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1. EXECUTIVE SUMMARY i DANISH

Laes mere om DG STORE hevw.dgstore.eu

| Danmark og Tyskland og resten af Europes@ndelen af vedvarende energi (VE) i elproduktionen
betydeligt disse ar set i lyset af den overskyggende energikrise som har medfgrt ekstraordineere hgje
energipriser rundom i Europa. En energikrise der har veeret et vendepunkt og som har skabt et gget
fokus pa forsyningssikkerhed og preecedens for hurtigere udbygning af den vedvarende
energiproduktion i EuropdlEA 2022)

Manglende kapacitet pa tveers af elnettet

Behovet for en hurtigere udbygning af MEoduktionen medfarer dog en forggelse af den
fluktuerende VEproduktion fra vind og solenergi der tilsvarende ligger pres pa den tilgeengelige
kapacitet pa tveers af elnettet. Dette har i de senere ar medfgrt behovet folbemydelige
nedregulering af energiproduktion i Danmark grundet manglende kagaicdet nordtyske elnet
gennem en specialreguleringdlohmeyer & Palm 2020Pa lang sigt er dette en uhensigtsmaessig
lzsning at danske vindmgller betales for at staestilfj dette kraevederfor nye lgsninger til f.eks. at
lagre VEproduktionen i de tilspunker hvor elnettet er mest belasteD@ansk Fjernvarme, 2022).

Nyt marked for balanceydelserkuropa2023/24

Specialreguleringen vil i 2024 vaere overgaet tibeiteseuropaeisk regulerkraftmarked pa platformen

MARI (Manually Activated Reservestisttive), hvor alle europeeiske lande kan byde ind med
balanceydelser der kan hjeelpe til at stabilisere det europeaeiske dbatgk Fjernvarme, 2021). Hertil
arbejderRS y2NRA&1S ¢{hQSNJ FNI { SSNRISE b2NHSEI CAYf
al NJ Sddm daih li deBet af juni 2023 regnes med at blive igangsat. Dette nordiske
energiaktiveringsmarked skal kobles op pa den feelleseuropaeiske MARI platfornil gamoducere

nye typer af budgivning for balanceydelsBrguner, 2022).

Med nye typer af budgivmig for balanceydelser pa et feelleseuropzaeisk regulerkraftmarkedet, giver
dette tilsvarende nye forretningsmuligheder inden for fleksibilitetsydelseaggngslgsninger. Disse

nye forretningsmuligheder er op til markedsaktgrene at indfyide vil iseer havfokus pa hvor hurtig

og hvor laenge, samt hvor stor en ydelse der kan aktiveres pa det kommende feelleseuropaeiske
regulerkraftmarked. Brauner, 202p

Teknogkonomisk analysaf det danske og tyske energisystem

DG STORE projektet handersggt mulighederndor lokale lagringsog fleksibilitetslgsninger pa
Lolland (DK) og i Flensburg (DE), her med fokus pa at forbedre udnyttelseprati&ionen. Dsse
regioner er typisk afspejlet af en stor overproduktion af VE som medfgrer flalesog nedregulering
af VEproduktionen bl.a. grundet manglende kapacitet i transmissionsnettet. Den tgkooomiske
analyse vil derfor give indblik i potentialerne viettale lagringsog fleksibilitetslgsninger nar der i



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

Europa arbejdes frem mod et @% VE energisystem s@nbaseret pa hgje andele virut) solenergi.
(Hohmeyer & Palm, 2020)

Hvis du gnsker at laese mere @howcasend projektet, s besag projekthjjmmesidenwww.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. Inransitioning 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 dblshift consumption to match production.

TheprojectW5 I YA&K DSNXIYy {¢2N} IS D6 STORE®OWdassiaBousd y S NH & ¢
electricity flexibility and storage solutions to analyze their potential for stabilizing@ldericity grid.

The shavcases located in Denmark and Germany, specifically Lolland in the Zealand Region and
Flensburg in the Schleswlplstein region, highlights the key challenges facing these regions.

The DGSTORE G (1dza vdz2z wSLER2NIQ FNRBY iarsithesivio refidndfice A A K G a
with the increasing demand faenewable energyroduction 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 roie solving the increasing bottlenecks in the transmission grid and lessen

the need for downregulation through the storage and demand side management potential

To read more abouDG STORIplease visit th@rojectwebsite: www.dg-store.eu

3. NOTEWORTHY CHANGES SINCETHE6 STATUS QUO
REPORTG6 (2020)

¢ KS 5D SatdsiQuoRepbitirom 202Q gave an overview of the national energy sysssm
Germany and Denmarlkiere a more detailed focua Germanywas put on thearea ofSchleswig
Holsteinand the area of Flensburg whertie DG STORE cagses the German side isr@gsent In
relation to the Danish cas@smore detailed focus in Denmark was put on the arelaatiind located
in the southwestof Zealand.

Onethingtotakenot@ ¥ aAy OS (KS W{ il (dza Decdrabe20Li2rblihed & & L
unprecedented risén energy priceghat ensuedin the wake ofthe COVIEL9 pandemicwith the
increasingenergydemand from industrieand extreme weather conditions throughout Europrethe
slipstream of an increasing demand for energy globBlyopealsoexperienced a cold wintaturing
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2021/2022(Greneaa & Rodkjee2022)and the Danish TSEnergineteven highlighted that 2021 was

an exceptionally bad wind production year with less than 10% wind production compared to a normal
wind year in Denmark (dyenp22). Furthermore an extremely hot summer in 2022 resulted in
droughts throughout Europélhese droughtsiot onlyresulted inless production fronthe Norwegian
hydroelectric plarg due to exhaustedater reservois, but French Nuclear power productiongpits
alsohad problems cooling downecause of the low water levé€bkaaning2022) All of this combined
gAGK wdza a A I QiathestarNgf 203&vhich|redititdd yh Suspended deliveries of gas to some
EU member statealtimately drove theelectricity prices in the EU t@record highconsidering that

the energy prices had alreadyome thandoubledbetweenDecember 2020 and 202k seen ofrigure

1 (European Council, 2023).

.
240 ’ Domestic
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. other
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Source: Eurostat

Figurel t N2 RdzZOSNJ ' yR O2y adzYSNJ SySNH& LINAOSa odeka2 Ko Ay

This Europeanenergy crisisput the energy transition agendat the topmost political level and
highlightedthe need for a more robust European energy systlat can bemore flexible and can
utilize storage ointermittent renewable energyThis resulted in new and more ambitious goals both
in Germany and Denmark concerning thensition to more reewable energyput also the increased
focus on a European hydrogen infrastructtmestore the intermittent renewable energy.

¢CKAA OKIFLIWGSN KAIKEAIKGA a2YS 2F GKS y20Sg2NIKe
WSLI2ZNIQ FNRBY Hoes crossbokiar Onkercohngctidnsizany national strategies on
renewable energy expansion in Germany and Denmark. These chaangEalso ben considered in

the followingtechno-economic analysis.
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3.1. GERMANY ENERGY SYSTEM OVERVIEW

Since the writing of thé&8tatus Quo Repdiseveralsubstantial changes have occurredhe 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 pojiand 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, vithicere at 55% CCemission
reductions for 2030 for the FRG, were increased to 65% by 2030, 88% by 20401&086 climate
neutrality by 2045 (BMWK022, p. 4 BMWK 2022a, p.8LpB, 2028 Following this massive shift in
climate policy a strong increase the market diffusion speed of renewable energy sources was
legislated In the Renewable Enerdyaw of 2023the ambition was raised massively. By 2030 the
target was moved to 600 TWh/a or 8@&&e Figur@ below)of the anticipated electricity consumpin
(Stiftung Umweltenergierech2022, p.17).

Anteil Erneuerbarer Energien am Bruttostromverbrauch

Anteil in Prozent

Ziel laut Koalitionsvertrag:
80% bis 2030

S O NI OS> S A &
O A S RN SN EINENGNFINENGINFINENSNEN

[™] Erneuerbare Energien (EE)  * vorliufig

Figure2 Development of planned share of renewable electricity production in Germany by 2(
and the actual development until 2021 (BMWK 2022, p.12)



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 2029Siftung Umweltenergierecht2022, p.17) Thus, the targeted generation has
been increased by 42% for 2029 (see Table 1 below).

Generation from
REs in TWh/a

EEG 2023 EEG 2012

Year

Tablel Development of German renewable electricity generation targ
in TWh/a until 2030. (Stiftung Umweltenergierecht, 2022, p.17).

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 tangi@t2030. As in the case of

the planned total renewable electricity generation the targets were massively incréasadl 88

GW (wind plus PV) for 2030 in the old law 8)ZW in the new law (see Table 2 below). What is
more, this target increases to BOGW in 2035.

Planned

capacities in GW EEG 2023 EEG 2012

Wind onshore Wind offshore Wind onshore Wind offshore

Table2 Development of German renewable electricity generation capacity targets in GW unti{@0dg
Umweltenergierecht2022, p.17.

While theGermangovernment increased the ambition for tlexpansiorof renewable electricity
generation it started an initiative to speed up tbgtension and reinforcement of the transmission
grid by reducing legal obstacles for the building of new power lines (BN@Zg, p.17) Even at the
present stage of grid planningeveralconstruction projects are still pending (see FigBizelow),

and these will not even suffice to accommodate the expansion of renewable generation capacities
for a fully renewable power supply.
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Figure3 German grid expansion plan as of third quarter 2021 (BMWK 2022, p.18)

Although there was the attempt by the opposition party and the Liberal Democratic Party, which is
part of the present federal coalition governmero 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 18" 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,2622).




In the transport sector the government has set the target to 15 million fully elecpasdenger cars
and a target for building more than 100,000 public charging points per year by 2025 (BN22K
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 builtys 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 ydasm 2025 onwards. (BMWK 2022, p.28).

For Flensburg tnclimate 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 Flensbuf@DR 2022) Different from tre original concept of climate
neutrality to be reached in 2050, which was set in tHe y (i S KNFassiNIkdBzept Flensbur®
(Hohmeyer et a).2011, p.48)the new concept builds upon central and decentral heat pumps in the
district heating system ana transition from natural gas to hydrogen being used in the CCGT
generators in themidterm. ¢ KS 2NAIAY It LX Yy FNBY GKS WYEAYI &aOrf
wood chips for CHP has been droppkds foreseen that the system will rely on additionabgtterm

and seasonal heat storage a substantially larger extent than originally planned, as solid biomass,
which could have been stored easily, will not be used at a largeaoaeore Whether there is going

to be some auxiliary biomass boiler or neftill a point of discussiqi$tadtwerke Flensburg@023)

The envisaged future energy supply system for Flensburg is sketched in4-igure

Hz-Gasnetz E-Netz

ecC—>
== stadtwerke
s Flensburg
Altholz/Holz griines Hz griiner Wasserstoff
Energiesystem Elektrolyseur
der Zukunft in -
voltai i

Fernwirmenetz
Flensburg, Gliicksburg,
Harrislee

Dezentrale Einspeiser ® Brennstoffe

Figured9 y gA al 3SR a G NHzOGdzZNB 2F Cf Syaodz2NHQa ¥FdzidzNB Sy




Besides these changes in the climate targets and the planned generation stiutiene has been a

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

the Danish TSO has decided to put such power lines underground. As Flensburg would have had to
invest intoa completely new connection tAppenrade, 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 2028d3. new connection to the
German hif voltage grid is planned to be operational in 2025. With this strong hew 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 iNahéicelectricitymarket 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 lifn#elt biomasss

used at dl the competitionfor storagewill be mostly withrenewable 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 stogdg 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 ting, it will be less likely that the expansion and reinforcement of the German national grid
will be able to keep pace with the acceleratexpansiorof renewable energy generation capacities,
namely, the expansion of eand offshore wind in northern Germg.
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3.2. DENMARK ENERGY SYSTEM OVERVIEW

Legend

Stationer
®  132-150 kV station
O Hovedstationer

Geozone polygoner
[ Forbrug

1 Hverkenyeller
- Produktion

120 180 240
Kilometers

Figure5 Shows the current geozone map for Denmark for the standard connection fee of electricity production
(Green Power Denmark, 2023)

{AyO0S G(KS gNRXGAYy3 2he DanikhSClinva{e fidwisdiréhat DetrdarkwrbidtBeNI Q
climate neutral in 2050 as well as reduce greenhouse gas emissions by 70 % from 1990lotke30.
foundation for the newDanishgovernmentelected in Decembe2022,a newand more ambitious
goalwas setto be climate neutral ir2045 as opposed to 205Blowever, these more ambitious goals

of alsoreducingCQ emissiondy 110%n 2050compared to 199Mave not been put intéhe Danish
Climate Lawet (Ritzau, 2022. A noteworthy change in the Danish energy system igtegraphically
differentiated tariffsthat will help positionnew renewable solar and wind production sitetiareas

with enough capacity and higtonsumption fom industrial purposes .@. Thus, a larger focus on the
local capacities concerning production of renewable energy as well as consunfpiion2023 and
onwards.(Energistyrelsen2021)

These geographically differentiated tariffs adhere to the specific geozaseeeron Figure Swhich
gives an overview of the congestion in the Danish electricity gridgiiden areas are defined bya
area with darge electricty consumptigrthus there will be a largeliscount if connecting a new solar
or wind park in such a geozenThe green zones are however atifined by being denslyopulated
zoneswhich gives RHevelopers NIMBY problemBhe yellow zones could be considered a goldgock

11




zones where there isboth enough capacity in the electricity grid to connecdar o wind park and
isat the same timenot as denslyopulated. Lastly, the red zones are chaeaised by &ready having
large sharsof RE in the electrity gridhusresultingin veryhigh costsn order to connect more RR
these geozonedowever, theseed ge@ones have historically be¢me goto areas for Riflevelopers
whichmightnow beless incentivized in placing new-p®duction here.

The costs of connecting new solar or wind pattighe electricity grid in Denmairfkom 2023onwards
is now placed on the Rievelopers as opposed to the consumers throughdiseontinued P S@ariff.
With these new tarifffee structures for connecting more RE to the electricity gnidbenmark it is
expected thaimany new RE projects will be set apidhin 2023and onwardslue to less advantagous
business casefAltinget, 202)

3.3. INTERCONNECTIONS AND ELECTRICITY TRADE

Some noteworthy changes in the interconnections

DK-DE Interconnections
mmmmm AC in operation
4 mmmm AC approved
s DC in operation
mm mm DC approved

XY MW = import export (DK)

between Denmark and Germanyompared to the
Yg'! ¢ { v, h watkhisastidlowd NB Y

The DKADE connectiorwill not be increased to 3.500
MW until 2025 as opposed tpreviouslystated 2024 as

A
‘Storebaelt

seen on Figure BHere the 20 kV connection will be 600/600-MW

Kriegers Flak
400/400 MW

increased to a 400 kV connection. 2020-2021

The Kriege® Flakconnection to Denmark is 600 Mas
opposed to 400 MW,however the connection to
Germany is still 400 MW

1500/1780 MW
‘ 2021: 2500/2500 MW KONTEK

. . . . 2024: 3500/3500 MW 600/600 MW
With the comingenergy island at Bornholm thigfshore \
wind parkwill be connected t&ealand (DK2) with a 120( i

MW connection. Furthermar, a 2.000 MW connection tCrigures Shows the plans for electrical transmiss
_connections between Denmark and Germany ir

Germanywill be established from this energy park £020.(Hohmeyer & Palm, 2020)

Bornholm in primo 2029.

'da ¢ AlK (K Scométio$ tHeSdiifedtiorCffoin theenergy island at Bornholwill be
limited by the fluctuatingREproduction butcan otherwise also be used as iaterconnectionfor
electricity trading between Germany and Denmdixanish Energy Agency, 2022

3.4. THE NEED FOR STORAGE AND DSM

&4 KA 3IKE A Stetis Ro Repathérk iSdisctepanciebetweenthe fluctuating electicity
production andthe consumptionwhichmustbe solvedor a 100%enewable energy system (RES)
function properly and minimizebottlenecks and downregulatioriThis timediscrepancybetween

12




production and consumptiothereforecreates a longerm demand for storagesolutionsanddemand
side managementDSM).

A noteworthychange since 2020 is tlircreasingplans in both Germangnd Denmarkn developing
Power-to-X solutions thatproduce green hydrogefrom the excesREproductionmoving towards
2030 In essencehe green hydrogen cathen be storedtemporarily in a hydrogen infrastructure
whichcan be used directly in hait-abatesectors or beconverted into other duels.

Denmark is currently developigS y S NH & A aré largedtfsherewin& ga®sthat-wilproduce
large amounts of Rier Denmark and nearby countridaistead of downregulating this REEoduction
due to bottlenecks a Powdn-X production facility will be connectedstead Thisintroduces a
flexible green hydrogen productioduring times of excessive RE productidime Danish Energy
Agency2 analysis prerequisite’! C from(2020 showed that theyonly expected aPowerto-X
capacity of 1 GWy 2030 Theseanalysigrerequisiteshelpthe Danish TSO (Energinet) in planning for
the development of the transmission netwobdased on the development of the electricity and gas
consumptionin Denmark. The newest analypierequisites?¥! CH H Qa s@rifidgaat &xpansioof
the Powerto-X capacitywhich is expected to be 6,9 GW by 203bis significant expansion is based
among other thing®n theannounced projects in the pipelinewards 2030(Ritzay 2023)

Germanyannounced their National Hydrogen Strategy 2020 expcting 5 GW in 2030 and an
additional expansionf 5 GW Poweito-X capacity by 204BMWi, 2020) In 2022 Germanypdated
their National Hydrogen Strategiargets now expectinga total of 10 GWPowerto-X production
capacitiedy 2030(BMWK; 2022 p.20).

This disruptive technologgf Powerto-X will significantly change the market for storage and DSM
solutionsat a national levein the futureas it carhelp stabilize the energy system through storage of
e-fuels as countries work towards a 100% R®&Eh more fluctuatingREproduction from wind and
solar. A key element to considenere isthe conversion efficiency of th®owerto-X technology
whereas the first step of the-tel production is the hydrogen electrolysis which currently have a
converson efficiencyof 6570%(ESA, n.d9r higher(82-85%)(Danish Energy Agencwg.d.)if excess
heat is recovered fouse indistrict heating However, @irther conversion othe hydrogen to other e
fuels will imply further lossethus there still a need folocal storage and DSM solutiotisat is more
efficient as opposed tthe expected losses that a Powgr-X conversionmpliescompared to direct
electrification.
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3.5. BOTTLENECKSD DOWNREGULATION

As mth Germanyand Denmarlare significantlyincreasing the& REproduction thee is an increasing
need forstorage and flexible consumptido solve increasing bottlenecks in the transmission .grid
However, a temporary solution to thesdottlenecks ha been to downregulatethe electricity
production in DenmarkThe current countertrade modeW & LJS O A | f CheNBeh @ rrhaiyhafidy”
Denmark isalsochanging in 2023/2024.

DOWNREGULATION IN DK ON TENNET'S REQUEST [GWH]

m Reduced/stopped production from thermal plants Power on immersion heaters
Power down wind tubines Categories combined (*Less detailed from 2022 onwards)
2016
2017 |
2010 |
2019 |

2020 | |
2021 |

2022

0 500 1000 1500 2000 2500 3000 3500
Figue 7 Special regulation by Danish actors 22022 on TenneT's request (Energinet, 2023)

As seenoffrigure 7theR2 g Yy NB 3 dzf | GA2Yy Ay 5 S )yfesuitedin d@wiregtl&ighy S ¢ Q&
of up to 3.048 GWh in 2020 and 3.424 GWh in 202kdza S 2 F W& LIS OA | WereNeBs3 dzf | (i A
than previous yearbut still shows a problem with bottlenecks ingtlserman energy systeiim recent

yearsa discussiombout whether teWa LIS OA | £, bétdehdzkrinany ehg/Ti2nmadgmplies

with the BJ competition rules and the EU rules of the free movement of gd@d® resulted in the

Danish TSO building a new countertrade madbat will comply with theseules.(Forsyningstilsynet,

2022).

The Danish TSO, Energinetve put forward twodeadlines for ending the current countertrade

model The first deadline will be moving to tivgra-day countertrade modek b S¢ b2 NRA O ! Ol A
a I NJirS202Q Thiscollaboration betweerii KS ¢ { h Q& Ay Finlan8ah&Reamat@ING | & =
open for new types of biddingon balancingservicesand in preparation for theuse of the MAR}

platform (Manually Activated Reservéstiative) in 2024 Thisnew countertrade modelcould also

openfor new business opportunities for actors working with balancingisesvor storage solutions
however this is defined by hoguick, how long antiow large ofacapacitythat yourbalancingservice

can provideon a common Europeamgulating power market in 2023/202@rauner, 2022)
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Energinet advocates that it wilb longer be possible to use thiéa LIS OA | {Q NiBAhudfdied A 2 v
IT-solution is implementedn 2023 The second deadlinés the implementation of a common
Europearregulating power markein 2024 using the MARIatform. (Forsyningstilsynet, 2022).

¢Kdzax GKS WALISOALIf NEJdz F A2y Q &AfdthediBraday2 SR
markets. Here all European actors can provide thewn-regulating services, but it will only be actors

from Denmark SwedenNorway, and~inlandas the dowrregulating services must be donerth of

the bottleneck in Germanylhis could provide a more competitimearket for balancing servicesd

storage solutions that could push for a wider integration of these serwc&srope.(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 shif 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 rieonal or even EU level, which will be mainly driven byter 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 thfe interactions between the different system
levels. Such a computer simulation model has bleeiitt based orthe open software energy system
modelling platform OEMOF (Open Energy Modelling Framework). RBglmews the interactions of

the different sysem levels from the local level in Flensburg or Lolland through the national levels in
Denmark and Germany up to the EU level, where a constant interchange of electricity takes place.
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Energy system simulation at the EU level A

Energy system simulation at the national level (D and DK) T
\/

Energy system simulation at the control area level

n
o)
=}
£
£
3
2 s s (Tennet, DK1, DK 2)
] 8 8
—_ ) o}
2 £ £ Energy system simulation at the local level v
3 g |8 (Flensburg, Lolland)
= g |8 | o
o (] .
§ 3 S | Refrigerator and Freezer
E g g | Electrical Heat Pump
%] . .
g g8 | 8| |__Electrical Boiler
§ ° J:E Practical cases in DG-StORE like E-vehicles >
5] [ > —>
(0]
é Techno-economic simulation and electrical simulation
S
@

Figue 8 Interactions between the different levels of the electricity system (Hohmeyer, 2021, slide 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 muchstorage 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)?

=A =4 =4 =4 =

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 theseypes 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?

= =4 =4 4 =4

What will it cost to make the different types of storage availdbtally?
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Energy system simulation (Local, regional, national and EU level)

Techno-economic simulation (hourly or every 15 minutes)

Information from the simulation: Information from the practical cases:
- Which type of storage? - Availability of each type of storage
- How much? - How much?
- How often? - When?
- How long? - How long?
- When? - Cost for each type of storage
- Market price for storage

Practical cases in DG-StORE like E-vehicles

;

Electrical Boiler, E-Me hi c | es, Buls Depot €

Figure9 Questions to be answered by the teckemmnomic system simulation and by the local case studies (Hohmey:
2021, slide 17)

Figure 9 shows the interaction of the energy system simulation performed in Work Packaje 3.2
the DG STORE projeand the practical cases of direct and indirect stordgeas the aim of the
project to derive some first answers to these questionstiierregion of Lolland and Flensburg.

4.1. MODELLING APPROACH

In the following a brief description of the techhvazonomic modelling approach will be given in order
to give a background for the description of the model structure, the scenarnadysed,and the
modelling results derived.

According to the OEMOF apprdean 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)
1 transformers (all processes converting one foofnenergy into another, like power plants)
and
9 sinks (all end uses of energy like household energy consumption)

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

Transformer

FigurelOBasic structure of an energy model build on the basis of OEMOF (Maruf, 2019, p.19)

\  Gas Plant r/ Q
o

CHP
;// \H\\
e -
...,----""-\-\.\_\_\_\_....... ’

Storage Heat Bus

\  Wind Plant /

Figue 11 Simple energy model taking into acmt electricity, gas and heatMaruf, 2019, p.20)

If these basic elements are attributed to some real energy system components a simple sstgm
into account electricity, gas and heat can look like the system depicted in Figurkds, every energy
system model build on the basis of OEMOF will use these elements to describe the. system
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A complex energy system including different enesgyrces, conversion processes and end uses may

look like the system depicted in Figurg. 1
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m‘ » :i: ; Consumers  Domestic
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»| e W [ |ectricity
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_ » > Electric Distribution
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-

Figue 1210 Complex energy model taking into account electricity, methane (natural gas), heatvahictes .(Maruf,

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

Figure B.
| Adding i
' | components to : 8
Import necessary ! the energy : g a
packages i system -
7777777777777777777777777777777777777 | v S 82
l ! | Reading St 8
| 8l W e ud data from |
! Settingupthe || | ! emand data csv file |
l input datapath | |\ _______ e ——— h
i e ——— :
‘qc: ! Data , l o K Creating the !
2 e Preparation Settingupthe || ||| Oemof model |
- results directory | | | | ] :
8% 1 ik 8
wn | | | i |
2 | Technology Y L ert.e LP file & T
! Reading input / | | | | receive shadow [,
! data from il i Lo
! csv file data Ak prices o
| K : °
| | | | 0O
e e e, 1 Solve the
i v oL optimization !
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: AddingbuseSto : :________ T e e e :::::::::J
| = * T
| | ! Qo
| : i F5i

Figurel3 Typical model development process and application using the OEMOF functionality. (Maruf, 2021a, p

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 foctetdty from the different sectors
including emobility 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 tke remaining gagpositive residual loadpetween the intermittent renewable energy
sources and thelectricity and heat demand is covered in every second of the year and that storage

is used to absorb most of the occurring overproduction of electricitgditiee residual load).
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Figure ¥ shows the typical electricity production from offshore and onshore wind in Schleswig
Holstein, while FigureSldepicts a typical production from solar PV generation in northern Germany.

Offshore Wind Onshore Wind

1 1
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Figure 8 Typical hourly generation from wind energy in Schigg1olstein across the year. (Mar@021, p.11)

Solar PV

0.9

0.8

Figure B Typical hourly generation from solar PV in Schles¥alstein across the year. (Mar2021, p.11)
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Figure B Normalizecelectricity, space heat and hot water demand in Schlesigtein across the year. (Mar@021,
p.11)

Figure B shows the typical structures of the demand for electridityating,and hot water in northern
Germany.

From these supply and demand sttues 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 (includingebility) and heat.

4.2. MODEL STRUCTURE

The basicstructure of the model used for Germany can be seen in Figdrevhere Germanyis
considered as one area with one electricity bus anBigurel8, whereGermany considered as two
areas connected by one large transmission liflee graphs show the diffent components, which

make up the energy system, while the two regional systems (Northern and Southern Germany) are
connected by one large high voltage power lillae same structurappliesto the modelling of the
Danish energy system, which is subdividieo two power supplya & & (i BKY @nél DK2, which are
different price zones in the Nordic power market.

Theenergy system is far more complex, as it is made updayyregional subsystems. At the top level,

the German power system is divided into four TSO (transmission system operatorsgedsgure

19, left graph) namely the areas of Tennet, Amprion, 50Hz Transmission and Transnet BW, which can
be depicted in themodel as being connected by one large transmission line each representing the
total connection capacities between each of the TSO a®=es Figurd 9, right graph)Although, the

other components of the energy system are not pictured in Fig9re¢heymust be modelled just like
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in the simplermodels shown in Figure7rland 18. In Figurel9it 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 eaclThis level of regional disaggregation is chosen for the wmsiplex

level of modelling for the project.

\ Biomass

/ \Offshorey | Onshore i Solar / \ Hydro
e d 3 ' /

~Wind | | Wind / (ROR)

>

Fuel Bus
A
CHP
A
ASHP B
Heat Bus Electricity
Bus
GSHP
TES [ Lidon ][ Redox |

Space Heat Domestic Electricity
Hot Water

Figure T Simplified block diagram of the OEMOF based energy simulation model with Gerr
one area. (Maruf2021, p.7)

SDE Link

[ Redox ]
ERVEAY [==}

Figurel8 Simplified block diagram of the OEMOF based energy simulation model with Germany as two ai
and SDE. Applies to the Danish energy system with DK1 and DK2 just as well20@agyfp.5)

i

23




Tennetr B

transpower

Figurel9 Simplified block diagram of the OEMOF basselgy simulation model with Germany as four TSO af@asbe)
2017, slide B

What is more, the German energy syster
specifically the electricity system is embedded in
the European electricity system. Thus, eve
reasonable simulation of a scenaft the German
power system has to take into account at least .
connections to the direct electrical neighbours ¢
Germany. Figur20depicts the basic layout of sucl
minimal interconnected German/European powe
system, still ignoring all other members of th

interconnected European electricity grid.

For the purpose of the modelling each of th
neighbouring countriess treated as oneenergy
system without regional disaggregation.

In more complex modelling the national enerc
systems of Germany and Denmark can

subdivided internally into t TSO regions or eVerl‘:igure D Simplified block diagram of the OEMOF base

the TSO sub regions, while keeping the connecticenergy simulation model of Germany with its directly
. ] . connected electrical neighbours. (Own drap
to all neighbouring countries.
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In addition to the different levels of

Exchange capacity
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beat

project regions have to be singledit and

|Sweden

connected to the national power systerm Skagerrak
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Figure 4 Present Danish electricity system with its connection
capacities to its electrical neighbours (Danish Energy Ageats8, p.7)

Dinemark
2x60 kv
Sudjitland

Dinemark

150 kV

nach Apenrade
Umspannwerke 60 kV

Harrislec ¢ i

qam.u~—
'3 E
g
5

Flen:nurg

D¢, nd —— 60 kV Kabe!
0KV zur 2

m Schieswg- Holsten

A

Figure 2 The local energy system of Flensburg as part of the German electricity system (Graph partially based on
Stadtweke Flensburg 2023b)
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Figure 3 The energy system of Lolland and Falster as part of the Danish energy system (Danish Eneydy Bxggnginet
2018, p.7)

In total six different models defined by the countries included and by the regresalution were
created for the analyses to be conducted during the project. These are:

Flensburg / Northern Germany / Southern Germany
Flensburg / Schleswigolstein /Northern @rmany / Southern Germany
LollandFalster / DK1 / DK2Flensburg / Schleswigolstein /Northern @rmany / Southern
Germany

4. LollandFalster / DK1 / DK2Flensburg / Schleswigolstein /Northern @rmany / Southern
Germany / Norway / Sweden / Poland / Czech Repubilc / Austria £&V¥gibd / France /
Belgium / Luxemburg / Netherlands

5. LollandFalster / DK1 / DK2 Flensburg / Schleswigolstein / Tennet / 50Hz / Amprion /
TransnetBW / Norway / Sweden / Poland / Czech Repubilc / Austria / Switzerland / France /
Belgium / Luxemburg / &therlands

6. LollandFalster / DK1 / DK2Hlensburg / Schleswidolstein /Tennetl / Tennet2 / Tennet3
/ Tennet4 / Tennet5 / Tennet6 / 50Hz1 / 50Hz2 / 50HZz3/ 50Hz4 |/ Amprionl / Amprion
2 / Amprion3 / Amprion4 / Amprion5 / Amprion6 / TransnetBW-1 / TransnetBW-2 /
Norway / Sweden / Poland / Czech Repubilc / Austria / Switzerland / France / Belgium /
Luxemburg / Netherlands
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With the increasing number afrid zones, which each have the complexity shown in Figdréhg
calculation time forsolving 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 falgect and indirect storage

in the two regions of the project (Lollafealster 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 imecentralized heat pumps, the shifting otar or ebus 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, alls¢h@pplications can be seen as
temporary storage possibilities, which can supply a certain storage capacity to be charggdr(P
discharged (Rn) for a certain time intervalDelta tjon demand.This can be schematically illustrated

as shown in Figured2
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Figure 2 A schematic view of shifting of power demand over time based on direct and indirect storage of electricity
(Heitkoetter et al.2021, p. 4.
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Figure 3 Distribution of the potential values for load increase, Pmax (positive values), and load deacrease, Pmin (i
values) (Heitkoetteet al., 2021, p. 10)
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A detailed analysis of the potential for shifting electricity demand in Germany in 2018 and 2030
conducted by Heitkoetter et al. (2021) shows that poweheat applications have by far the &gt
potential for load increases or decreases, whil@ebility and powetto-gas applications will become
more important over time (see Figur&P(please bear in mind the logarithmic scales of the gyaph

In asimilar analysis without consideringneobility and powet#to-gas Kleinhans (2014) has shown that
there is a very significant diffence 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 3 shows the temporal distribution of the buffer sizes and capacities ohthe technologies
analysed during a winter week and the distribution of the same load shifting potentials during a
summer week in Germanyhile the load shifting potential is dominated by electrical heating in the
winter, the main potential in the summestems from aiconditioning and hot water (AC/\Wable 3
shows the estimated loads for the different technologies and their time shift potential in hBhost

verbal descriptions of the technologies are given as well.
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Figure B Loads, buffer size and buffer capgaif different load shifting technologies in Germany during a typical wint
and summer week (Kleinhar014, p. 89)



Table 3: Different load shifting technologies, their energy demand and time shifting possibilities analyzed by Kleinl
Germany (Kleinha2014, p. 89)

SinceSchleswigHolstein 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 Figur& 8hows. The sha for industrial process based
technologies is even smaller for Schleswigstein due to its relatively low share in energy intensive
industries (Steurer2016, p.68).

Figure Z Regional distribution of the capacities of different load shifting nedbgies in GermanyRight side: load
reduction, Left side: load increag®teurer2016, p.70)
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