energinet-Bedarfsanalyse fUr das Stromleitungsnetz 2020 [8]
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Den gréBten Teil der deutschen Abregelungen haben Schleswig-Holstein und
Niedersachsen verzeichnet (siehe Abb. 4). Dies sind in Deutschland die beiden
Bundeslander mit dem gréBten Windenergiepotenzial bei vergleichsweise geringem
Strombedarf. Der geschdtzte Vermodgensschaden aufgrund der Abregelungen im
Jahr 2018 belief sich in ganz Deutschland auf 653,4 Mio. Euro und in Schleswig-
Holstein auf 294,4 Mio. Euro [9].

Ddnische Stromerzeuger sind auch an der Lésung von Engpassproblemen in
Norddeutschland beteiligt, denn diese sind bei weitem der hdufigste Grund for
Abregelungen in Ddnemark: 89% aller Abregelungen in Ddnemark im Jahr 2019
erfolgten auf Anfrage von TenneT, dem UNB in Schleswig-Holstein [10] [11]. Die
Abregelung erfolgt zunehmend durch Windkraftanlagen. Von danischen Akteuren
bereitgestellte Einzelheiten zu den Sonderregelvorgdngen sind in Abb. 5 dargestellt.
Die Abregelungen haben im Jahr 2020 UbermaBig zugenommen, was teilweise auf
hohe Windstdrken und die Erhdhung der von TenneT bereitgestellten garantierten
MindestUbertragungs—kapazitat zurickzufUhren ist [12]. 8% der potenziellen
ddnischen Windstromerzeugung wurden in den ersten 8 Monaten des Jahres 2020
eingestellt [13].
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Abb. 4 Abgeregelte Stromerzeugung insgesamt in Schleswig-Holstein, Niedersachsen und dem
Ubrigen Deutschland 2015-2018. Daten der Agentur fUr Erneuverbare Energien 2020 [9]
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Abb. 5 Sonderregelvorgénge durch dénische Akteure 2016-2019, durch TenneT beantragt.
Daten der "Statistik over Specialregulering” [11] [13]

Jedes auf einem hohen Anteil an Wind- und Solarenergie basierende
Elektrizitdtssystem bendtigt daher eine kurzfristige und saisonale
Speichermdglichkeit, um langfristige und kurzfristige Schwankungen in der
Produktion und damit einhergehende Ubertragungs- bzw. Verteilungsengpdsse zu
beheben. Dies ist sowohl in Dadnemark als auch in Deutschland der Fall, insbesondere
in den Gebieten Flensburg und Lolland, in denen die Fallstudien der GD STORE
umgesetzt werden. Weitere Informationen zu den im Projekt vorgestellten Lésungen
finden Sie unter www.dg-store.eu.
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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 DG STORE project aims to showcase various electricity flexibility and storage
solutions to analyze their potential for stabilizing the electricity grid. The showcases
take place in Denmark and Germany, specifically Lolland in the Zealand Region and
Flensburg in the Schleswig-Holstein region.

The seven showcases are:
Case 1: Electrification of district heating
Case 2: Flexible energy consumption in retail
Case 3: Potential of balancing the energy system with electric busses

Case 4: Electric vehicle fleets as an accumulator in future energy
systems

Case 5: Heat pump and energy storage in individual buildings

Case 6: Market research of smart homes and e-mobility

Case 7: Flexible charging of private electric vehicles and bicycles as
direct and indirect energy storage

This report shows the status quo of the German and Danish energy systems and the
challenges facing Lolland and Flensburg. It explains why the seven showcases can
play a key part in a successful transitioning towards a future energy system based on
renewables.

To read more about DG STORE, visit: www.dg-store.eu.
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Germany'’s energy consumption

Germany and Denmark are both part of the highly integrated European energy
system. Due to size and economy, Germany has a larger impact on the European
system. Germany consumed more than 20 % of the final energy consumption in
Europe in 2018, while Denmark consumed only 1.5 % (Eurostat, 2020).

Germany is increasing its share of renewable energy but is at an early stage of

its planned transition towards climate neutrality: Mineral oil and natural gas still
contribute 70 % of the primary energy supply as shown in Figure 1. The share of
brown coal declined sharply after the German reunification in the early 1900s due to
retirement of old lignite fired power plants in the former GDR (German Democratic
Republic). Nuclear energy has been phased out since around 2006. Electricity from
coal and nuclear power was replaced by natural gas, mainly in the 1990s, and by
renewable energy, especially after the year 2000. Oil has been replaced by natural
gas in large parts of the heating sector, but its use has simultaneously increased in
the transport sector.

The renewable energy generation is dominated by biomass and wind power as
shown in Figure 2.

Primary energy consumptionin petajoules (PJ)
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Figure 1 Shares of different energy sources in Germany's primary energy consumption in PJ/a
from 1990 to 2019 (Clean Energy Wire, 2020)
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Figure 2 Shares of different energy sources in Germany's primary energy consumption in PT/a
in the first half of 2020 (Clean Energy Wire, 2020)
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Germany’s electricity generation and consumption
The German electricity system historically

While the structure of the Germany energy consumption has been changing slowly,
the electricity system has undergone a faster transition during the last thirty years.
From a system dominated by coal and nuclear energy in 1990, now more than 40

% of the electricity generated is from wind, photovoltaic solar energy (PV) and
biomass. More than 60 % of the nuclear capacity has been phased out, with the last
nuclear plants to be shut down by 2022 (Bundesregierung, 2020).

Figure 3 shows the development of different energy sources in Germany electricity
generation. The production from renewable sources is shown in Figure 4. In 2019 the
renewable electricity generation was primarily based on wind, solar PV and biomass.
Hydropower, which was the only renewable source in electricity generation before
1990, contributed only 8.3 % of the renewable electricity generation in 2019.

Power generation in terawatt hours (TWh)

&

Figure 3 German gross electricity production by source 1990 to 2019 (Clean Energy Wire,
2020)
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Figure 4 Development of electricity generation from renewable energy sources since 1990
(Umweltbundesamt, 2020) (translated)



Targets and predictions

Germany must reach 80 % renewable energy in electricity generation by 2050
to comply with greenhouse gas reduction target of 80-95 % from 1990 to 2050
(50Hertz Transmission GmbH et al., 2020).

The German Council of Environmental Advisors (Sachverstdndigenrat for
Umweltfragen, SRU) was one of the first to analyze a scenario with 100 %
renewable electricity in 2050. The German electricity load can be met in every hour

of the year with 100 % renewable energy — even if the generation is based on the
highly fluctuating sources, wind and solar, and even if Germany is totally isolated
from the rest of Europe (SRU, 2011). The development of the German generation

mix in the SRU scenario is shown in Figure 5. The SRU relied mainly on offshore
wind energy, as it was skeptical of the long-term acceptance of a large increase of
onshore wind energy capacities and the contribution of solar energy to the German

electricity generation in the winter.
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Figure 5 Projected development of gross electricity generation in Germany until 2050 in the
core scenario of the German Council of Environmental Advisors (SRU, 2011)

The German electricity grid in 2019

Germany has a highly developed and reliable electricity grid, which is an integral

part of the European high voltage electrical grid infrastructure. It has functioned

reliably for decades with a minimal number of outages and a stable frequency. The

total outage time in Germany and Denmark are less than 25 % of the EU average
(European Commission, 2018).

The German high voltage grid must be extended and reinforced to absorb the bulk
of the German renewable energy generation. It has been built to transfer electricity
from large central thermal power plants (coal, gas, oil and nuclear) built strategically
close to load centers. All studies and plans concerning the future of the German
electricity agree that wind energy will be the key renewable energy resource. The

best wind resources in Germany are located offshore in the North and Baltic Sea

or on shore in Northern Germany. The high voltage grid must be extended and
reinforced to transmit wind energy produced in the North to the load centers in West
and South Germany. Accordingly, the network map in Figure 6 shows numerous

high voltage power lines under construction and in the planning phase, improving

both transportation from Northern to Southern Germany as well as across country
borders. Figure 10 shows the specifics of the grid in Schleswig-Holsten, the region in
which the DG STORE project takes place.
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The focus of the DG STORE project is the Flensburg area, which is located in
Schleswig-Holstein, one of sixteen federal states in Germany. Schleswig-Holsten is
home to 3.5 % of the German population (Wikipedia, 2020) and large capacities of
renewable energy sources, mainly wind. In 2016, the state produced almost 130 % of
its gross electricity consumption, and 30 % of its entire energy consumption, from
renewable energy sources (see Figure 7).

Share of renewable energy in

Gross electricity FEC FEC Gross final
consumption Heat Fuel energy consumption
127.9% 14.3% 4.7% 328%

TWh ﬂ ﬂ ﬂ Wind Offshore

20
B Wind Onshore
15
® Geothermal &
10 - Hydro
Solar PV
5 - —_—
- B Biomass
.| I e—

Electricity Heat Fuel

Figure 7 The shares of renewable energy sources in the final energy consumption for electricity,
heat and fuels of Schleswig-Holsten by sector in 2016 (Landesregierung Schleswig-Holstein,
2018) (translated)

Electricity generation and consumption in Schleswig-Holstein

Schleswig-Holsten has historically operated a large nuclear capacity. With only

one remaining power plant after the shutdown of two others, 11 % of the installed
capacity was nuclear power in 2019. The last remaining nuclear power plant is due to
be shut down in 2021.

The electricity produced from renewable sources has reached 55 % of the total
gross electricity production as seen in Figure 8. The production is dominated by
wind, both onshore and offshore. After 2012 the biogas development stalled due
to an increasing public debate on the competition between energy crops and food
production.

By 2025, Schleswig-Holstein aims to supply 200-250 % of its gross electricity
consumption from renewable sources. This would cover more than 100 % of the join
electricity demand of Schleswig-Holstein and the city of Hamburg, the next largest
load center (see Figure 9). As Hamburg has hardly any space for renewable power
production besides rooftop PV, it is foreseen that Hamburg will produce very little
RE-based electricity.
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Figure 8 Gross electricity generation in Schleswig-Holstein from 1990 to 2016 by source
(Landesregierung Schleswig-Holstein, 2018) (translated)
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Figure 9 Electricity production from renewable energy sources and gross electricity
consumption in Schleswig-Holstein (SH) and Hamburg (HH) from 2003 to 2025 (planned)
(Landesregierung Schleswig-Holstein, 2018) (translated)
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The high voltage grid in Schleswig-Holstein

The transmission grid in Schleswig-Holstein has historically served two purposes:
Connecting the German and Nordic grids and exporting electricity from large
generators, e.g. nuclear power plants, to the rest of Germany.

To improve transmission capacities for electricity generated from increasing
renewable energy-based power production, the high voltage grid must be expanded
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and enhanced. The planned expansion is shown in Figure 10. One of the planned
expansions is NordLink: A direct connection to the large hydropower system at
Tonstad, Norway, with a capacity of 1.4 GW transmission capacity. This allows using
the Norwegian hydropower system as indirect storage for the overproduction of
wind energy and to remedy bottlenecks in the German high voltage power lines
south of Hamburg.
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Figure 10 The present and planned high voltage grid in Schleswig-Holstein (Landesregierung
Schleswig-Holstein, 2018) (translated)
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FLENSBURG'S ENERGY SYSTEM
OVERVIEW

On the German side, the DG STORE project focuses on the supply area of
Stadtwerke Flensburg, which directly supplies Flensburg, Glicksburg and Harrislee,
three interconnected municipalities. This combined supply area has a size of 115 km?2
and a population of approx. 105,000 as of 2015 (Wikipedia, 2020).

District Heating

Stadtwerke Flensburg participates in case 1 of the DG STORE project concerning
electrification of the district heating system. This has great potential, as Stadtwerke
Flensburg is the most successful supplier of district heating in Germany with a 98 %
coverage of its supply area. The generation capacities are shown in Figure 11.

Figure 12 shows the development of heat produced and supplied by Stadtwerke
Flensburg. The demand is expected to decline long-term due to improved insulation
of buildings.

i DH peak demand: 367 MW
h Operation capacities:

A RH Gliicksburg «  Boiler 5: 78 MW

s  Boiler 12: 75 MW

e  Boiler 10: 70 MW

CHP BatteriestraRe ¢ Boiler 11: 70 MW

Jé e  Boiler 9: 70 MW

d H ; h e BHB: 30 MW
or Total: 393 MW

RH Engelsby

Reserve heating capacities:

i e RH Engelshy: 80 MW

h FLENSBURG e RH Nord: 80 MW

RH Siid e RH Siid: 83 MW

L]

RH Gliicksburg: 33 MW
Total decentralized: 276 MW

Figure 11 District heating generation capacities of Stadtwerke Flensburg. DH: District heating,
CHP: Combined heat and power plant, RH: Reserve heating plant, BHB: Backup heating boiler
(Stadtwerke Flensburg, 2019) (translated)
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Figure 12 Annual district heating production and supply of Stadtwerke Flensburg from 2000
to 2019 (Stadtwerke Flensburg, 2020b) (translated)



Electricity

Stadtwerke Flensburg is both a generator and trader of electricity. While sales in
its own supply area have dropped in the past decade, total sales of electricity have
increased as seen in Figure 13.

Electricity generation, supply and customers
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*the annual reports do not contain information about own electricity production, meters and residential
connections in the network, as well as information about electricity networks. Information on no. of customers
Is only available from 2006.

Figure 13 Electricity generated and sold by Stadtwerke Flensburg between 2003 and 2019
(Stadtwerke Flensburg, 2020b) (translated)

The electricity is mainly distributed through a 60 kV cable ring (Figure 14), which is
connected to the power plant at the harbor, the German high voltage grid and to the
Danish grid.
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Figure 14 The supply area of Stadtwerke Flensburg, the 60 kV cable ring system and the
connections to the German and Danish high voltage grid (Stadtwerke Flensburg, 2020a)

(translated)
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DENMARK'S ENERGY SYSTEM

Denmark's Energy Consumption

Denmark is known for high levels of renewable energy, especially wind power. In
2018, approx. 33 % of the country's energy production came from renewable energy
sources as seen in Figure 15. Biomass and wind are the most important sources of
renewable energy (see Figure 16).

In 2030, 55 % of the energy consumption must be covered by renewable sources
(Klima- Energi- og Forsyningsministeriet, 2018). Denmark must be entirely
greenhouse gas-neutral in 2050, e.g. emit no more greenhouse gases than can be
taken up (Energistyrelsen, 2020c).

1000
900
800

700

Renewable Energy

600

500

PJ

400

300

200

100

O o o Mm% N WK~ 0 OO o o moS o W~ B OO oA N®MmoS o O~

(=2} [=2] (=2] [=2] a (=2} a [=a] (=) [=a] o o o o o o o (=] (=] o - - - = - = - =

(=)} [=)] (=)} R ()] ()] ()] ()] (=] [=)] [=] o o o o o o o [=] (=] o o (=] (=] o o o [=]

— — — — — - ~ - Ll - o~ o~ o~ o~ ~ o~ ~ o~ o~ ~ o~ o~ o~ ~ o~ ~ (] ~
u Qi ® Natural Gas  m Coal and Coke Waste, Non-renewable = Renewable Energy

Figure 15 Denmark's Gross Energy Consumption, 1990-1991. Data from the Danish Energy
Agency's Energy Statistics 2018 (Energistyrelsen, 2019)
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Figure 16 Denmark’s gross energy consumption in 2018 by fuel in PJ and percentage of total
consumption. Data from the Danish Energy Agency's Energy Statistics 2018 (Energistyrelsen,
2019)
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Denmark’s Electricity System

The Danish electricity system historically

Denmark has been, and is still, expanding renewable energy production. The
expansion shows most clearly in the electricity generation, which is shown in
Figure 17. Wind power and biomass are the primary sources of renewable energy

in the electricity generation.

The expansion of biofuels can be problematic, as biomass is a very valuable but
also limited resource. Therefore, the usage of power sources such as wind, solar
and hydro power, which have no direct greenhouse gas-emissions, is key to a
climate-neutral society. When the electricity supply becomes more and more
dependent on fluctuating energy sources, and supply and demand often do not
match, new ways to balance the electricity grid are required. DG STORE aims to
investigate how electricity from wind and solar power can be used in the heating
and transportation sectors, and how that can help balance the electricity grid.

Waste © Hydroe @ Wind © Othersources @ SolarPV

@ Coal @ Ol © Naturalgas @ Biofuels

Natural gas

0 T T T T T
1990 1995 2000 2005 2000 2015

Figure 17 Electricity generation by source, Denmark, 1990-2019 (IEA, 2019)

Figure 18 shows Denmark’s electricity supply by source. In comparison to Figure
17, this includes import of e.g. hydro- and nuclear power from neighboring
counties, and excludes electricity exports, thereby showing the sources of
electricity bought by Danish consumers.

The supply of electricity comprised of 45 % wind power and 4 % solar power

in 2019 (see Figure 18). Despite the challenges posed by such a high volume of
fluctuating energy sources, the electricity security is one of the highest in Europe

at a 99.996 % supply rate in 2019 (Energinet, 2020g).
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Figure 18 Electricity consumption by source in Denmark, 2019. Data from Energinet's
Miljedeklaration (Energinet, 2020e)

The electricity and heating sectors are closely interconnected. As Figure 19
shows, most power plants in the country are Combined Heat and Power
(CHP) plants, which, as the name suggests, produce heat and power
simultaneously. In 2018, 71% of thermal electricity production (i.e. total
production excl. wind, solar and hydropower) was produced in CHP plants.
64 % of Danish households are supplied with district heating, which is often
produced by a CHP plant (Dansk Fjernvarme, 2020).

In Denmark, waste incineration is very common. The waste can be used
as fuel in CHP or pure heating plants, and 21 % of all district heating was
supplied by waste in 2018 (Energistyrelsen, 2019).
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Figure 19 Electricity production by type of producer, 1990-2018 (Energistyrelsen,
2019)

Figure 20 shows all large Danish electricity producers as well as the high-
voltage transmission grid. The transmission grid is managed and owned

by Energinet, and transports electricity from power plants, wind turbines
and solar plants to the local distribution grids. It is divided into two parts;
DK1, which covers the Jutland and Funen areas, and DK2, covering Zealand
and the surrounding islands. The 600 MW DC-cable between Funen and
Zealand connects these two areas.
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Power Production and Transmission in Denmark

Legend
Central plants (capacity)
® 20t 100 MW

@ 100 til 400 MW

400 til 1000 MW

Decentralized plants (cap.)
m 120 MW

B 20 MW+

C':)> EEZ-boundary

A Solar PV systems (2 MW+)
= Substations
Local and commercial (cap.)
e 1-20MW
® 20MW+

Onshore wind farms (cap.)
¢ 2-5MW

¢ 5-20MW
¢ 20Mw+

Bjerre, 40 MW
o ‘~, ) 'Sgdring, 23 MW

SO0
mh 07

Verdo, 52MW
o

- Offshore wind farms
Hll comected to grid in 2021

Power lines, direct current
-------- Cables, direct current
"""""" Cables 132/150/220 kV
Power lines, 400 kV

-------- Cables, 400 kV

Power lines, 132/150/220 kV

Copenhagen area, 1:400.000
j DTU, ss)ww

° Z Middel-
<23 40MW

o

Anholt,400 MW

0 50 100
Kilometers
Scale 1:1.300.000
ETRS 1989 UTM 32 N
®e
(» e Danish Energy
Agency

The Danish Energy Agency, Carsten Niebuhrs Gade 43, 1577 Copenhagen V, DK, phone: + 45 33 92 67 00, mail: ens@ens.dk

Figure 20 Power Production and Transmission in Denmark (Energistyrelsen, 2020d)

Targets and predictions

The Danish Climate Law states that Denmark must be climate neutral in 2050 as
well as reduce greenhouse gas emissions by 70 % from 1990 to 2030.
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By 2030, 100 % of the electricity is to be covered by renewable energy sources
(Klima- Energi- og Forsyningsministeriet, 2018). The Danish Energy Agency expects
that this goal will be reached in 2027, in large parts due to increased wind and solar
production capacities (Energistyrelsen, 2020b). As seen in Figure 21, the electricity
sector has a predicted 111 % share of renewable energy in 2030.
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Figure 21 Renewable energy shares in different parts of the energy sector in 2005 and 2018
and predictions for 2025 and 2030. Data from Basisfremskrivning 2020 (Energistyrelsen,
2020b)

A large part of the increased electricity production stems from wind and solar power
(see Figure 22). The Danish production of wind and solar power exceeds electricity
demand from 2029 even though demand continues to increase. As seen in Figure

23, classic electricity consumption increases very slightly. Within the next 20 years,
the largest part of the Danish electricity consumption will come from new forms of
consumption: Power-to-X, transportation, large data centers and heat pumps.

This shows that the DG STORE showcases in transportation (cases 3, 4 and 7)
and heating (cases 1 and 5) will become increasingly relevant in a future electricity
system.
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Figure 22 Production of wind- and solar power along with total electricity consumption [TWh]
in Denmark 2020-2040. Prediction from the Danish Energy Agency's Analyseforudseetninger
(Energistyrelsen, 2020a)
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Figure 23 Consumption of electricity in Denmark [TWh] 2020-2040 by usage. Prediction from
the Danish Energy Agency's Analyseforudsaetninger (Energistyrelsen, 2020a)
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LOLLAND'S ENERGY SYSTEM

Lolland is a Danish Island located south west of Zealand, and is, along with
Flensburg, the focus of the DG STORE project. The population density is low, leaving
space for expansion of renewable energy generation (especially wind and solar
power), while there are only few large power consumers (mainly sugar production).
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Figure 24 Electricity Distribution System Operators (DSOs) and Municipalities on Lolland

DG STORE focuses on testing, applying and analyzing flexibility and storage
technology in Lolland Municipality, which is the westernmost part of the island along
with the smaller surrounding islands. This area is shown in Figure 24. The figure

also shows the Distribution System Operators (DSOs) in the area. Cerius is the
primary DSO, but Nakskov Elnet A/S, a part of Lolland Forsyning A/S (Lolland utility
company), manages the electricity grid in the city of Nakskov.

In 2019, Lolland Municipality's renewable electricity production was nine times its
consumption. If offshore wind turbines are disregarded, Lolland still produced 3-4
times its consumption that year from solar and wind power. Figure 25 shows the

production and consumption in the municipality in 2019.
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Figure 25 Electricity Production and Consumption in Lolland Municipality 2019. Data from
Energidataservice.dk (Energinet, 2020b)
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Figure 26 Prediction of electricity production from solar and onshore wind as well as electricity
consumption in Lolland Municipality, 2020-2040'. Data from Energinet’'s Kapacitetskort
(Energinet, 2020d) and Technology Data (Energistyrelsen, 2020f)

Figure 26 shows an approximate prediction of electricity production from onshore
wind and solar power compared to the predicted electricity consumption in Lolland
Municipality. Compared to Figure 22 showing all of Denmark, the large difference
in production and consumption is striking. An increase in new plants as well as
repowering of older, smaller plants, means that the production to consumption
ratio will continue to increase in the coming years. Because of this, more and more
electricity must be transported to other areas.

This shows that the issues tackled in the DG STORE project are not limited to just
one municipality. The flow of electricity and heat might cross municipal, regional or
even national borders. As seen in Figure 27 and Figure 28, overloads in the electricity
grid connected to Lolland will occur in the near future. When production of wind
and solar power continues to increase, the demand for transportation might exceed
the capacities in the electricity grid. If no other solutions are implemented, the
production will have to be stopped when the capacity in the electricity grid does not
allow for transport.

In order to continue the growth of renewable energy, especially on Lolland, it is
necessary to implement energy storage solutions and flexible consumption, so more
of the production can be consumed locally.

Overload [MwWh] @ <500 @ 5005000 @) 5000-20.000 ) >100.000

Figure 27 Overload energy per year in an N-1scenario? for 2021, 2023 and 2025 on Lolland-
Falster and Southern Zealand from Energinet’s Behovsanalyse for Eltransmissionsnettet 2020
(Energinet, 2020aq)
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Figure 28 Overload energy per year in an N-1scenario2 for 2025, 2030 and 2040 from
Energinet’s Behovsanalyse for Eltransmissionsnettet 2020 (Energinet, 2020a)

Sector Coupling
Heat Supply

Net heat demand in in Lolland Municipality was approx. 660 GWh in 2018. Almost
30 % of the net heat demand was supplied by oil heaters as seen in Figure 29. The
phasing-out of oil heaters is an important element in the Danish government's
climate agreement from June 2020 (Klima- Energi- og Forsyningsministeriet, 2020).
Part of the capacity can be replaced by expanding the areas of district heating.

The remaining represents a potential expansion of single or collective heat pump
systems, or other heating systems based on electricity from the increasing RE-
generation.

12% 4%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
M District heating M Central heating, oil fired = Electric heating

m Other (incl. solid fuels)  m Central heating, biomass ~ Heat pump

Figure 29 Net heat demand by source, Lolland Municipality 2018. Data from Varmedata
Lolland Kommune (Gaarsmand and Kjeer, 2018)

In Figure 30, actors of the heating sector in Lolland Municipality are shown. Most
consumers, especially in the cities, are supplied by district heating. The district
heating companies in the municipality are shown in the figure, and cover each of the
green areas on the map. The remaining consumers use oil burners, furnaces, electric
heaters or heat pumps for heating. In many other parts of Denmark, the heat supply
is from household gas-fired boilers, but in Lolland there is no gas grid.

The largest supplier of district heating in Lolland Municipality is Lolland Varme A/S
(Lolland district heating company), which delivers district heating in both Nakskov,
Sellested and other smaller villages. Lolland Varme A/S is a part of Lolland Forsyning
A/S, which also manages Nakskov Elnet (see Figure 24).

Lolland Municipality's heat supply is connected to that of the neighboring
municipality, Guldborgsund. Maribo-Sakskabing CHP-plant, managed by REFA,
delivers 75 % of the heat supplied by Maribo Heating plant. REFA also manages
Holeby District heating and facilitates purchases of biomass for the heating plants
in Lolland Municipality.
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DG STORE examines the potential of flexible power consumption in district heating
plants in showcase 1 at Lolland Heating and Flensburg Utility. Case 2 works with
flexible heating and cooling at supermarkets and case 5 demonstrates the flexibility
potential of heat pumps with thermal storage at larger public buildings.
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Figure 30 Lolland Municipality: Actors of the Heating Sector (Gaarsmand and Kjaer, 2018)
(Stokkemarke Lokalblad, 2019)

Transportation

Lolland Municipality currently has one of the lowest shares of EVs in Denmark, so the
potential for a larger coupling between the electricity sector and the transportation
is great. In January of 2020, there were only 37 electric and 34 hybrid passenger
vehicles owned by residents and businesses of Lolland Municipality. To reach the
national goal of a 70 % GHG-reduction in 2030, 38 % of cars would need to be
electric. With an even distribution around the country, the Lolland-Falster area
would need 192 times more electric in 2030 (Danmarks Statistik, 2020). One of the
main efforts needed to make this happen is more and better charging infrastructure
(Ea Energianalyse, 2020).

The 40,800 people in Lolland Municipality will consume an additional 30 GWh

of electricity each year if 38 % of the fleet is to be electrified3. That corresponds

to 13 % of the total 2019 electricity consumption. This number could be even

higher, as residents in rural areas - like Lolland Municipality — tend to drive longer
distances than the average Dane. This number only accounts for personal vehicles:
Public transportation and heavy road transportation have a large electrification
potential. In 2021, electric busses will become a part of Lolland Municipality's public
transportation. By 2030, all buses by the local public transport provider (Movia) will
be fossil-free, and at least half will be electric in 2030 (Kollektiv Trafik Forum, 2020).

A larger EV fleet will be able to provide flexibility in electricity consumption. Few EV
owners need their vehicle to charge the moment they plug it in, and smart control
based on current electricity production and weather-based production prognosis can
help stabilize the grid. This can also be of benefit to consumers, who can save money
by charging when the supply of electricity exceeds the demand. DG STORE looks at
electric vehicles and buses as flexibility providers in cases 3, 4 and 7.
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Denmark and Germany have strongly interconnected electricity systems. Figure

31 shows capacities of the electric connections between Denmark and Germany.
The connections from Jutland to Germany will be expanded in the coming years,
increasing the capacity to 3500 MW. In eastern Denmark, a transmission line
through a new off-shore wind farm, Kriegers Flak, will establish another connection
between Germany and Zealand, which will start operating in late 2020 or early
(Energistyrelsen, 2020a). As of now, mid-December 2020, the line is being tested.
The development can be followed on Energinet.dk.

In 2018, the TSOs TenneT and Energinet signed a Joint Declaration to secure
minimum transfer capacities across the Danish/German border, which will increase
as new transmission capacity is introduced.
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Figure 31 Electrical Transmission Connections between Denmark and Germany: Current
(2020) and approved connections. Data from AF20 (Energistyrelsen, 2020qa)

Both Denmark and Germany trade electricity with a range of neighboring countries.

Nordic and Baltic countries, including Denmark, trade power through Nord Pool on

a day-ahead and intra-day market. DK1is connected to Norway, Sweden, Germany
and the Netherlands, whereas DK2 is connected to Sweden and Germany. The Viking
Link-connection between DK1 and Great Britain is due to start operating in 2023
(Energinet, 2020c¢).

Nord Pool price trends are significantly influenced by varying precipitation patterns
in Norway and Sweden, whose electricity production is dominated by hydropower.
These price variations strongly affect Denmark's foreign trade, shown in Figure 32.
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Figure 32 Danish net exports of electricity by country, 1990-2018 (Energistyrelsen, 2019)

Although Germany phased out substantial conventional power plan capacities —
especially after the Fukushima nuclear accident in 2011 - it did not become a net
importer of electricity, as many critics of the nuclear phase-out claimed. Due to an
increasing share of renewable electricity, the net export has increased substantially
in the last ten years as can be seen from Figure 33.
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Figure 33 German power export balance 1990-2019 (Clean Energy Wire, 2020)

28



Any electricity system relying on high shares of wind and solar energy will need high
volumes of short term and seasonal storage to solve long- and short-term problems.
This is the case in both Denmark and Germany, and especially in the Flensburg and
Lolland areas.

Storage and Demand Side Management (DSM)

Storage can take different forms, as long as it allows shifting energy produced
across time. Figure 34 shows the principal use of storage and DSM to minimize the
mismatch between generation and demand. The DG STORE project focuses on
indirect storage: Flexible energy consumption in the heating and cooling in retail
(case 2), in charging of electric vehicles (cases 3, 4 and 7) and in heating in individual
buildings (case 5). This is also known as demand side management (DSM), as the
consumers adapt to the behavior of the producers.

In all the project's showcases, the energy service delivered is not impacted by the
time shift of the energy demand. The temperature of a room or a freezer is not
significantly impacted by shifting the heating/cooling by a short amount of time,
and the driver of a car does not care when the car charges, as long as it is charged
sufficiently once the driver needs it.

Storage and DSM can solve problems with discrepancies in space and time. The
space-discrepancies occur when production does not happen in the same place as
the consumption, and the transmission grid does not have the capacity to transport
the surplus electricity to load centers. Discrepancies in time happen when the
electricity production and consumption do not happen at the same time. A high
volume of renewable, fluctuating electricity production creates both problems. When
most of the electricity is produced in areas with high wind and solar potentials, the
need for national and international transportation increases. Both Denmark and
Germany are working on improving the capacities and extends of the electricity grid.
While working on this expansion, there is a problem with discrepancies in space that
need to be solved with local storage options in the areas of high production.

While the problems with discrepancies in space are temporary, electricity production
from wind and solar perfectly will never perfectly match demand in time. For the
electricity grids to function, production and consumption must always match. This
time-discrepancy creates a long-term demand for storage and DSM as soon as the
production of electricity is (temporarily) higher than the consumption.

The Danish electricity supply is predicted to be 100 % renewable in 2027
(Energistyrelsen, 2020b), creating a need for time-shifting storage and DSM. This
will predate the extension and expansion of the electricity grid needed to eliminate
space-shifting needs, meaning that the market for storage and DSM in Denmark is
continuous.

For Germany, a scenario with 100 % renewable electricity production is likely to
occur after a sufficient expansion of the electricity grid has eliminated problems with
space-discrepancies between production and consumption of electricity. The market
for storage and DSM in Germany is temporary but will re-appear as the share of
renewable energy in the electricity production gets closer to 100 %.
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Figure 34 Balancing electricity supply from variable renewable energy sources and electricity
demand with the help of storage and Demand Side Management (DSM) (SRU, 2011)

Bottlenecks and Downregulation

Due to limitations in the electricity grid, the high potential production of wind energy
cannot always be fully consumed. Usually, the excess power is sold and transported
to neighboring areas. When the capacity of the grid cannot transport the required
amount of electricity, a bottleneck-problem occurs. This is problematic, as it can
cause blackouts if not handled properly. Up- and downregulation (i.e. turning
production or consumption up or down) due to bottleneck problems locally or in
neighboring price areas is referred to as special regulation.

As the electricity production is increasingly dominated by fluctuating energy sources,
wind and solar power, the potential for bottleneck problems increases as well,
demanding more downregulation. With the targets and plans in both Denmark and
Germany to expand renewables, there will be a large increase in this fluctuating
electricity production in the future. However, the areas of high consumption do not
match the areas with good wind resources and space for large wind or solar power
plants, and the time of production does not always match the time of consumption.

Being able to push consumption to a time with high production or being able to save
electricity for a time of low production, is one of the keys to solving this issue and
avoid the substantial financial losses following.

The issue with downregulation is already substantial in both Southern Denmark and
Schleswig-Holstein. This is elaborated in the following.

Internal bottlenecks and downregulation in Germany

Since 2016, the downregulation has corresponded to 0.7-1 % of the gross electricity
consumption in Germany, as the grid expansion and reinforcement has longer lead
times than the construction of new renewable power generation capacities (Agentur
fUr Erneuerbare Energien, 2020).
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The bulk of downregulation has happened in Schleswig-Holstein and Niedersachsen
as Figure 35 shows. These are the two federal states with the largest wind energy
potential in and with low electricity demand. The estimated financial losses due

to down regulation in 2018 were 653.4 mio. Euros in all of Germany and 294.4 mio.
Euros in Schleswig-Holstein (Agentur fUr Erneuerbare Energien, 2020).
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Figure 35 Downregulated electricity production in all Schleswig-Holsten, Niedersachsen and
the rest of Germany, 2015-2018. Data from Agentur fUr Erneuverbare Energien 2020

Internal bottlenecks downregulation in Denmark

Already today, the Danish TSO Energinet requests downregulation from wind power
producers to avoid these bottleneck-problems as is seen in Figure 36. The volumes
have been increasing rapidly in recent years, and this development is expected to
continue.

Energinet predicts that the electricity grid in Lolland and Falster will have a high

risk of overload in 2025 - possibly the highest of any area in Denmark — as shown in
Figure 27 and Figure 28. This is in part due to the increase in production capacity (see
Figure 26). The predicted local downregulation needed to prevent this overload is up
to 360 GWh in 2025 (Energinet, 2019a). This equals the yearly energy consumption
of approx. 100,000 households and amounts to more than 50 times the internal
downregulation in all of Denmark in 2019.
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0 2 4 6 8 10
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Figure 36 Special downregulation due to internal congestion in either DK1 or DK2. Data from
Reason codes for special regulation (Nord Pool, 2020a)

Supporting the German Grid

Danish electricity producers are also part of solving the before mentioned bottleneck
issues in Northern Germany. This is by far the largest reason for downregulation

12
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of Danish electricity producers: 89 % of all downregulation in Denmark in 2019
happened on request from TenneT, the TSO in the area including Schleswig-Holstein
(Nord Pool, 2020b) (Energinet, 2019b).

TenneT might request downregulation of Danish electricity production in order to
export their excess electricity across the border, which is often cheaper than internal
regulation of the German grid.

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Downregulation on TenneT's request [GWh]

Power down wind tubines B Reduced/stopped production from thermal plants ® Power on immersion heaters

Figure 37 Special regulation by Danish actors 2016-2019 on TenneT's request. Data from
Statistik over Specialregulering (Energinet, 2019b) (Bernth, 2020)

Details on special regulation provided by Danish actors are shown in Figure 37. The
downregulation provided by wind turbines in 2019 of 420 GWh corresponds to 2-3

% of the total Danish wind production of 16 TWh that same year (Energistyrelsen,
2020e). This number has increased radically in 2020, in part due to high wind levels
and the increased guaranteed minimum transmission capacity provided by Tennet
(Energinet, 2020f). 8 % of the potential Danish production of wind has been stopped
in the first 8 months of 2020 (Bernth, 2020).

Both Denmark and Germany are increasing the production of wind power, but

the power grids do not yet support transportation of excess power. This shows a
temporary need for storage and flexible consumption in the areas of high production
to avoid bottleneck-problems and the following need for downregulation.
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Future perspectives

Denmark and Germany are increasing production of renewable energy, such as
wind, solar PV and biomass for electricity production. This is an important part of a
transition towards a climate neutral society.

An increasing amount of wind and solar power creates two problems:

Firstly, electricity is no longer produced where it is consumed, and must be
transported through the electricity grid. Currently, the capacity of the electricity grid
does not match the need for transportation, which means that local overproduction
can create bottlenecks in the electricity grid, as seen in both Denmark and Northern
Germany. Expansions and extension of this grid has long lead times. Until the grid
capacity is sufficient, a temporary need for local storage of energy arises to avoid
downregulating production capacities.

Secondly, on the long term, both Denmark and Germany will have a 100 %
renewable electricity production, based on high volumes of wind and solar power.
When most of the electricity generation is fluctuating, consumption must be shifted
in time to match the generation. Storage and demand side management are keys to
creating this time-shift.

In Germany, the space-discrepancies will most likely be eliminated by expanding
the electricity grid before the volumes of renewable energy in the electricity sector
are large enough to create a demand for time-shifting. This means that the current
demand for storage is temporary but will appear again once Germany approaches
100 % renewable electricity. Denmark will reach 100 % renewable electricity
generation before 2030. The pace of the transition creates an overlap between the
short and long term needs for storage, and thereby a continuous demand for these
technologies.

The DG STORE project looks at local possibilities of storage on Lolland (DK)

and in the Flensburg area (DE), which are both areas with an overproduction of
electricity from renewable sources experiencing problems with bottlenecks and
downregulation. By combining a local perspective on feasible solutions on the ground
with a systems perspective, modelling the impact of local solutions for flexibility,

the project will help show the potential of storage technologies in a climate-neutral
energy system.

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

DG STORE gets inspiration and knowledge from other projects on storage and flexibility in the
electricity grid. Some of these are presented here.

EcoGrid

An award-winning, Bornholm-based project showing great potential of demand side management of
electric heating devices provided by consumers. Not only is demand side management possible with
existing technologies and markets, it also can be done without compromising on consumer comfort.

Read more at: https:/beof.dk/om-os/udviklingsprojekter/ecogrid-20/

Trade with Local Flexibility on Lolland

The Danish TSO, Energinet, has done a pilot project on Lolland, investigating the use of local regulation
of production and consumption to mitigate bottleneck problems in the area. By geo-tagging
participating units, flexibility can be requested from units in the specific area of a predicted bottleneck.

Read more at: https://energinet.dk/El/Systemydelser/Nyheder-om-systemydelser/Pilotprojekt---
Handel-med-lokal-fleksibilitet/

FUTURE

Danish and Swedish regions in Greater Copenhagen are working to integrate and store renewable
energy in buildings, as well as increase the resource efficiency of materials.

Read more at: https://www.gate21.dk/future/
GOFLEX

GOFLEX innovates, integrates and demonstrates existing smart-grid technologies enabling the cost-
effective use of energy flexibility in distribution grids for regional energy market actors. The GOFLEX
platform will provide features to manage and trade flexibility with consumers, generators and
prosumers.

Read more at: https://www.goflex-project.eu/
PEKIVE

PEKIVE investigates the use of Al and machine learning to reduce the energy consumption of buildings
and have already shown a 30 % saving in one of their cases. The Al uses information about the thermal
profile of the building, local weather reports and energy prices, always with a healthy indoor climate as
a priority.

Read more at: https://elforsk.dk/projektdatabase/pekive-prognosestyret-elopvarmning-baseret-pa-
kunstig-intelligens-variable-elpriser and https://elforsk.dk/nyheder/projektresultat/kunstig-intelligens-
overrasker-positivt-drift-bygninger

FED

Flexible Energy Denmark (FED) aims to make the Danish electricity consumption flexible in order to use
excess power production from wind and solar plants.

Read more at: https://www.flexibleenergydenmark.dk/

Carpe Diem

Carpe Diem has worked on the development of an intelligent energy management system of micro
grids, like villages with a high share of renewable energy production, and integration of storage.

Read more at: https://www.interreg5a.eu/wp-content/uploads/2020/04/Abschlussbericht.pdf
New 4.0

The project tried to develop different technologies for the future of energy transition in Northern
Germany. Among the twelve different project targets NEW 4.0 are targets aimed at the development
of 'Innovative system management), ‘Storage technologies', ‘Sector coupling’, 'Grid reinforcement' and
‘Demand side management’.

Read more at: https:/www.new4-0.de/energiewende/

Read more at: https://www.new4-0.de/energiewende/#projektziele
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