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Preface

This workhas been carried out as a part of Annex 28 of the International Energy
Agencyobds (I EA) AEnergy Conservation b
This annex i1s titled ADistributed Ene
ble Energy (DESIRE).

The IEA ECES Annex 28s divided into four subtasks. This work has been per-
formed within subtask 3 of the annex. The subtask structure of the annex is as
follows:

1 Subtask 1Characterisation of distributeghergystorage technologies
and their potentiapplications.

1 Subtask 2Best practice examples for distributed energy stosade
tions

1 Subtask 3:Technical and economic potential of distributed energy
storage solutions for the integration of renewable energy
This report is written within subtask3.

1 Subtask 4Control requirements for distributed energy storsmations

It should be emphasized that, althoubk current workhas been carried out
within IEA ECES Annex 28, thieeportis not an official final report of the An-
nex or the subtaskThe current work is publishedithout any liability of the
IEA ECES programme aratthe sole responsibility of the report author

The front page illustratiois based oihe figure below. This ia graphical rep-
resentation, developed by the operatingrag of IEA ECES Annex 28, of how
distributed energy storag@stegrateinto the energy system; i.e. in connection
with (local) energy sources, energy consumers and/or energy distribution grids

Distribution Grid

Consumer
Renewable Energies
(local sources)

Distributed Energy
Storage
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0

0.1

0.2

Executive Summary

Introduction

In subtask 3 of IEA ECES Annex 28, the aim is to identify which distributed
energy storage (DES) technologies could be technically and economically ben-
eficial for the integration of fluctuating renewable energy sources (RES) in dif-
ferent types of energy siems.n the subtask, theechnical and economic po-
tential for DES solutions quantified, and it igdentified which DES technolo-

gies have the largest total (technical and economic) potential. For this, different
DES technologies are modelled in the teom of a whole energy system on a
national scale. For comparison and combination with the DES technologies, en-
ergy conversion technologies and other methods for balancing supply and de-
mand in the system are also included in the modelling work. A catagonof
theenergy supply and demand balancing methacladed in this works shown

in Figurel.

Electrical energy Thermal energy
storage storage
Power-to-heat Power-to-gas
Curtail- Elt.ectrlcal )
inter- Flexible
mant of connect- demand
wind & PV

ions

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

Methodology

The modelling of the different technologies energy supply and demand bal-
ancingis performed using a scenatiasel approah. The scenario structure is
illustrated inFigure2. The technologies are modelled one at a imeeenarios

1-15 andas combinationsn scenarios 149. The technologies are modelled
within the settings of five different energy system typologies (configuratiens A
E). Each energy system configuration has a baseline scenarB@A@o which

the results of the other scenarios within slaene configuration are compared.
For each of the scenarios fifteen variations are introduebdre the electricity
generation from fluctuating RES (wind turbines and PV) is gradually increased
with each variation to investigate the performance of thentdogies in inte-
grating fluctuating RES. This approach results in 63 scenarios, which each exist

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 6



in fifteen variations, making a total of 945 model simulations. In addition to this,
variations in the energy storage or conversion capacity have been oatried

some scenarios, and a sensitivity analysis has been carried out on some of the
model input parameters. The modelling has been performed using the energy
system simulation todEnergyPLAN developed by Aalborg University [Ener-
gyPLAN 2018].

IEA SHC Task

52 Germany Calibrated to

model 2010 Statistics
for the year
2010

Slightly modified, partly
4+——— updatedto 2015 values,
no nuclear power

vl ] ¥ ] ¥

Baseline Island mode More di.strict More (::-Iectric More nuclear
" . . heating vehicles power
Configurations A-E —» co:ﬁg:lria:‘t;on, cogzg:ﬂ:‘:’"’ configur.ation, conﬁgur.ation, configur.ation,
scenario scenario baselln.e basellr!e baselln.e
Scenanis 1-19 (AD) (80) sc;zg:)no sc(egg)no sc;aél(;no
A1 B1 C1 D1 E1
A2+ B2 c2 D2 E2
A6* B6 Cé Dé E6
A8* B8 o D8 E8
A9* B9 - D9 E9
A10* B10 - D10 E10
A11* B11 - D11 E11
A12* B12 - D12 E12
A16* (AT+A15) = C16 (C5+C13)
A17 (A3+AT+A15) - C17 (C3+C5+C13)
A18* (AT+A9*+A15) - C18 (C5+C9*+C13) D18 (D7+D9*+D15)
A19 (AT+A10+A15) = C19 (C5+C10+C13)

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

The results of the scenarios have been assessedhssihgee indicatorshown

in Figure3. These indicators are used for quantifying the technical and economic
impact of and potential for introduction@éch technology in the energy system.
The indicators are:
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1 The annually discharged energdiis isa measure of how well the tech-
nology facilitates the integration of fluctuating RES by consuming over-
producti on an (.e. Bedds snergysbacl)itha gystemi t
again in another form or at another time.

1 The reduction in the total annual €€missions arising from the opera-
tion of the energy system.

1 The total annual socieconomic costs of the energy system (a measure
of how much the operation ofdlenergy system costs society as a whole
during one year).

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

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

The CO, emissions arising from the energy
Environment system operation per person, per year.
(ton CO,/person/year)

The “discharged energy” per year

Energy system (i.e. how much energy the storage or conversion
solution “discharges” to the energy system)
(TWh/yr)

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

0.3 Main Results

The results of the baseline scenarios of all configurationE®@re shown in

Figure4. The results are shown in terms of the economic indicator (total annual
sociceconomic energy system costs per person), the environmental indicator
(total annual C@emissions per person) amdterms of the electricity overpro-

duction in the system on an annual basis (i.e. the amount of electrical energy that
cannot be integrated in the energy sy
charged energyo is not iaspastheycordgadnine f or
DES or other technologies for balancing energy supply and demand in the sys-
tem.

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 8



Results: Baseline scenarios A0, BO, CO, DO, EO
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Figure 4 The results of the simulations for the baseline scenario for each of the energy
system configurations (AO-EO). Note that the secondary axes do not all start at zero.

In the baseline configuration (AO0), W
energy supply and demand balancing measures are needed for wind and PV gen-
eration greater thaaround300 TWh/yr. The island ma&dconfiguration (BO)

has total system costs and £&nissionssimilar to AO, but a greater need for
energy supply and demand balancing. The introduction of more district heating
(CO) lowers both the total system costs and the &@ssions without introduc-

ing more need for energy supply and demand balancing, compared with the
baseline configuration (AQ0). The introduction of electric vehicles (DO) together
with more wind and PV generation can yield the largest cost savings and CO
reduction, and has the l¢aseed for energy system balancing measures out of

all the baseline configurations. The nuclear power configuration (EO) has lower
CO emissions than the other baseline configurations but is the most expensive
baseline scenario and has the greatest neealipply and demand balancing.
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System redesigmeasures cabe a very effective way of coseffectively inte-
grating large amounts of fluctuating RES and reducing €fiissionsThe re-

sults show thaa transition away from energy system configurations A (based
on Germanyo6s energy system), B (islart
wards a combination of C (more DH) and D (more EVS) is beneficial on the
indicators. The introduction of more DH increaslee potential for inexpensive
large distributed thermal energy storage and the transition to more EVs leads to
the introduction of a large distributed electrical energy storage capacity in the
system. This capacity can be utilised as flexibility for $lggtem by ensuring

that the EVs are smart charged. Together with such redesign measures, flexibil-
ity in the electricity and/or heating sectors should be introduced along with a
powerto-gas coupling of these sectors. An example of this is the combination
of heat pumps and thermal energy storages in individual hestingonsand
flexible electricity demand.

The overall trends in the results of scenarid92are summarized for each en-
ergy system configuration-& in Table 1 throughTable 5. Electrical energy
storages are technically feasible, bot economically feasible due to high in-
vestment costs. It may, however, be possible to implement EES in an economi-
cally beneficial way in some electricity system configurations by combining
them with the abovenentioned flexibility and poweto-heat techologies. The
economic feasibility of the energy supply and demand balancing technologies is
generally less in the configuration with EVs as the EVs already offer consider-
able flexibility via smart charging. The feasibility of these technologies in the
EV configuration would increase with even more fluctuating renewable electric-
ity generation. The results of the vast majority of scenarios are very robust
against changes in fuel costs and@@ission prices, as shown in a sensitivity
analysis of the results

In the tables, the effect of each energy supply and demand balancing technology
(or combination of technologies) on the system is categorized for the indicators
into Abeneficial o (green), Aneutral o
sion in thes three categories is defined as follows for the three indicators:

1 Total annual soci@conomic energy system co&tisange in
U/ per son/ y e acorresporaindpaseline scenairm): t h e
Green:w Cu
Yellow: ¢cv w cv
Red:w ¢q v

1 Total annual CQemissions from energy systeperation(change in
ton/personl/year, relativio the correspondinbaseline scenario):

Green.® &
Yellow: & w Tt
Red:w T

1 The annual discharged ener{fjWWh/yr):
Green:w p Tt
Yellow:m w p T
Red:w T

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 10



Table 1 The result trends for all scenarios in energy system configuration A, divided into
the categories fAbeneficiald (green), Aneutr a
of the three indicators. Scenarios 16-19 are hybrid scenarios with the following
combinations: A16=A7+A15; A17=A3+A7+A15; A18=A7+A9+A15; A19=A7+A10+A15.

Scenarios A # Total CO2 Fluctuat-
system emis- ing RES
cost sions integra-

tion

Electric interconnections to abroad | 2

Flexible electricity demand 3

Electric heating in district heating 4

Heat pumps in district heating 5

Electric heating in individual heating | 6

Heat pumps in individual heating 7

Power-to-gas (biogas methanation) | 8

Li-ion batteries 9

Li-ion batt. coupled to photovoltaics | 10

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

Vanadium-redox flow batteries 12

Pit & tank TES in district heating 13

Aquifer & tank TES in district heating | 14

Tank TES in individual heating 15

Heat pumps + Tank TES 16

Heat pumps + Tank TES + Flex. dem. | 17

Heat pumps + TTES + Li-ion batteries | 18

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

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

Scenarios B # Total CO2 Fluctuat-
system emis- ing RES
cost sions integra-

tion

Flexible electricity demand

Electric heating in district heating

Heat pumps in district heating

Electric heating in individual heating

Heat pumps in individual heating

Power-to-gas (biogas methanation)

Li-ion batteries

Li-ion batt. coupled to photovoltaics

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

Vanadium-redox flow batteries

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 11



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

Scenarios C # Total CO2 Fluctuat-
system emis- ing RES
cost sions integra-

tion

Flexible electricity demand

Electric heating in district heating

Heat pumps in district heating

Pit & tank TES in district heating 13
Aquifer & tank TES in district heating | 14
Tank TES in individual heating 15
Heat pumps + Tank TES 16

Heat pumps + Tank TES + Flex. dem. | 17

Heat pumps + TTES + Li-ion batteries | 18
Heat pumps + TTES + (Li-ion+PV) 19

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

Scenarios D # Total Fluctuat-
system ing RES
cost integra-

tion

Electric interconnections to abroad | 2

Flexible electricity demand 3

Electric heating in individual heating | 6

Heat pumps in individual heating 7

Power-to-gas (biogas methanation) | 8

Li-ion batteries 9

Li-ion batt. coupled to photovoltaics | 10

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

Vanadium-redox flow batteries 12

Heat pumps + TTES + Li-ion batteries | 18

The indicator values for the scenario variations with the highest amount of wind
power and photovoltaic generation are used as a basis foatégorisation in

the tables. Not all technologies were modelled in energy system configurations
B-E; the results of the excluded scenarios in configuratieBsAgre not antic-
ipated to provide substantial additional information compared to the results of
these scenarios in configuration A.

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 12



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

Scenarios E # Total CO; Fluctuat-
system emis- ing RES
cost sions integra-

tion

Electric interconnections to abroad

Flexible electricity demand

Electric heating in individual heating

Heat pumps in individual heating

Power-to-gas (biogas methanation)

Li-ion batteries

Li-ion batt. coupled to photovoltaics

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

Vanadium-redox flow batteries

None of the individual changes can make up for the gains of an energy system
redesignThe results show that individual heat pumps are feasible anatlyy
systemconfigurations. Flexiblelectricity demand is potentially feasible in all
configurations except the EV configuration (D). Wetlenmore RES electricity
generatiorthan introduced in the scenariaswould likely also be feasible in
configuration D. TTES are potentially feasibleall investigated configurations,

but have a small effect on the integration of RES when implemented alone. A
connection with the electricity sector threhgpowerto-heat should be looked

into when implementing TTES, fpursuing the benefits of thisosage technol-

ogy.

The most feasible technology combinations are those that provide flexibility
both in the electricity sector and the heating sector and have a link between the
two (powerto-heat). An example of such flexible sector couplgigcombina-

tion that include TTES, heat pumps anftipossiblealso flexible electricity de-
mand.

Electrical energy storages aregeneraltechnically feasible, but not economi-
cally feasible due to high investment costs. It may, however, be possible to im-
plement EESn an economically beneficial way in some electricity system con-
figurations by combining them with the abewentioned flexibility and power
to-heat technologies. The economic feasibility of the energy supply and demand
balancing technologies is generalgss in the configuration with EVs as the
EVs already offer considerable flexibility via smart charging. The feasibility of
these technologies in the EV configuratman be expecteidicrease with even
more fluctuating renewable electricity generatione Tésults of the vast major-

ity of scenarios are very robust against changes in fuel costs anen@€3ion
prices, as shown in a sensitivity analysis.

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



0.4

Policy Recommendations

Based on the relta obtained irthis subtask, the following policy recommenda-
tions can be given in order to obtain the best integration and the greatest tech-
nical and economic benefits tfnsitioning towardvery large capacities of
fluctuating renewable energy generation:

0.4.1 Recommendations for energy system redesign

1 District heating, with low-carbon heat generation:A system redesign

towards more district heating would leasible A conversionaway
from individual heating towards district heating with kK¥®, emitting
heatgeneratiorshould be prioritisedThe redesign towards more district
heating increases the potential for introdudiog-cost distributed en-
ergy storage in the form of lareggeale thermal energy storages

Electric vehicles with smart charging: A system redesign towasd
more electric vehicles would Heasible A massive conversion away
frominternal combustion engin&JE) vehicles towards electric vehicles
should be prioritisedTo maximize the positive effects of introducing
electric vehicles, they should be smaraiged. The redesign towards
more electric vehicles with smart charging introduceslzstantial and
costeffective distributed electrical energy storage capacity in the system
in the form of vehicle batteries

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

Less inflexible nuclear power Emphasizing a conversion away rfro
inflexible nuclear power towards other forms of &, emitting power
generation or towards very flexible nuclear power generation should be
prioritised in energy systems with a large nuclear power cap#uitly
wish to integrate fluctuating RES.

0.4.2 Recommendations for distributed energy storage and conversion technologies

1 Flexible sector coupling:The most feasible technology combinations

are those that provide flexibility both in the electricity sector and the
heating sectaistrict heating)and have a link between the two (power
to-heat). An example of this is a combination of DES and flexible sector
coupling; e.g. combinations that inclutenk thermal energy storage
(TTES), heat pumps and flexible electricity demand.

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

Flexible electricity demand: It should be investigated and tes{edy.
in demonstration projegtdo which degree electricityonsumers are

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 14



willing to be flexible and how socieconomically expensive it would be
to compensate them for their flexibility.

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

1 Reduction of eletrical energy storage investment cost€lectrical en-
ergy storages, pow#o-gas and electrical interconnections are all tech-
nically beneficialfor the energy systetmut cause increased total system
costs due to high technology investment costs. Reseaitidevelop-
ment should be prioritized with the goal of reducing the price of these
solutions. With the price levels used in this model, the implementation
of these technologies should only be prioritized in energy systems where
very high integration of flatuating RES and very large reductions in
COz emissions are clearly prioritized higher than the minimisation of the
total socieeconomic energy system costhie economic feasibility of
these solutions may be improved by implementing them in combination
with flexible sector coupling to the heating sector.

0.4.3 Other policy recommendations

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

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

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



1 Introduction

1.1 Subtask Definition

In the ongoing global transition away from an energy supply biamedly on
fossil fuels towards an ergy supply based mostly ocsustainable energy
sourceswith less greenhouse gas emissjotie share of renewable energy
sources is rapidly increasing. This development is expected to contiitiue,
many regions of the worlfbreseen taeach very higlshares of renewable en-
ergy in their energy generation nmixthe coming years or decad&®me of he
most widely used renewable enespurceswind energy and solar energy, are
fluctuating resources that generate energy when the wind blows and the sun
shines. The energy generation from these sowar@sotberegulated in time to
match the demand for energy servias$as been the case with more conven-
tional energy generation based on easttyrablefossil fuels.

The integration of very large amounts of energy from fluctuating renewable
sources, while still mintaining a balance between supply and demand in the
energy syem, will pose new challenges anelWnenergy storage and/or balanc-
ing capacities will be needed handle thisin this IEA ECESannex, thespot-

light is turned towards distributed energipragegDES) and which role they
can play in integrating fluctuating renewable enesgyrces (RES)

Here, fluctuating RES are mainly understood as wind turbines (both onshore and
offshore) and photovoltaics (both largeale and smalscale installatins).

These are the two RES technologiath the fastest growing installed capacity,
and theyboth have a large potential for worldwide implementatitime invest-

ment costs and energy generation costs from these technologiefidrasap-

idly in recent yars, with the levelisd cost of generation for onshore wind power
and photovoltaic power reaching similar levels to that of power generation from
fossil fuelled (oil, gas, coal) power plants in many regions of the wistEINA

2018]. Thistrend isexpectedo continue in coming years, making wind power
and photovoltaics even more attractive investment options for new electricity
generation capacity. For this reason, wind turbines and photovoltaics are con-
sidered the most relevant fluctuating RES technotogiénvestigate in this sub-
task.

The goal of sbtask 3of the projects to identify the future technical and eco-
nomic potential for utilizing DES for the integration of renewable energy. This

is achieved by a scenario analysis, whe@narios wittdifferent DES technol-

ogies are simulated in the context of a whole energy system on a escaley

The performance of the DES technologies is evaluattiin different types of
energy systems and with varying shares of fluctuating renewable energy supply.
The performance of each DES technology in each scenario is evaluated based
on three indicators; a technical indicator, an economic indicator and an indicator
for how well the DES technology facilitates the integration of fluctuating renew-
able energy in thenergy system.

The DES technologies and the choice of technologies to include in the modelling
work is described in Chapt&. The methodology, inading the modelling
framework, the modelled energy system configurations and scenarios as well as
the indicators used for assessing the results are defined and described in Chapter
3. The numerical input data and assumptions for the model are explained in
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Chapterd. The results of the analysis are presented in Chamad discussed
in Chapter6. A summary, including listing of promising DES technologies
and some policy recommendations is givethsExecutive Summary in Chap-
terO.

1.2 Distributed Energy Storage

In thisannex,distributed energy storages are defibgdhelocationof the stor-
agewith the energy systenthis is illustrated irFigure5. Energy storage solu-
tions are considered distributed if they are located

{1 atthe consumer site (from household size up to small industry size), or
1 decentralized in the distribution grid (ergeighbourhood scale), or

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

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

Distribution Grid

Consumer
Renewable Energies
(local sources)

Distributed Energy
Storage

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

1.3 Objectives of the Subtask
The objectives of subtask 3 are
1 Toestimatehe technical potential for the usage of DES technologies for

the integration of renewde energy(i.e. to quantify how technically use-
ful each DEStechnology can be for integratinggnewable energy
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sources and therelbbgwering the greenhouse gas emissions of the sys-
tem).

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

1 Toestimatehe total (technical and economic) potential of different DES
solutions within differentypes of energy systerfi®. to identify which
DES solutions are most promising technically and econolyiaat in
which types of energy system they could be most beneficial).

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

1.4 Scope and Limits of the Subtask

In this subtaskDES tehnologiesare simulatedh the congéxt ofa whole nation
sizedenergy systemsing the energy system modelling t&wlergyPLANEN-
ergyPLAN 2018], [Luncet al 2015] The modelling and evaluation of the DES
technologies is not confined to the electrid@fstem butncludes all sectors of

the energy systenThe modelledDES technologiesnclude electrical energy
storages, thermal energy storages and combinations of(glestical+ ther-

mal). Alternative methodsof balancing of supply and demamdthe system

sud as demand side management, electrical interconnections between countries
and crosssectoral energy conversi¢e.g.powerto-heat, poweto-gas)are also
includedin the simulationgor comparison witlthe DEStechnologies

This subtask includes simulatis of energy systems on a national (or large state)
scale with the goal of identifying largeeale trends and potentials associated
with the possible implementation of different DES technologies in the system.
Any detailed modelling of the electricity ggm, such as frequency regulation
and primary/secondary reserve powardany possible revenue fropmoviding

such servicesps well agthe modelling ofanytransmission odistribution sys-
tembottlenecksis not wthin the scope of this subtaskhe same goes for other
energy networks, such as district heating networks and gas netWwoese
more detaileéspects wouldertainly be interestint investigate ifiuture work

on thetopic of DES

This subtask is confined to technologies with a technoleaginess level (TRL)

of 3-9. Thesubtasks confinedto energy system modelling and does not include
any experimental or demonstration worRevelopment of the different DES
technologies anR&D work related to this is not within the scope of the subtask
(or annex).

The analys in this subtaslks intencedfor investigating the future potential for
DES in energy systems with very high shares of fluctuating renewable energy.
For this reason, technology costs and performance projectiotnef@ar2030

are used. This annex is focused on studying the irttegraf DES on an energy
system level, antho experimentakechnology development atemonstration
work on DES is included in the annex. Machnologyspecific research work

and technology roadmapsr how the projected future costs and performance
could kereachedor each DES technologyretherefore included in this annex
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2  Technologies Included in the Model

2.1 Choosing Technologies to Include in the Model

A large variety of different energy storage technologiesareentlycommer-

cially available and many moreechnologiesare under active development
and/or demonstratioi literature surveyas beemperformed on the key tech-

nical and economic parameters of a large array of energy storage and conversion
technologies that could potentialbye included in the scenario modellinghe
technologiesan bedividedin categoriesas illustrated irFigure6. This annex

is focused on technologidrom the topmost categories (DES), but technologies
from the other two categories are also included in the model for comparison.

Electrical energy Thermal energy
storage storage
Power-to-heat Power-to-gas
Curtail- El?ctrlcal )
inter- Flexible
ment of connect- demand
wind & PV

ions

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

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

The technologies that are included in the scenario modelling include a total of
six didributed energy storage technologies (three electrical, three thermal), three
distributed energy conversion technologies (two pewvdreat, one poweto-

gas) andhreealternative methods of balancing supply and demand (demand
side management, electriagaterconnectors to abroad). The motivation for in-
cluding some technologies in the modelling and excluding others is given for
each category in subsectiad.1- 2.4.2
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The choice of the technologies that are included in the modelling is further dis-
cussed in Chapté:.

For more detailedisting of DES technologs, and in which contexts they may
beutilized in the energy system, the reader is kindly referred tdinaéreport
from subtask 1 of this anneXhefinal report from subtask 2 of this annex fur-
thermore providesn overview of existing DES installatign&chnology de-
scriptionsandbest practice exampleadditional information and examples on
energy storagesigeneral can furthermore be found in [Bundesverbund 2018].

2.2 Distributed Energy Storage Technologies

2.2.1 Electrical Energy Storage

Electrical energy storagdcES)technologies are those where electricity is in-
jected to the storage and later extracted agatimeifiorm of electricityEES can

be divided into a few categories according to which form the electrical energy
is dored:Electrochemical storages, chemical storages, mechanical storages and
electromagnetic storagda addition to storing electrical erggr, many of these
technologies are also suitable for providing ancillary services to the electricity
grid, such as reserve capacity and frequency regulation. Grid ancillary services
are, however, outside the scope of this subtaskliscussed in Chaptr

Batteries are electrochemical eneogpynversion and storage devic@fere are

many commercially available battery types with different chemistries, and many
more areunderdevelopnent Bateries can be divided in two main categories;
Aconventional 0 bat Coavertienal batenias aré ¢lectrw- b a t
chemical cells that act as both energy conversion and storage devarss

The energy is storecthemicallywithin the battery céltself, which also handles
charge and discharge. The powsut and outpuas well as the energy storage
capacity are therefore dependent on (amongst other parameters) the dimensions
of the cell; these parameters cannot be regulated independent aitleaicin

flow batteries, the battery cell only acts as an energy conversion deide,

the energy is stored in special electrolyte storage tanks. The charge and dis-
charge power are dependent on the dimensions of the battery cell, but the energy
storagecapacity is only limited by the size of the electrolyte storage tanks (i.e.

by the quantity of electrolytic solutionfhe power and the storage capacity can
therefore be regulated independent of each athibow batteries.Flow batter-

ies are typicallyconsiderably more bulky than conventional battery and mainly
designed for stationary applications.

One conventional battery technology and one flow battery technology have been
included in the model in this subtask. These are lithiombatteries (conven-
tional) and vanadiumedox batteries (flow). These technologies were chosen
because they are regardbd most prevalerand most promising battery chem-
istries in each categargs well as being among the cheapest and most efficient
choices Other batterychemistries were not included in the modelling, either
becausé¢hey are expected to be more expensive and/or less efficient (according
to projections for 2030), or because they have not reached TRL 3. It is of course
possible that some battery technologiest are expensive today or that have not
reached TRL &s of nowwill be improved substantially until 2030. Instead of
modellinga plethora oflifferent battery chemistries and many different scenar-
ios for their development until 2030, the approach le@s lbaken to model only
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the most promising technologies (lithidon and vanadiuanedox) and having
them serve as benchmarks for the other battery technologiethelfbattery
technologes can match (or surpass) these in price and efficiency by 2030, its
performance in the modelling results will also match (or surpasshddelre-

sults of the lithiumrdon o vanadiumredox batteries (because the model is only
aware of the parameters of costs and efficiebaynot ofbattery chemistry and
other specificof the different battery technologjes

In chemical electricity stoges, electrical energy is used for producing chemical
fuels(gas or liquid) via electrolysid.he fuels care stored and later coented
again to el ectri c atogastopeowdh2G2R)datent er m
used for this schem& the model, poweto-gasto-power has been included in

the form of hydrogen production via electrolysis of water, a hydrogen storage
and a conversioback to electricity via fuel cell$lydrogen was chsen as an
energy carrier in the P2GZenario, rather than methane or other hydrocar-
bons, due to the simplicity of the process]y water ancho carbon source is
required for the conversion of electl energy to hydrogen. For the electrolysis,
high-temperature solid oxide electrolysis cells (SOEC) are assutoethe fuel

cell operation, highemperature solid oxide fuel cells (SOFC) are assumed. It is
furthermore assumed that the solid oxide calésreversible, i.e. that the same
device can run both in electrolysis mode and in fuel cell mode. This is a technical
possibility(and even beneficiafpr solid oxide cell§Graveset al.2014] which

is beneficialto the energy systefnecauset leads b lower investment costs
compared to investing in separate electrolyzer and fuel cell deeleesr¢lysis
operation and fuel cetiperation is not expected to be needed simultaneously).
A further reason for choosing solid oxide cells rather than alk@itheh is the

most common electrolysis technology today)pootonexchange membranes
(PEM) electrolysersand fuel cells is that the cost and efficiency projections for
solid oxide cells are better than those of alkained PEMfor 2030. In case
alkalineand/or PEMelectrolysersand fuel cells can match the efficiency and
costs of the reversible solid oxide cells by 2030, the model results for the P2G2P
scenario are also applicable thealkalineand/or PEM technology

Mechanical storages convert andrstthe electrical energy as potential or ki-
netic energywhich can later be converted again to electrical enéggmples

of this are pumped hydro energy storages. (PHES), compressed air energy stor-
ages (CAES) and flywheel storages. These technolageshowever, mainly

used as centralized storages and not as DES. Flywhedisrtirermore, mainly

used as shotime reserve for outages and not for ldgirge storage of energy.

For these reasons, no mechanical EES have been included in the modelling.

Electromagnetic storages are e.g. supercapacitors and superconducting magnets.
These types of storages are, however, designed to yield high power for relatively
short time periods, and are therefore rather used for power services in the grid
and for short otages, rather than for lotigne storage of energy. Because this
annex is focused on the integration of large amoftifiuctuating RES, which
requires longtime storage capacitiesp electromagnetic EH&ve not been in-
cluded in the modelling.

Figure7 summarises which three EES technologies are included in the model-
ling. Two different scenarios with tion batteries have been modelled, therefore
thethree EES technologies are modelled in a total of four scer(agesarios

no. 912).

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 21



Vanadium-redox FOEID R

Li-ion batteries flow batteries to-power
(hydrogen)
(Li-ion) i
(Vd-redox) (P2G2P)

Figure 7 The three electrical energy storage technologies that are included in the model
in this subtask. The abbreviation used in this report is given in parenthesis for each
technology.

2.2.2 Thermal Energy Storage

Thermal energy storagd ES) technologies are thosehere thermal energy is
injected to a storage and later extracted again in the form of thermal energy.
Thermal energy storages can be divided anfew categories according tow

the heat is store@ensible heat storageajént heat storages (phase change ma-
terials), thermodynamic heat storages (sorption materials) and thermochemical
heat storages (molten salts).

In the modelling work, thermal energy storages are used for storing heat for us-
age in district heating networks in space heating and hot water preparation in
individual buildings. @ly sensible heat storages with water asagfe medium

have been included in the modelling, as the other thermal energy storage types
are either aimed at storage at very high tentpeza (>100 °C), are more ex-
pensive than hot water storages and/or have not reached TRL 3.

There are four main technologieslised todayfor sensible heattorage Tank
thermal energy storage (TTES) is the simplest option. TTES can range from
small storge tanks in individual households (<)mto large accumulation
tanks in district heating networks (>10,000)nPit thermal eargy storage
(PTES) is methodor storing large quantitiesf heat for district heating net-
works. PTES consist of a pit thaescavated from the ground, lined with water
tight material and closed with an insulated, floatingAichumber of PTES exist
today, mainly in Denmark, with storage volumgsto 200,000 f(larger stor-
ages are being developédother countries Aquifer thermal energy storage
(ATES) is another method for storing heat (and cold)dage buildings or for
district heating netwdxs. It is applicable only in locations with suitable geology
and consist of wells where water can be injected to andcéadrdrom natural
aquifers in the underground. More than 1500 ATES systems already exist, with
the highest number located in the NetherlaBdsehole thermal energy storage
(BTES)is also a method for storing heat (and cold) for large buildings or for
district heating networks. Similar to ATES, BTES is applicable only in locations
with suitable geology and consists of boreholes into undergrounawtickva-

ter pipes. Hotvater flow through the boreholes heats up the surrounding rock,
which stores the heathe heat can beetrievedagain by a flow of cold water
through the boreholes, which is heated up by the surroundingAocknber of
working BTES systems exist todayg.in Canada, Sweden, Germany and Den-
mark

Figure8 summarises which three TES technologies are included in the model-

ling. The model includes a total of three TES scenarios (scenarios-h6).18
one of the scenarios small TTES onacusehold level are assumed to be used in
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individual heating supply. In the other two TES scenarios, large accumulation
tanks are assumed to be used in the distribution system of district heating net-
works (i.e. on a neighbourhood scale) for stierin stsage, together with either

a PTES or an ATES for lorAgrm (seasonal) heat storage.

BTES is not included in the modelling, as its representation in the model was
considered very similar to that of ATES (although the two technologies have
some different mperties in reality). ATES and BTES are considered to have
rather similar average investment costs, although the costs are vesyesiifc

as they both rely on the geological conditionssda. In areas where BTES stor-
ages can be built for the samécpras assumed for the ATES investment price
in the model, and assuming the investment lifetime and O&M émistee two
technologies are rather simildhen the ATES model results are also valid for
BTES systems.

Tank thermal en- Pit thermal en- Aquifer thermal
ergy storage ergy storage energy storage
(TTES) (PTES) (ATES)

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

2.3 Distributed Energy Conversion Technologies

2.3.1 Power-to-Heat

Powerto-heat(P2H)technologies are those where electrical energyriserted

to thermal energyThese technologies are included in the maagifor com-
parison with (and ircombination with the storage technologietescribed in
section2.2 Herg the electrical energy injected to the conversion device is not
retrieved again as electriaahergy buutilized & thermal energin either indi-
vidual or district heating supplyfwo powerto-heat conversion technologie
are included in the modelling; electric heaters and electric heat pumps.

Both of these technologies are modelled in two different settings; asielect
boilers or largescale heat pumps in district heating systems, and as building
level electricheaters and smadicale heat pumps in individual heatifidpis re-

sults in a total of four distinct model scenarios with peteeneat technologies.
(scenariosno. 47). It should be mentioned that the external heat source of the
heat pump is not specified in the model and they are assumed to have a constant
(average) coefficient of performance (COP), regardless of the temperature lev-
els.

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

Powe-to-gas (P2Gj)s essentially the same e powetto-gasto-power chem-
ical energy storage described in subsecfidhl, just without the conversion
back from chemical energy to electli@mergy.This is included in the model
for comparisorwith the storage technologies described in se@i@nP2G co-
vers a variety of energy comgmon pathways whergectrical energy is utilized
for driving an electrolysis procesisatresults in the formation afombustible
gas

Possible P2G pathways include water electrolysis for hydrogen production
where the end product is hydrogenethanatn of biogassia the Sabatier pro-
cesswith the addition of hydrogefnom water electrolysis, where tipeoduct is
synthetic natural gas (SNG); and electrolysis of water ang(€@®. captured
from industrial point sourcesyvhere theproduct is sgthesis gas. SNG or syn-
thesis gasnaysubsequently be reformed further to liquid fuels such as metha-
nol, dimethyl ether (DME) or synthetic gasoline, diesel or kerosene via the
Fischer Tropsch proceskhis further reformation of the gas is outside thegpsco

of this project.

One P2G conversion pathways included in the modelling; the pathway of
methanation of biogassinghydrogen from eldcolysis. This P2Gpathwayis

used in model scenario no. Biemethanation pathway, with SNG as a product,

Is included because when it comes to producing, transmitting and storing large
amounts of gas, the natural gas system in many countries offers a very large
capacity for the injection of the SNG. Hydrogen ,camthe other hananly be
injected in very limited qudities to natural gas grids, amsgecifichydrogen
gridsare usually not availablén contrast to the P2G2P scenario, the gas in the
P2G scenario is not stored locally for conversion baefdatricity butis trans-
mitted and consumed elsewhere in thergnesystem.Therefore,it is highly
beneficial to be able to make use of the existing natural gas infrastructure. The
biogas for the process is assumed to come from biogas production in the local
area (e.g. from agriculture or wastewater) and the elestsoind methanation
plants are assumed to be relatively small scaled (neighbourhood or small village
scale).

Similar to P2H, P2G can potentially provide ancillary services to the electricity
grid and could offer flexibility in terms of regulating the protian of synthetic

gas based on the requirements of the electricity system. These aspects are not
taken into account in the model.

Figure9 summaiseswhich three distributed energy conversion technologies are
included in the model in this subtask.

Electric heat PO B

Electric heating (methanation of
pumps biogas)
(EH)
(HP) (P2G)

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

2.4.1 Electrical Interconnections to Abroad

Fluctuating éectricity generation and demand canldadanced by transmitting
electricity between areas of electricity surplus and deficit, asltamative to
usingenergy staxge and/or conversion capadiy handling such imbalances
TheEnergyPLANooI is capable of including electrical interconnecsionand

out of the national system (i.e. to abrpalch electricity interconnections are
included in the modelling work of this subtask for comparison with (and in com-
bination with) the energy storage technologies described in s€#orhe in-
terconnections are investigated in model scenario no. 2.

Electrical transmission lines across country borders are widely in place around
the world.As anexamplethe electricity systems of moliorth-westernEuro-

pean countries are interconnected and shar@mmorelectricity spot market.

The EU furthermorehas an official goal that all its member stathsuldhave
interconnection$o abroad correspondirtg at least 10% of theinstalled elec-
tricity production capacity by 204&uropean Commission 20[L7

Transmitting electricity between areas of electricity surplus (with low spot
prices) and electricity deficit (with high spot prices) can be an efteatisthod

of balancing supply and demand in the national electricity systems. This can in
particular be beneficial between regions with a high share of fluctuating renew-
able electricity production and regions that are able to regulatgeshareof

their electricity productionExamples of this are regions withhaggh share of

wind turbinesand/or photovoltaics, that may effectively balance the fluctuations
between supply and demand by connecting to regions with e.g. a high share of
dammed hydropower elgicity production.

There are, however, alsmmelimits to theusefulness oélectricity intercon-
nectorsjn particular between countries that all hategh installed capacity of

the same type of fluctuating RES and mostly share similar weather casditio
An example of this could be two countries that both have a very high share of
wind turbines in their electrityi generation mix and where the wind patterns are
mostly identical. In such a case, electricity surplus and defieitery likely to
frequertly occur simultaneously iboth regions, which reduces the usefulness
of an interconnection between the two countries for balancing fluctuations in
supply and demandRelying heavily on electricity interconnections for balanc-
ing national energy systemsttvia high share of fluctuating RES may also have
someimplications regarding the security of electricity supdliese issues re-
garding the limitations of electrical interconnections are not included Brthe
ergyPLANmodel.

2.4.2 Flexible Electricity Demand

The imbalancebetween electricity generation and demand can be reduced by
making a part of the electricity consumption flexible in time, as an alternative
solution to investing in energy storage and/or conversion capacity. This solution
i's al so anadslildeed niadneany e ment O . This 1is
comparison with (and in combination with) the energy storage technologies de-
scribed in sectio.2 Flexible energy demand is included in model scenario no.
3.
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The idea is that with the emergence of smart electricity meters on the consumer
side, along withmprovedbusiness models in electricity disiution and retail

sales, consumers can be ged towards shifting parts of their electricity con-
sumption in time. This could e.g. be realized by billing electricity consumption
in short time steps and providing incentives for consuming electricity in the
night-time and/or penalties for consuming efecty during the peak load hours

of the day. The main categories of flexible demand might include the charging
of electric vehicles, powen-heat consumption, household appliance consump-
tion (washing machines, refrigerators), some industry consumptonrhis

could be an effective method of balancing supply and demand in energy systems
with a high share of fluctuating RES and for reducing peak load in the electricity
systemThis solutiorhas, however, notetbeen realized on a large scale (to the

au hor s 6 kamdiwd treekfgre not clear to what extent consumers are
willing to be flexible in their electricity consumption, or how costly effective
incentives for this would be.

2.4.3 Curtailment of fluctuating renewable electricity production

Yet anoher method for balancing supply and demarelectricity systems with

a high share of fluctuating RES is to curi@i. turn off)the production from

the RESto avoid overproductionThis is possible for md turbines by halting
their rotation and fophotovoltaics by opening thédeetrical circuit of the B
system. Although the curtailment method itself reqgm@specific investmest

it usually has a negative effect thre economyf the plants, because less elec-
tricity is generated and sold, whitdads to a lower return on the investment in
thewind turbine or photovoltaicsCurtailment only has a positive effect on the
economy of a plant in case the electricity selling price (spot price) drops below
the marginal electrity production cosbf theplant.

In theEnergyPLANOoOI, the modeller can choose whether to allow curtailment
of RES generation or ndCurtailment of wind turbine and photovoltaic genera-
tionis notallowed in the model baseline scenario (no. 0) batisided in model
scenario nol. If curtailment is allowed in energy systems with a very high share
of fluctuating RES generation, tieéectricitysupplyand demandill usually be
balanced during ahours of the year. If curtailmeris not allowed, a verkigh
RESsharemaylead tooverproduction, i.eto the generation dadlectricity that
cannot be utilized in the energy systenring some hours of the ye&uch
overproduction is not something that can occur in the real waelthusdt is a
technical requirement thgenerationand demand in electricity systenssin
balarce at all times. Therefore, system operation wilcurtailment and elec-
tricity overproductions purely a computer modsituationand not somethig

that ould occurin reality. Running the models with no curtailment allowsd
however usefulfor quantifying the amount of electricity overprodiion in the
energy system, from which the general need for investments in electricity supply
and demand balancing capacity can be éeliv

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

3.1 The EnergyPLAN Energy System Simulation Tool

In this subtask, the technologies described in ch&mes modelled in the con-

text of a whole national energy system using EnergyPLANenergy system
simulation tool. Thé&EnergyPLANool is developed by Aalborg University and
has been used fonore than 100 peer reviewed publications and a number of
reports [Dstergaard 2015]. A detailed description of the model is outside the
scope of this report but may be found in [Lugtdal. 2015] and [Lund 2014].

The EnergyPLANmModelling tool is freewarena can be obtained from [Ener-
gyPLAN 2018].

TheEnergyPLANoolI is a deterministic inpedutput tool assisting in the design

of energy system strategies and investments by simulating a complete energy
system houby-hour for one full year. This provides ights into the operation

of the energy system and is purposely designed with the aim of increasing re-

newable energy in the future systems. The tool develops hourly balances for not
only electricity, but also for district heating, cooling, hydrogen andrabgias,

which provides valuable knowledge regarding possible demand and generation

mismatches. In the tool a variety of technologies are available for storing energy

in the forms of electricity, small and largeale heating, hydrogen, liquid fuels

as wel as for gaseous storages. These storages are used for optimizing the op-
eration of the energy system and reducing overproduction of energy such as the
electricity generation from variable renewable sources and district heating tech-

nologies.

Particular foas in the report is paid to the hourly electricity mismatches between
generation and demands, which is called Critical Electricity Excess Production
(CEEP).The CEEP value is the electricity production that exceeds demand,
transmission capacities and s@egpossibilitiesThis value is an indicator for

the energy system flexibility as a high value implies a high curtailment of elec-
tricity. The storage options and alternative measures are evaluated for their
CEEP values to give an indication of whether thegtribute to enhancing the
energy systemdéds ability to avoid wast
of variable electricity generation. Reducing the CEEP value also results in dis-
placing fuel consumption elsewhere in the system and hence redetefu
penses and Cemissions.

The EnergyPLANtool models the electricity, heating, cooling, industry and
transport sectors and is suited for evaluating synergies across these sectors by
installing technologies such as powte+heat or poweto-gas, see th energy
system flow chart irFigure 11. Moreover, it is possible to include economic
assessments through technology investments and O&M, fuel andrkewsts

and hereby evaluate the economic feasibility of a range of alternatives. The tech-
nologies and demands that are modelled are defined by the user depending on
the analysis scope. The complete overview of possiblgtsnand outputs from

the tool isillustrated inFigure12.

The tool allows for running enarketeconomic or technical simulation of the
energy system, depending on the scope of the analysis. In this report a technical
simulation is applied, which models the energy systefmelsefficient as pos-

sible during every hour of the yeém.future energyystems with large amounts
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of renewable energy this simulation method enables the use of renewables to
replace solid and gaseous fuels.
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Figure 11 A schematic flow diagram of the energy system as modelled in the Ener-
gyPLAN modelling tool. Screen shot from the EnergyPLAN software, version 12.4.
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Figure 12 A diagram with listings of all inputs in and outputs from the EnergyPLAN tool,
with a description of the possible regulation strategies. Figure by Aalborg University.
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EnergyPLANprovides a range of benefits when considering the scope of this
project. These include encompassing the entire energy system to assess impacts
of the alternative within a specific sector, but also on other energy seaors. F
example, installing electricity storage could reduce the overproduction of elec-
tricity, but might also influence the operation of CHP plants and hence indirectly
the heating sector. Furthermore, the tool is able to conduct calculations very fast
(second), which makes it possible to develop a wide range of possible scenarios
that can subsequently be compared and evaluated.

EnergyPLANis constructed as a coppaate model meaning that no internal
constraints on energy networks are taking into considerakhis might be rel-

evant in cases where domestic bottlenecks occur due to different locations be-
tween energy generation sites and demands.

The model can be used for drawing conclusions regarding the role of different
distributed storage solutions anteanatives, but will not provide results about

the optimal capacities, as no investment optimization is conducted. The results
can give information about general trends and impacts of the solutions on the
energy system as a whole, but not on local leeisthermore, the model can
provide insights into the system feasibility of a given solution based on the align-
ment between generation and demand for every hour. A further discussion of
which conclusions can and cannot be drawn from the results frofEngre
gyPLANmodel is included in Chaptér

3.2 Baseline Model

For the energy system modelling in this subtask, a baseline energy system model
for theEnergyPLANmModelling tool has begireparedDeveloping and calibrat-

ing a sufficiently detailed model of a large national energy system from scratch
in EnergyPLANIs a rather largeask (due to the large number of parameters).
Instead of developing a modibm scratch for this work, an existirigner-
gyPLANmodel from IEA SHC Task 5SHC 2018] developed by Alborg
University has been adapted for use in this subt@bis model describes the
energy system of Germany in the year 2010 and has been welhtsdibo Ger-

man 2010 statisticsas documentenh the IEA SHC Task 52 subtask A report
[Mathiesen 2017By adapting an existing, wedlalibrated model for the current
work, lessresourcehavebeen consumed on baseline model development and
moreresourcehavebeen available for modelling DES technologies in otder
identify their technical and economic potential for integrating fluctuating RES.

The baseline model (labelled AO) in the modelling work is a slightly adapted
version of the IEA SHC Task 52 Geamy model.The following adjustments
havebeenmade to that model:

1 Theinstalled capacities of RE&d electrical interconnection capacity
to abroadn the model havbeen updated from valués the year 2010
to values for the year 2015, based on Gerntirscs [BMWi 2015].

1 The economic input values (investment costs, O&M costs, plant life-
times, CQ emission costs, energy costs, electricity price {ts@ees)
have been updated with values from cost projections for the year 2030.
This is intended to reflect the fact that this modelling work is performed
in orderto investigatehe future potential foDES in energy systems
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with a very high share of fluctuating RES. The economic input values
are explained in more detail @hapterd and Appendix A

1 The installedlistrict heating boiler capacity has been increased from 15
GW to 76 GW.This is to compensate for the reduced heat generation
from CHP plantsassociated witta decreasing number operating
hours of CHP plants as wind turbine and photovoltaic capacitye
modelis increased.

1 The installed electrical and thermal energy storage capacity has been set
to zero.This is to ensure that the baseline scenario strictly corresponds
t o astfionroaged scenari o, when compar

1 The installed oclear power plant capacity has been set to zero in the
model This is intended to reflect thafficial German energy policy of
abaroning nuclear power generation in coming y€ap&cific scenar-
ios with nuclear power are also included in the modelling)

Otherinput values anéssumptionsn the baseline model (AO) are unaltered
from thecalibrated, year 2010 version of the IEA SHC Task 52 Germany model.

3.3 Model Scenarios and Energy System Configurations

The energy system modelling in this subtask is based on a scenario approach.
The scenario structurs dividedinto energy systemonfigurations technology
scenariosand RES generatiorariations Theconfigurationgepresent different
energy system typogies, with different mixes of energy supply or demand. In
eachscenariqg a DES technology, an energy conversion technology or an alter-
native method of balancing supply and demand in the energy system is intro-
duced in the system. Eashenarioexists in mitiple configurations Thevari-
ationsare different instances of the same scenario, where the energy generation
from wind and PV is varied (increased) from one variation to the next.

This approach leads to an array of scenarios within the different esystpm
configurations, as illustrated Figure13. As shown in the figure, the scenarios

are labelled from AO to E12. Each scenario (AP12) existsn the 15 different
variations(no. 11 no. 15)in fluctuating RES generatioBome combinations of
configurations and scenarios are, however, excluded, as explained in subsection
3.35
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Figure 13 A listing of all modelled distributed energy storage or conversion technology
scenarios (#1-19), and in which energy system configurations (A-E) they were modelled.

For the scenarios marked
conversion capacity was performed with a fixed penetration of wind and PV energy.

3.3.1 5 Energy System Configurations

Wi

t h

a

fi +0,

an

Theenergy systersonfigurations areabelled with the letters &. The energy
system configurations are intended to represent different typologies of energy

systemsThis is important to includso that the results of the modelling work
in this subtask is not only relevantdountries or regions witbnergy systems

that resemble that of Germany, but also for energy system®thighcharac-

teristics
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Energy system configuration A correspondtg@energy system model of Ger-

manyin 2015(the baseline model described in secB8d?). Energy system con-
figurations BE are modified versions of energy system configuration A. They
comspond to energy systems of the san
system, but with some different characteristics:

Configuration B Island modeThe same as configuration A, but exclud-
ing all energy exchange with other countries (compared
to 9.6 GW international electity transmission capacity
in configuration A).

Configuration C More district heating.The sane as configuration A, but
with district heating supplying 50% of the total heat de-
mand in the model (compared to 15% in configuration
A).

Configuration D More electric vehiclesThe same as odiguration A, but
with electric vehicles comprising up to 70% of the total
numberof vehicles in the model (compared to 0% in
configuration A).

Configuration E More nuclear powerThe same as configuratidy but
with 35 GW installed nuclear power plant capacity
(compare to 0 GW in configuration A).

Thechoice ofenergy system configuratiomsmotivated and describddrther
in the following subsectiong.he numerical input values and assumptions for
each configuration are given in Chapter

3311 The Choice of Germanyds Energy System as a B

The reason for modelling the energy system in the five different configurations
A-E is that the prformance of the technologies in scenaridbis anticipated

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

As already mentioned, a model of the eyesgstem of Germany is used as the
basis for all five energy system configurations. This is not because the intention
of this subtask is to only investigate the potential of DES in the German energy
system, but rather becausideredaausefunlemy 6 s
ergy system typology, with sufficient size and variety of energy source, conver-
sion, transport and demand types. By using an existing, well calibrated model of
this system as a basis for the analyses, less resources were used onndevelopi
the model and more resources could be used on analysing the different scenarios.
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The same argumentation goes for using variations on the German energy system
for configurations BE, instead of modelling the energy systems of other coun-
tries. If the chae had been made to e.g. model the configuration with more
nucl ear power (configuration E) on Fr
ergy system of France would have had to be developed and calibrated. By using
variations of the Germany model, resourasssaved on model calibration, and

it is furthermore ensured that it is easy to compare the technology scenarios
across the different energy system configurations. It is the hope that the results
obtained from the modelling can be generalized to a wadety of energy sys-

tems worldwide, although some specifics of the model results may be related to
the choice of Germanyo6és energy systen

3312 Configuration A: Baseline Configuration Base

The baseline configuration modified version of the IEA SHC Task 52 Ger-

many modedeveloped by Aalborg University [Mathiesen 201&$ described

in section3.2 This configuwation very closely resembles the energy system of
Germany in 2015, but is not an exact,
ergy system in 2015. It i s based on t
ergy system ir2010 buthas been modified withoutng calibrated again. This

is not a problem for the purpose of the current subtask, as the aim is to investigate
the general potential for DES to integrate RES generation in different kinds of
energy systems, without answering this directly for any spesmiintry our re-

gion cases.

It should be mentioned that other studies have been carried out for assessing the
need for energy storage in Germany, e.g. by [Steznal. 2014] and [Papet

al. 2014]. These studies, are not focused specifically on digtdbenergy stor-

age, but on energy storage in general.

3.3.1.3 Configuration B: Island Mode

The island mode configuration represents an energy system without any connec-
tions to other energy systems. This could correspond to the energy systems of
real geographicaklands, or the energy system of countries or regions that are
not islands in a geographical sense, but only in an energy system sense (due to
lack of interconnections to other energy systems). In this configuration, the con-
figurati on b a seedsystem is@edelletamthpd any edentrical

(or other) interconnectors to abroad.

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

3.3.1.4 Configuration C: More District Heating

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

gas boilers, solar heating, heat pumps, waste incineration and electric boilers.
Now new coal or oil heat generation capacity is added in this configuration,
compared to scenario A.

The configuration with more district heagiroffers increased possibilities for
thermal energy storage and conversion (pewwdreat) technologies on a col-
lective scale. This includes large heat pumps, pit heat storages and aquifer stor-
ages, which all have considerable economics of scale and leeuttbre eco-
nomically feasible than their smatale counterparts in individual heating sup-

ply. This configuration could yield results for DES and energy conversion solu-
tions that may be particularly feasible in energy systems and areas that already
have asignificant distri¢ heating coverage or plan to increase the district heating
coverage.

3.3.1.5 Configuration D: More Electric Vehicles

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

in energy systems with a high share of fluctuating RES.

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

Another strategy might be tdl@aw the electricity grid to make use of the battery
storage capacity of -to-dprei €E&¥s( WyGenabwhe
can not only automatically charge but also discharge energy to the grid when
they are plugged in. V2G has not yet been imygieted on a large scale, and it

is also unclear to which extent or under which incentives EV owners would be
willing to participate in V2G (as more frequent battery charging and V2G dis-
charging would potentially decrease the lifetime of the EV batteries).

In the scenarios in configuration D, smart charging is assumed for all EVs. The

baseline scenario of configuration DO has, however, also been simulated for the
cases of dump charging and vehicle to grid, for comparison with the smart charg-
ing scenarios. fie results of this comparison are showRigure93in Appendix

B andshows that there are no considerable advantages associated with using
V2G rather than smart charging in the model.

The increased electricity peak demand associated with a large number of electric
vehicles might requirenore thermal power plant operationdaconsequently

more fuel consumption. Furthermore, the increased electricity peak demand may
requirestrengthening of the electricity distribution grid (even for the case of
smart charging). The estimated costs for this are included in configuration D.
The investment and O&M costs for EVs in the model is assumed to equal that
of internal combustion engine (ICE) cars. This assumption is intended to reflect
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that EVs are only anticipated to reach a lasgale commercial breakthrough
once their investment ctsshave become similar to those of ICE cars. With re-
cent rates of price decrease in batteries and EVs, this price parity between EVS
and ICE cars should be reached well before 2030. In the model runs where V2G
is enabled, a 10% surcharge for additional @oelectronics (mainly inverter)

has been added to the EV investment cost.

3.3.1.6 Configuration E: More Nuclear Power

In configuration E, approximately 50% of the electricity is assumed to be sup-
plied by nuclear power plants. This is a relevant scenario fortigaéiag the

need for DES in energy systems with a high share of nuclear power in their
energy mixandwish to supplement the nuclear power with energy from fluctu-
ating RES. In the model, the increase in nuclear power generation capacity is

complimented ¥ a corresponding reduction in cpgas and oifired power
plants.

The nuclear power plants are assumed to run as constant baseload in the system,
with no possibility of regulating their production based on supply and demand
in the system. This leads tlifferent dynamics in the energy system, and may

increase the need for (distributed) energy storage for high levels of fluctuating
RES, compared to configuration A.

3.3.2 19 Technology Scenarios (Within the Configurations)

Within each energy system configuratid-E, a baseline scenario (scenarios
AO0-EOQ) is defined. Each baseline scenario represents a buagessal sce-

nario for the corresponding configuration, where none of the energy supply and
demand balancing technologies are included. Curtailment ofgeB&ation is

not allowed in the baseline scenarios. The results from the technology scenarios
(1-15) are compared to the baseline scenario (0) in the given configuration. The
comparison is performed using the indicators described in s&#omhe nu-
merical input values and assumptions for each scenario are given in Chapter

The technology scenarios are labelled with the numbé& Dut of these 19
scenarios, there are 15 technolegpecific scenarios (scenariosl®) and 4
Ahybri do s cen ald)i Thescefasiasdnaemadalesd withih
each energy system configuration. In each of the technologifisgseenarios
(1-15), one (twan scenarios 13 and 14) of the energy supply and demand bal-
ancing technologies described in Chaj2tes introduced in the model. In each

of the hybrid scenarios (189), two or more different technologies from sce-
narios 115 are combined.

3.3.2.1 Technology-Specific Scenarios (1-15)

The technoloigs for balancing energy supply and demand described in Chapter
2 are arranged in technologypecific scenarios as follows:

Scenarios with alternate methods of balancing supply and demand:

Scenario 1 Curtailment of wind turbines and photovoltaidhis is the
only scenario where curtailment is allowed in the model. This
yields results identical to those of the corresponding baseline
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scenario, for all parameateexcept the critical excess electric-
ity production (which equals zero in all variations of the cur-
tailment scenario)lhereforethe result graphs for scenario 1
are not shown in the report, and the results for the baseline
modelling scenarios can be ampreted equal to the curtail-
ment scenarias

Scenario 2 Electrical interconnections to abroad his scenario investi-
gates the potential for balancing supply and demand in the sys-
tem by exchanging electricity with the world outside the model
via an expansion of theeddtrical interconnector capacity. The
price for the imported and exported electricity is specified by
a model input in the form of a time series with hourly values.
It is not specified what the electricity mix on the other side of
the model borders is, aride CQ emissions associated with
the imported electricity are assumed to be identical with the
average emissions of the electricity generated within the model
area.With this method, no increase or decrease in the system
CO, emissions can be obtained making use of electricity
exchange.

Scenario 3 Flexible electricity demandl0% of the total electricity de-
mand is assumed to be flexible by 1 day (24 hours) and 2% is
assumed to be flexible by one webkthe model it is assumed
that the flexible demandisintiec onvent i onal 0 el
mand, i.e. not within the electricity demand from heat pumps
or electric vehicleslt is not specified further in the model
which parts of the conventional electricity demand are as-
sumed to be flexible.

Distributed energy convsion scenarios:

Scenario 4 Electric boilers indistrict heating Large electrical boilers for
heating water to district heating forward temperatures.

Scenario 5 Electric heat pumps in district heatingarge electrical heat
pumps for heating water to district heating forward tempera-
tures.

Scenario 6 Electric heating in individual heatingElectrical hot water
boilers and electric radiators for hot water preparation and
space heating in individual buildings.

Scenario 7 Eledric heat pumps in individual heatingzlectrical heat
pumps for hot water preparation and space heating in individ-
ual buildings. The heat source for the heat pumps is not speci-
fied in the model and a constant, average COP of 3.0 is as-
sumed.
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Scenario 8 Powerto-gas SNG) Solid oxide fuel cells (SOFC) are used
for the electrolysis of water for hydrogen production. The hy-
drogen is reacted with the G@®action of biogas (from an an-
aerobic digestion process) in a process called methanation to
produce synthetic naturahg (SNG). The resulting SNG is as-
sumed to be injectedto the natural gas grid.

Distributed energy storage scenarios:

Scenario 9 Lithium-ion batteries The batteries in this scenario are as-
sumed to be stationary and located at a building or neighbour-
hood level anda be coupled directly to the grid (withoutd
balancing e.g. the photovoltaic production of the building or
the neighbourhood).

Scenario 10Lithium-ion batteries coupled to photovoltaic systermbe
batteries in this scenario are assumed to be stationary, located
a a building level and to be coupled directly to the photovol-
taic system of the building. The battery first balances produc-
tion and demand from the local PV system before interacting
with the grid. These batteries are, however, still assumed to be
centrally controlled (e.g. by an aggregator company or by the
distribution grid operator). This is therefore not a scenario
where the seltonsumption is maximized at the singleild-
ing level, but rather a scenario where batteries and PV systems
are aggregated gether to function as virtual power plants.

Scenario 11 Powerto-gasto-power (hydrogen) Reversible solid oxide
cells are used for the electrolysis of water to hydrogen and for
converting the hydrogen back to electricity and water via fuel
cell operation. A hydrogestorage is included in the model.

Scenario 12Vanadiumredox flow batteriesThe batteries in this scenario
are assumed to be stationary and located in large buildings or
on a neighbourhood scale. They are assumed to be coupled di-
rectly to the grid (without fst balacing e.g. the photovoltaic
production of the building or the neighbourhood).

Scenario 13Pit and large tank thermal energy storage in district heating
In this thermal energy storage scenario, pit storages are used
for longtime (seasonal) storage of heat in distnieating, e.g.
from solar heating. Large tanks are used for short term heat
storage in the district heating system.

Scenario 14 Aquifer and large tank thermal energy storage in district heat-
ing. This scenario is very similar to scenario 13, except that
aquifer thermbenergy storage is used for lotigne (seasonal)
storage of heat in district heating.
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Scenario 15Tank thermal energy storage in individual heatiktere do-

3.3.2.2 Hybrid Scenarios (16-19)

In addition to th
cific technology

mestic hot water tanks are used for storing thermal energy at
individual building level.

e technologgpecific scenarios, where the impact of one spe-
Is investigated in each scenario (two in scenarios 13 and 14),

four scenarios that represent combinations (hybrids) of a few technologies are
included in themodel. For these scenarios, the aim was to choose those technol-
ogy combinations that would give the best synergies and increase the feasibility
of the technologies compared to when a single technology is introduced at a

time.

Scenario 16

Scenario 17

Scenario 18

Scenario 19

Heat pumps and thermal energfprage The combination of
heat pumps and TES increases the flexibility of the heat sup-
ply. This should make it possible for the heat pumps to shift
some of their electricity consumption from periods of elec-
tricity deficit to periods of electrity surplws. For configura-

tion A, small heat pumps and domestic hot water tanks are
combined in individual heating supply (scenarios A7+A15).
For configuration C, large heat pumps, large tanks and pit
storages are combined in district heating supply (scenarios
C5+C13).

Heat pumps, thenal energy storage and flexible demaBg
combining heat pumps and TES with flexible electricity de-
mand, an even greater flexibility in the electricity demand is
obtainedthan in the original flexible demand scenarioefsc
nario 3). For configuratiod, flexible demand is combined
with small heat pumps and domestic hot water tanks in indi-
vidual heating supply (scenarios A3+A7+A15). For configu-
ration C, the flexible demand is combined with large heat
pumps, large tanks and pit storages in district heatinglpup
(scenarios C3+C5+C13).

Heat pumps, thermal energy storage anedon batteries

This scenario represents a combinatiorheat pumps and
thermal energy storages (as in scenarionit) the addition

of Li-ion batteries for balancing fluctuations in @lecity
supplyand demand. For configuratioAsand D, the batteries
are combined with small heat pumps and domestic hot water
tanks in individual heating supply (scenarios A9+A7+A15
and D9+D7+D15). For configuration C, the batteries are
combined with lage heat pumps, large tanks and pit storages
in district heating supply (scenarios #95+C13).

Heat pumps, thermal energy storage aneon batteries
coupled to PV system§his scenario represents a combina-
tion of heat pumps and thermal energy storagesn(&ce-
nario 16) with the addition dfi-ion batteries coupled to PV
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systems, for balancing fluctuations in electricity supply and
demand. Here, the batteries are used for (centrally controlled)
balancing of the PV generation and the demand, before being
used for balancing the remaining suppind demand. For
configurationA, the batteries are combined with small heat
pumps and domestic hot water tanks in individual heating
supply (scenarios A10+A7+A15). For configuration C, the
batteries are combined wildrge heat pumps, large tanks and
pit storages in district heating supply (scenarios
A10+C5+C13).

Note that the scenario names A9*, C9* and D9* have an astertsgume 13;

this is because the hybrid scenarios only contain 50% of the instalied Li
battery capacity (and power) compared to thelmgorid scenarios A9, C9 and

D9 scenarios ifrigure13. Investing in the full battery capacity is not needed in
the hybrid scenarios, as the other storage and conversion solutions in the hybrid
scenario also contribute significantly to balancing elatgrstipply and demand

in the system.

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

In order to investigate how well the modelled energy supplydanadandoal-
ancing technologies (described in Cha@eperform at integrating fluctuating
RES in the energy system, each model scetfafld E12)has been simulated

in 15 variations with a gradually increasing introductidérelectricity genera-

tion from wind turbines and photovoltaics (wind+PV). In variation no. 1 of each
scenario, the combined electricity genematfrom wind+PV is 90rWh/yr. In

each subsequent variation, the wind+PV electricity generation is increased in
steps of 30TWh/yr, with variation no. 15 containing 5I0Vh/yr of wind+PV
electricity generationt-or the baseline scenario A0, 3Wh/yr correspond to
14.7% of the annual electricity demand in the system andl'Bulyr corre-
spond to 83.5% of the annual @iecity demand in the systerm each technol-
ogy-specific scenario, the installed energy storage and/or conversion capacity
Is also increased with each variatigee sectiod.5for details on this)and the
ability of this technology to integrate the increasing fluctuating RES (wind+PV)
generation is measured.

3.3.4 Additional Parameter Variation

Some of the scenario labels AE1 ar e mar k e @igur@i3tFr a 1 -
each ofthese scenarios, an additional parameter variation has beeil carrie

where the energy storage and/or conversion capgacitlye technology included

in the scenaritias been variefbr a fixed amount of electricity generation from

wind turbines angbhotovoltaics.

In the scenarios ACEL, a certain amount of energyisige and/or conversion
capacity is defined for each of the 15 variations in fluctuating RES generation.
The definition of this for each scenario is described in sedtibiNo optimisa-

tion of the investment in installed capacities is, however, performed in the
model In order to thoroughlynvestigate which energy storage and/or conver-
sion capacity is in fact optimal for eachriation in RES genation in a given
scenario, the modeller would have to run the model for all possible configura-
tions of capacities and wind+PV generation (at least within some reasonable
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range for the values of these parameters). This is, howeseieasible for the
large number of scenarios included in this work.

To get a better idea of what theost feasible energy storage/and or conversion
capacity for each technology may be, the capacity for the technologies in the
scenari os mar kigucl3wavetherefarebder varied within a
rather large range for a fixed value of annual wind+PV electricity generation.
This is illustrated graphically ifrigure 14 for the example of Lion batteries
(scenario 9).

AQ9: Varation in installed Li-ion battery capacity
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—e—Baseline scenario (A0) Li-on batteries (A9) A9, 330 TWh/yr (parameter variation)

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

3.3.5 Excluded Combinations of Scenarios and Configurations

As can be seen by the missing scenario labd¥gure13, not all scenarios are
modelled in all configurationsSome combinations of technologies and energy
system configurations were intentionally excludiethe modellingThis is not

due to diffculties in modelling these scenarios or due to lack of resources, but
rather a result of prioritisation of resources in the modelling work. These sce-
narios areexcluded because their results are not expected to deviate considera-
bly from other scenarios ti the same number within another energy system
configuration. As an example, scenario Blldand mode with TES in DH)
would have yielded virtually identical results to the results of scenari¢®@ai3
manyo6s ener gy sy sTheonly differanch beflvées thasentwoD H )
scenarios would be the electrical interconnection capacity to abroad, which is
not anticipated to affect, to any substantial degree, if TES in district heating are
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feasible or notAs the excluded scenarios would not have yieldediderable
additional information, the resources of this subtask were rather prioritized in
more detailed analysis of sometb& more interesting scenarios.

3.4 Indicators for Assessing the Model Results

The results are prestedand compareth terms of thehree indicatorglescribed

in Figurel5; the total socieeconomic energy system costsgnomidndicator),

the total CQ emissions arising from the energy system operation (environmen-

t al i ndicator) and the fdischarged er
version solutions (energy system balancing indicator).

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

The CO, emissions arising from the energy
Environment system operation per person, per year.
(ton CO,/person/year)

The “discharged energy” per year

(i.e. how much energy the storage or conversion
solution “discharges” to the energy system)
(TWh/yr)

Energy system

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

3.4.1 Total Socio-Economic Energy System Costs

The total socieeconomic energy system costs are a measure of the economic
feasibility of the systeml’he economic feasibility imeases with lower total so-
cio-economic system cost$his indicatorincludes the annualized investment
costs and the operation and maintenance costs (fixed and variable) of all energy
generation, conversion, storage and transmission units in the systesil as

for all road vehiclesThe indicatoralso includes all fuel costs and the costs of

all CO, emissions arising directly from the operation of the energy sy3teen.
indicator is defined here in terms of the total cgstispersonassuming a pop-
ulaton of 80 million people (whichoughlyequals the population of Germany).

This indicator measures tlsecioceconomiacosts, which means that all tariffs,
taxes and subsidies are excluded. The aim of this approach is to find the most
economicallyfeasiblesolutions for the society as a whole, regardless of the
countryspecific current tariff, tax and subsidy structures. In case the most socio
economically feasible solutions are not the same as the most go@temi-

cally feasible solutions, it is assuntbdtthe lattermaybe changed by rearrang-

ing the tariff, tax and subsidy poli¢gr the benefit of the society as a whole
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The estimated annualized investment costs for additional district heating piping
Is included in allcenarios in configuratio@. The annualized investment costs

for smart charging infrastructure is included insgiénarios in configuratioD.

The annualized investment cost for flexible energy demand infrastructure (smart
meters) is included in all scenarios 3 and 17. In scemavith a considerable
increase in electricity demand compared to the baseline case A0, the estimated
annualizedinvestment in strengthening the electricity distribution grid is in-
cluded. This includes e.g. all powterheat scenarios (scenario§ 4nd 1619)

and all scenarios in configuration D.

3.4.2 Total Energy System CO2 Emissions

The total energy system G@missions are a measure of émvironmental fea-
sibility of the system. The environmental feasibility increases with lower total
CO, emissionsCO; emissions arising from the operation of the energy system,
I.e. by the fuel usage in all sectors of the energy system (electricity generation,
heat generation, industrial energy supply, mobility). This does not include CO
emissions in a lifeycle aspect, dife-cycle analysis is outside the scope of this
Annex. CQ emissions associated with e.g. the production of batteries, photo-
voltaics or vehicles are therefore not included in this indicatee.indicator is
defined here in terms of the total €@missims per personassuming a popu-
lation of 80 million people (whichoughlyequals the population of Germany).

There are many other gas species that contribute to pollution and greenhouse
effects, such as methane, nitrous oxides, water vapour. The quantifiot

these emissions is outside the scope of this work.eb@ssions are the largest
contributor to the greenhouse effect globally and has therefore been selected as
the environmental indicator in this work. It should furthermore be noted that the
CQO; emissions in the model are directly linked to the amount of fuel consump-
tion. Changes in C&emissions can therefore be used as a proxy for megsur
changes in fuel consumption (except for the case of fuel consung@eneu-

tral biomass antbr nucleampower plants).

3.4.3 Discharged Energy

To measure how well the energy supply and demand balancing technologies
perform at i ntegrating fluctuating r
charged energyo i s used. The Adyscha
output (discharge) from the energy conversion and/or storage solutions to the
energy systemnf-or an energy storage, this equals the fraction of the stored en-
ergy that is recovered from the storage after taking storage losses into account.
For an energyanversion process, the discharged energy equals the fraction of
the consumed energy that is output from the process, after taking the efficiency
of the energy conversion into accourbr storage or conversion processes with

an efficiency of 100%, the disarged energy equals the reduction in electricity
overproduction (CEEP) compared to the baseline scenario. For scenarios where
two or more technologies for energy supply and demand balancing are com-
bi ned, energy may be Adi bdgek dnrthiseasad f r
the Adi scharged energyo is defined a
the corresponding baseline scenario.

C
S

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

The reason for choosing this indicator is that for real, valiging integration

of large amounts of fluctuating RES to the energy systems, it is not sufficient to
employ technologies or methods that are effective at consuming electricity when
the produdbn exceeds the demand. It is also necessary for these technologies
or methods to effectively yield (discharge) this energy to the energy system
when thedemand arisesand thereby replace fuels that would otherwise have
been consumed. Such integrationandthe focus is on the consumption side of
the stored and/or converted energy from RES, has a greater potential for reduc-
ing the fuel consumption (and thereby the-@@issions) of the energy system

as a whole, than if the focus of RES integration is onlyhe energy generation
side.

The discharged energy indicator can be illustrated by a few examples. For the
case of Liion batteries with a 95% rourtdp efficiency (charge/discharge), the
annual discharged energy from the batteries will equal 95%eddribrgy they
consumed during the year (assuming that the average state of charge of the bat-
teries is the same at the beginning and theoéttte year). For the case of elec-
trical heat pumps with an average COP of 3.0, the annual discharged energy will
equal 300% of the energy they consumed. The heat pumps have thereby inte-
grated each unit of (electrical) energy they consumed as three units of (thermal)
energy in the energy system. As a last example, consider an energy system with
electrical interconnectits to abroad, which are only used for exports but never
for imports.The interconnectors are effective at consuming (transporting) sur-
plus electricity production, buhe discharged energy from these electrical in-
terconnectors equals zefbhis is lecausehe energy they consume is not dis-
charged back into the national energy system. The interconnectors therefore
contribute to thelectricity systenstability butdo not contribute to the integra-

tion of fluctuating RES in the national energy system in this case.
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4 Model Input Data and Assumptions

4.1 Input Data Types in the EnergyPLAN Model

TheEnergyPLANool requires many types of different input data for simulating
an energy system, as mentioned in se@idand shown ifFigurel2. The most
important input data categoriésong with some examples of inputs in the cat-
egory)are:

Technical input values:

T

T

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

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

Renewable energy generation on an annual basisf(@xy.wind tur-
bines, photovoltaics, geothermal, hydropower).

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

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

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

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

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

Specific CQ emissions from alldel types.

Economic input values:

T

T

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

Fixed and variable operation and maintenance costs.

Investment lifetimes and interest rate (fatculating annualised invest-
ment costs).

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

External market electricity price (in the form of a thseries for a whole
year with a resolution of one hour).

CO; emission costs.

In thischapter, the choice of model input values will be explained for all energy
system configuration (&) and all technology scenarios19).
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4.2

For the investment cost data in the model, the EnergyPLAN cost database (ver-
sion 3.1, January 2016) [EnergyPLAN &Dis usedunless otherwise statea

this chapter or in Appendix .AThe cost database is created and maintained by
the Sustainable Energy Planning research group at Aalborg University and is
collected from a variety of Danish and international sourcespfilmary source

for the data in the database is the catalogue of technology data for energy plants
published by the Danish Energy Agency and Energinet [Energistyrelsen 2014].
Cost assumptions for the year 2030 in the EnergyPLAN cost databased have
been ued in this work, to reflect that the study is focussed on future scenarios.

The following global parameters are used in all modelled scenarios:
1 A socioeconomic real interest rate of 3.0%.
9 All cost values are i8015 Euros.

1 CO: emission costs are set t0.34 0 / tcoshlevélis intended to
reflecta future situation after the year 2030 [Energinet 2015]).

For comparison, the level of ETS European,@@ission allowancesasbeen
within the range of ® U Inthe years 2022017 It has been estimatehat
the real socieeconomic costs of emitting GOincluding all externalitiegsuch
as health and environmentalissue) ul d be around 180 u/

No taxes or subsidies of any kind are included in the model, as this is a purely
sociceconanic analysis (i.e. an analysis of what the costs of meeting the de-
mand for energy services is for society as a whole, regardless of current, region
specific tax, tariff and subsidy structures). HreergyPLANmModel is operated

in technical simulation mode. During the simulation, the model tries to minimize
critical excess electricity overproduction (CEEP) by replacing CHP generation
with boiler heat generation.

Fluctuating Renewable Energy Source Input Data

4.2.1 Fluctuating RES Technical Input Data

As described in subsectidh3.3 the model scenarios exist in 15 variations, in
which electricity generation dm wind turbines and photovoltaics is stepwise
increased. In variation no. 1 of the baseline model (scenario A0), the wind+PV
electricity generation is divided such that 73% of the electricity is generated us-
ing wind turbines and 27% is generated using@taics. As a part of devel-
oping the baseline scenario (A0) and the 15 variations of the wind+PV electricity
generation, the optimal ratio between wind turbine and photovoltaic generation
was investigated. The results of this investigation are shoverrims of the re-

sult indicators irFigure 16.

The figure shows that for the baseline model (AO) and with the RES generation
time-series used as modelputs in this modelling work, the optimal ratio be-
tween wind and PV generation is when 75% of the wind+PV electricity genera-
tion comes from wind turbines and 25% from photovoltditss is because for

this ratio, the combination of the generation fromdvand PV is closest to
matching the demand profile of the modalvariation 1 of each scenario, this
ratio is kept at 73% wind power and 27% photovoltaic power, but in the subse-
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quent variations, this ratio is gradually shifted to 75% wind power and B5% p
tovoltaic power. This is intended to reflect that variation no. IT{@d/yr) cor-
responds to the current (year 2015) situation, but that variations1t (120
TWh/yri 510 TWh/yr) correspond to future situations, in which there is a wig-
gle room for aglisting the ratio of wind and photovoltaic generatiothelevel
that is found optimal for the modelled energy systéEne wind and photovoltaic
electricity generation in variations1b is the same in all energy system config-
urations AE and technologgcenarios 419 in this work.

Results: AO, Variation of the ratio betweenwind and PV generation
(with afixed total wind+PVelectricity generation of 330 TWh/yr)
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Figure 16 A variation of the ratio between wind turbine electricity generation and pho-
tovoltaic electricity generation in the baseline scenario AO, for a fixed total wind and PV
generation of 330 TWh/yr. The optimal ratio, based on all indicators shown in the figure,
is a 25% generation from PV and a 75% generation from wind turbines.
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Wind turbine and photovoltaic capadty and production

Installed capacity (M

Production (TWh/year

90 120 150 180 210 240 270 300 330 360 390 420 450 480 510
Total (Wind+PV) production (TWh/year)

m Wind m Wind m Photo-
onshore offshore voltaics

Figure 17 The installed capacities (top) and the annual electricity generation (bottom)
from onshore wind turbines, offshore wind turbines and photovoltaics in model varia-
tions 1-15.

The development of the installed wind turbine (onshore and offshore) and PV
capacities and the corresponding electricity generation, throughout model vari-
ations 115, are shown in the chartskgurel17. The numerical values for this

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

Estimated production (TWh/year) | Installed capacities (GW) | £raction of
Total electricity
Wind+PV |Wind Wind Photo- |Wind Wind Photo- |demand in
production |onshore offshore voltaics |onshore offshore voltaics |scenario A0

90 54.9 10.4 24.8 39.5 3.1 37.7 14%
120 73.2 14.4 324 52.7 4.4 49.4 19%
150 91.5 19.5 39.0 65.9 5.9 59.5 24%,
180 109.8 252 45.0 79.1 7.6 68.6 29%
210 126.0 31.5 52.5 90.7 9.6 80.1 33%
240 141.6 38.4 60.0 102.0 11.6 91.5 38%
270 156.6 459 67.5 112.8 13.9 102.9 43%
300 171.0 54.0 75.0 123.2 16.4 114.4 48%
330 184.8 62.7 82.5 133.1 19.0 125.8 53%
360 198.0 72.0 90.0 142.6 21.8 137.3 57%
390 210.6 81.9 97.5 151.7 24.8 148.7 62%
4200 2226 92.4 105.0 160.3 28.0 160.1 67%
450 234.0 103.5 112.5 168.5 3.4 171.6 72%
480, 244.8 115.2 120.0 176.3 34.9 183.0 76%
510 255.0 127.5 127.5 183.6 38.7 194.4 81%

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

Electricity generation in 2015 (TWh) | Installed capacities (GW) | Fraction of

Germany's
Total electricity
Wind+PV | Wind Wind Photo- |Wind Wind Photo- |demand in
production |onshore offshore voltaics |onshore offshore voltaics (2015

11?.9‘ 70.9 8.3 38.7 41.2 3.3 39.8 19.8%

Table 6 shows that 14% of the total electricity consumption in model scenario
A0 is generated using wind turbines and PV in variation 1. In variation 15 this
fraction is 81%For comparison, statiss for the German electricity generation

from wind and photovoltaics in 2015 are showi able?. The total fraction of
renewable energy in Germanysal energy end consumption was 14.9% in
2015. The Germany government has goals of increasing this share to 18% in
2020, 30% in 2030, 45% in 2040 and 60% in 2050 [BMWi 2015]. The total
fraction of renewable energy ieec-Ger m
tricity generation from biomass, waste, hydropower and geothermal energy) was
31. 6% of tgrosselectrcity cansumplian in 2015. The German gov-
ernment has goals of increasing this share 458 in 2025, to 5%0% in 2035

and above 80% i2050.To reach these goals, an expansion in the electricity
generation from wind power and photovoltaics on a similar scale as assumed in
the model variations-15 will be necessary. The last few model variations actu-
ally surpass the current goals for 208@d therefore represent an even more
ambitious policy. This could be relevant e.g. when introducing technologies
such as heat pumps and EVs that cause significant increases in the total electric-
ity demand in the system.
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4.2.2 Fluctuating RES Economic Input Data

4.3

4.4

The economic input data for wind turbines and photovoltaics, used in all scenar-
ios in this work, is shown ifable8. The investment cost values fdret year

2030 from the EnergyPLAN cost database are used [EnergyPLAN 2015]. The
assumed costs for onshore and offshore wind turbines are very similar to those
assumed to the 2030 costs pobgel in [Energistyrelsen 2014].

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

Renewable energy economic input data

Type Input parameter Unit A0
Wind onshore Investment cost M€/MW out 1
Plant lifetime years 25
Fixed O&M costs % of inv. 2.59
Wind offshore Investment cost M€/MW out 2.43
Plant lifetime years 25
Fixed O&M costs % of inv. 2.94
Photovoltaics Investment cost M€/MW out 0.82
Plant lifetime years 40
Fixed O&M costs % of inv. 1

Input Data in the Baseline Energy System Configuration A

The basehe scenario of the baseline energy system configuration, AQO, is used
as a basis for all other energy system configurations and scenarios in this work.
The total set of model input data for the baseline scenario of the baseline con-
figuration AO is given inTable30 - Table52in Appendix A. All input data is

from the EnergyPLAN cost database [EnergyPLAN 2015] projections for the
year 2030, unless stated otherwise in this chapter or in Appendix A.

In sectiond.4, the input values for configurationsBare explained. In section

4.5, the input values for the technology scenarid®hre explained. Please note
that the tables in sectiods4 and4.5 only show those input values of configu-
rations BE that differ from the input values of scenario AO. All input values in
configurations BE and senarios 119 that are not shown in the tables in sec-
tions4.4 and4.5 are unchanged from configuration AO (for which the total set

of input numbers can be found in Appendix A). The set of input values for a
specific scenario, e.g. D9, can then be found by taking the A0 values as a starting
point, and then referring to the tables for configuration D in seetidand the

tables for scenario 9 in section 4.5.

Input Data in Energy System Configurations B-E

4.4.1 Energy System Configuration B Input Data

Configuration B igdentical to configuration A, except for the installed capacity
of electrical interconnectors. This capacity is 9.6 GW in configuratidnesed

on the interconnection capacity Germany to its neighbouring countries in
2015 [Bundesnetzagentur 201b1.configuration B, the interconnection capac-
ity has been set to 0 GW reflect an island energy system. This could either be
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a real, geographical island or simply an electricystem (local, regional or na-
tional) that is not interconnected to other electricity syst&thsbserved dif-
ferences between scenarios in configuration A and scenarios in configuration B
arise due to this difference in the interconnection capacity betivedwo con-
figurations.

4.4.2 Energy System Configuration C Input Data

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

The model input parameters in configuration C that differ fronfigaration A

are shown irmable9. As can be seen in the table, the individual heating demand
in configuration C is decreased corresponding to tbeease in district heating,

such that the total heating demand in the model remains the same in both con-
figurations. The reduction in individual heating demand is proportionally the
same for all individual heating types. The increase in district heatmgyaf@on

IS mainly in boilers and compression heat pumps, and to a smaller extent in solar
thermal, absorption heat pumps and waste incineration CHP. No expansion of
CHP back pressure plants is assumed. The fuels of the additional district heating
boiler apacity are furthermore assumed to be primarily biomass and natural gas,
and not coal or oil, which leads to a different fuel distribution for DH generation
in configuration C, compared to A. The choice of expanding the DH generation
with biomass, heat pups, solar, waste and natural gas and not on coal or oll
results in @H generatiorwith a considerably lower average €€missions in
configuration C, compared to configuration A.
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Table 9 The model input parameters in configuration C (scenario CO) that differ from

configuration A (scenario AO).

Type Unit Configuration A Configuration C

District heating installed capacities

Boilers MW 15073 135212
CHP back pressure (heat) MW 42608 42608
Solar thermal TWhiyr 5.63 64.20
Compression heat pumps MW electr. 3.00 28268
Absorption heat pumps TWhiyr 6.84 42.80
Waste incineration CHP (heat) TWh/yr 7.30 42.80
District heating fuel distribution

Coal % 7.32% 0.82%
Oil % 4.88% 0.54%
Natural gas % 84.15% 59.18%
Biomass % 3.66% 39.46%
Individual heating demand (net)

Coal boiler TWhiyr 18.40 10.86
Oil boiler TWhiyr 210.56 124.30
Natural gas boiler TWh/yr 396.10 233.83
Biomass boiler TWh/yr 59.02 34.84
Heat pump TWh/yr 6.71 3.96
Electric heating TWhyr 34.20 20.19
Total heat demands (net)

Total district heating demand TWhyr 130.0 427.0
Total individual heating demand TWh/yr 725.0 427.0
Total heating demand TWhiyr 856.0 856.0
Investment costs for DH network expansion

Additional DH investment costs  Billion € 0 65.1
Investment lifetime Years 0 30
Annual O&M costs % of inv. 0 1
Annualized DH investment Billion € 0 3.32

4.4.3 Energy System Configuration D Input Data

Configuration Dis identical to configuration A, except for persbwehicles
(cars) In configurationD, the share of electric vehicles out of the total number

of cars in the model is gradually increased from 0% to 70% throughout model

variations 115. Thenumberof internal combustion engine (ICE) cars in the
model is reduced correspondingly, such thattthtal number of cars remains
constant.The modelinput values in configuration Bhat differ from those of
configuration A are shown ifiable10 andTable11. The investment in smart

charging infrastructure (charging stations and home chargers capable of smart

charging) has been estimated and ketainto account in configuration.Dhe

estimated investmemwbsts ofstrengthening the electricity grid, due to a higher
peak electricity load in configuration D than in configuration A, of 0.165 million
hasin al

O/ MW [ Energistyrel sen
configuration D

2013]
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Table 10 The model input parameters in configuration D (scenario DO) that differ from
configuration A (scenario AO).

Type Unit Configuration A Configuration D

Number of cars

No. of electric cars 1000 cars 0 See Table 6
No. Of ICE cars 1000 cars 41740 See Table 6
Transport energy demand

Electricity to EVs (smart charge) TWh/yr 0 See Table 6
Gasoline demand TWhiyr 220 See Table 6
Diesel demand TWhiyr 332 See Table 6
EV battery capacity

EV charging capacity MW 0 See Table 6
EV battery storage capacity GWh 0 See Table 6

EV infrastructure investments

Smart charging stations Billion € 0 See Table 6
Investment lifetime Years 0 20
Annual O&M costs % of inv. 0 1

Table 11 The development in the number of EVs, ICE cars, fuel consumption and EV
infrastructure in variations 1-15 in configuraton D.A GU equal s one bill

Share |No. Of ICE Electricity EV EV EV
Total of EVs cars smart Gasoline Diesel |charging storage |infra-
Wind+PV |EVs |(1000 (1000 charge demand demand |capacity capacity |structure
production | (%) cars) cars) (TWhtyr)  (TWhyr) (TWhyr) | (MW) (GWh) |inv. (G€)
90 0% 0 41740 0.0 220.0 332.0 0 0.0 0.0
120 5%| 2087 39653 6.3 209.0 320.9| 15339 62.6 2.1
150| 10%| 4174 37566 12.5 198.0 309.8| 30679 125.2 4.2
180| 15%| 6261 35479 18.8 187.0 208.6| 46018 187.8 6.3
210| 20%| 8348 33392 25.0 176.0 287.5| 61358 250.4 8.4
240 25%| 10435 31305 31.3 165.0 276.4| 76697 313.1 10.5
270 30%| 12522 29218 37.6 154.0 265.3| 92037 375.7 12.6
300 35%| 14609 27131 43.8 143.0 254.1| 107376 438.3 14.7
330 40%| 16696 25044 50.1 132.0 243.0| 122716 500.9 16.8
360 45%| 18783 22957 56.3 121.0 231.9| 138055 563.5 18.9
390 50%| 20870 20870 62.6 110.0 220.8| 153395 626.1 21.0
420| b65%| 22957 18783 68.9 99.0 209.7| 168734 688.7 23.1
450| 60%| 25044 16696 75.1 88.0 198.5| 184073 751.3 25.2
480 65%| 27131 14609 814 77.0 187.4 199413 813.9 27.3
510 70%| 29218 12522 87.7 66.0 176.3| 214752 876.5 29.4

4.4.4 Energy System Configuration E Input Data

Configuration E is identical to configuration A, except for the nuclear power
plant installed capacity and the installed capacity of other thermal power plant
that oty generate electricity (not CHP). In configuration E, it is assumed that
50% of the electricity demand in EO is supplied with nuclear powengaced

to 0% in configuration A The installed capacity of other power plants is re-
duced accordingly, such that total electricity generation power plant capacity
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remains the same as in configuration A. It is assumed that the nuclear power
plants mostly replace coal fired power plants, which reduces the average CO
emissions from electricity generation usingrthal power plants, compared to
configuration A. The model input values in configuration E that differ from
those of configuration A are shownTiable12.

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

Type Unit Configuration A Configuration E

Installed capacities

Power plants (other than nuclear) MW 85600 50000
Nuclear power plants MW 0 35600
Nuclear power production TWhlyr 0 312.7

Thermal power plant fuel distribution

Coal % 79.23% 64.44%
Oil % 6.00% 10.28%
Natural gas % 6.24% 10.69%
Biomass %o 8.52% 14.59%

4.5 Input Datain Technology Scenarios 1-19

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

The model input parameters in the electrical interconnection scenario (2) and the
flexible electricity demand scenario (3) that differ from those of the baseline
scenario (0) are shown irable13. The development of the interconnection ca-
pacity and the flexible electricity demand in variatior$5lis shown ifTable

14.

The electricity transmission capacity in variation 1 is based on the installed
transmission line capacity to and from Germang@®i5, whichwas 9.6 GW
[Bundesnetagentur 2015]The transmission capacity in scenaries®2was set
such that it is just sufficient to export the electricity overproduction in the system
(CEEP) during all hours of the year.

The flexible electricity demand is constant through variatiehS.T he flexible
eledricity demand that is flexible for up @ period ofl day (24 hours) is as-
sumed tamount tal0%of the energy demarahd 300% of the average load in
scenario AO. The flexible electricity demand that is flexible for up to 1 week is
assumed tamountto 2% of the energy demarahd 600% of the average load

in scenario AO. It is not specified further in the model which parts of the elec-
tricity demand deliver this flexibility. The investment costs for flexible electric-

ity demand are asswed to correspond to the installation of smart electricity me-
ters for all electricity consumers. Based on Danish experiences and estimates, it
was assumed that the cost of smart meiegs350 / househol d and
sumer for wholesale consumers (indugjr By scaling these numbers up for the
size of Germanyods population, the tot
3 was estimated to be 6.7 billion u.
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Table 13 The model input parameters in the scenarios with alternative methods for bal-
ancing energy supply and demand (2-3) that differ from the input values of the baseline
scenario (0).

Type

Unit

Value

Electrical interconnections (scenario 2)

Investment costs interconnections €KW 1200
Investment lifetime interconnections  years 40
Annual O&M costs interconnections % of inv. 1
Flexible electricity demand (scenario 3)

Flexible energy demand, 1 day TWhiyr 59.63
Flexible power, 1 day GW 20.37
Flexible energy demand, 1 week TWhiyr 11.93
Flexible power, 1 week GW 8.15
Investment cost smart meters Billion € 6.7
Investment lifetime smart meters years 20
Annual O&M costs smart meters % of inv. 1

Table 14 The development of the electrical interconnection capacity (scenario 2) and
the flexible electricity demand (scenario 3) in model variations 1-15.

Alternative

solutions

2: Interconnections

3: Flexible electricity demand

Energy, Power,

Energy, Power,

Parameter |Capacity 1 day 1 day 1week 1week

Unit GW TWhiyr  GW TWhiyr  GW

Variation
1 9.6 59.6 20.4 11.9 8.1
2 9.6 59.6 20.4 11.9 8.1
3 13.6 59.6 20.4 11.9 8.1
4 23.8 59.6 20.4 11.9 8.1
5 39.4 59.6 20.4 11.9 8.1
6 56.2 59.6 20.4 11.9 8.1
7 72.4 59.6 20.4 11.9 8.1
8 88.2 59.6 20.4 11.9 8.1
9 104.0 59.6 20.4 11.9 8.1
10 119.7 59.6 20.4 11.9 8.1
11 135.3 59.6 20.4 11.9 8.1
12 151.0 59.6 20.4 11.9 8.1
13 166.6 59.6 20.4 11.9 8.1
14 182.2 59.6 20.4 11.9 8.1
15 197.8 59.6 20.4 11.9 8.1
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4.5.2 Energy Conversion Technologies (Scenarios 4-8)

The model input parameters in the scenarios with energy conversion technolo-
gies (poweito-heat and poweto-gas) that differ from those of the baseline sce-
nario (0) are shown ifable15. The development adhe DH electric boiler ca-
pacity (scenario 4), the DH electric heat pump capacity (scenario 5) and the
powerto-gas (electrolysis, biogas and SNG; scenario 8) is showiabie 16.

The development of thedividual heating demands for the individual electric
heating scenario (6) and the individual heat pump scenario (7) is shdablen

17.

The same devetonent in the installed electrical capacity is assumed in the elec-
tric boiler and the heat pump scenarios in DH (scenariosl aThis develop-

ment is shown iTablel16for variations 115.A constant COP of 3.0 is assumed

for the electricheat pumps. The assumed efficienéglectric boilers is 100%.

The heat pumps thus yield three times as much thermal energy as the electric
boilers do per unit of electricity consumption.

For the scenarios with individual electric heating (6) and individual heat pumps
(7), the increase ither electricity demand is shown ifiable 17. A constant

COP of 3.0 is assumed for the individual heat pumps. The assumed efficiency
of electric bdiers is 100%. The heat pumps thus yield three times as much ther-
mal energy as the electric boilers do per unit of electricity consumgithan.
individual electric heating or heat pumps are assumed to replace other types of
individual heating. They are assad to replace all individual coal boilers first,

and then decese the demand for oil heating and gas heating as sholabla

17.

For the scenariwith powerto-gas, it is assumed that solid oxide electrolysers
(SOEC) use electricity to electrolyse water and produce hydrogen (and oxygen).
It is furthermore assumed that the hydrogen is reacted with biogas in order to
methanate the C&raction of thebiogas, thereby upgrading the biogas to natu-
ral gas grid quality (SNG). The assumed energy demands for these processes in
the model are shown ifable16. For the investment costs of SOEC, an average
of values from [Energistyrelsen 2014], [Mathiesen 2013] and [EUDP 2016] are
used. For the efficiencies of the electrolysis and the methanation and for the
investment costs of the methanation, values froneif@jérnsson 2017] are
used.The electrolysis and methanation efficiencies and costs rgiesjxtions

for the year 2030, assuming a sufficient technology devopment and implemen-
tation rate for reaching the projected values.

The estimated investment cesif strengthening the electricity grid, due to a
higher peak electricity load in the energy conversion scenarios than in the base-
|l ine scenario (0), of 0.165 million
cluded in the model results in scenarie8 i all configurations.
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Table 15 The model input parameters in the scenarios with energy conversion technol-
ogies (4-8) that differ from the input values of the baseline scenario (0).

Type Unit Value Note

Electric boilers in district heating (scenario 4)

Boiler efficiency % 100
Investment cost electric boilers  €kW 75
Investment lifetime electric boilers years 20
Annual O&M costs electric boilers % of inv. 1.47

Electric heat pumps in district heating (scenario 5)

Heat pump COP - 3.0
Investment cost heat pumps €/kW (electric) 3250
Investment lifetime heat pumps  years 20
Annual O&M costs heat pumps % of inv. 2

Electric heating in individual heating (scenario 6)

Efficiency % 100
Investment cost Million €/1000 units 8.0 A
Investment lifetime years 30
Annual O&M costs % of inv. 1

Heat pumps in individual heating (scenario 7)

Heat pump COP - 3.0
Investment cost hest pumps Million €/1000 units 11.5 A
Investment lifetime heat pumps  years 20
Annual O&M costs heat pumps % of inv. 1.5

Power-to-gas, SNG (scenario 8)

Efficiency electrolysis % 90 B
Investment costs electrolysis €KW 500 c
Investment lifetime electrolysis  years 20
Annual O&M costs electrolysis % of inv. 25
Efficiency methanation % 82 D
Investment costs methanation €KW 740 E
Investment lifetime methanation years 20
Annual O&M costs methanation % of inv. 3
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Table 16 The development of the DH electric boiler capacity (scenario 4), the DH elec-
tric heat pump capacity (scenario 5) and the power-to-gas capacities (scenario 8) in
model variations 1-15.

Energy 4: Electric |5: Heat 8: Power-to-gas (SNG)
conversion |boilers DH [pumps DH
Electrolyzer
Electrical Electrical electricity  Biogas SNG
Parameter |capacity capacity consumption consumption production
Unit GW GW TWhiyr TWhiyr TWhiyr
Variation
1 10.0 10.0 0.0 0 0
2 12.5 12.5 0.0 0 0
3 15.0 15.0 0.0 0 0
4 17.5 17.5 0.1 0 0
5 20.0 20.0 0.7 1 1
6 22.5 22.5 2.5 3 4
7 25.0 25.0 6.2 8 "
8 27.5 27.5 11.8 14 20
9 30.0 30.0 19.2 23 33
10 32.5 32.5 28.1 34 48
11 35.0 35.0 38.7 47 66
12 37.5 37.5 50.7 62 87
13 40.0 40.0 64.3 79 110
14 42.5 42.5 79.3 97 136
15 45.0 45.0 95.5 117 164

Table 17 The development of the individual electric heating demand (scenario 6) and
the individual heat pump demand (scenario 7) in model variations 1-15.

Energy 6: Electric heating (individual) 7: Heat pumps (individual)
conversion
heating Coal Qil Gas pumps Coal Qil Gas
(electricity heating heating heating |(electricity heating heating heating
Parameter |) fuel input fuel input fuel input|) fuel input fuel input fuel input
Unit TWh/yr TWhiyr  TWhiyr  TWhiyr  |[TWhiyr  TWhiyr  TWh/yr  TWhiyr
Variation
1 52.6 0.0 263.2 466.0 8.4 0.0 263.2 466.0
2 52.6 0.0 263.2 466.0 8.4 0.0 263.2 466.0
3 54.2 0.0 262.5 464.8 10.3 0.0 260.7 461.6
4 58.4 0.0 260.7 461.5 15.3 0.0 254.2 450.1
5 64.8 0.0 257.9 456.6 22.8 0.0 244.4 432.6
6 71.7 0.0 254.9 451.3 31.0 0.0 233.8 413.7
7 78.4 0.0 252.0 446.1 38.9 0.0 223.6 395.5
8 84.9 0.0 249.2 441.1 46.6 0.0 213.5 377.7
9 91.4 0.0 246.4 436.1 54.3 0.0 203.6 360.0
10 97.9 0.0 243.6 431.2 62.0 0.0 193.7 342.3
1 104.3 0.0 240.8 426.2 69.6 0.0 183.8 324.7
12 110.7 0.0 238.0 421.3 77.2 0.0 173.9 307.1
13 117.2 0.0 235.3 416.3 84.8 0.0 164.0 289.6
14 123.6 0.0 232.5 411.4 92.4 0.0 154.2 272.0
15 130.0 0.0 229.7 406.4 100.0 0.0 144.3 254.5
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4.5.3 Electrical Energy Storage Technologies (Scenarios 9-12)

The model input parameters in the scenarios with distributed electrical energy
storagdechnologies that differ from those of the baseline scenario (0) are shown
in Table18. The development in the charge/discharge capacity and theyenerg
storage capacity of the EES technologies in variatioh§ & shown inTable

19.

The development in the installed battery capa@typowerto-gas capacityin

the variations of scenarios 9, 11 and 12 is proportional to the development of the
electricity overproduction (CEEP) in the variations of the baseline scenario AO.
The installed energy storage capacities eiohi batteriesgcenario 9), power
to-gasto-power (scenario 11) and Medox flow batteries (scenario 12) have
the same development Vrriations1-15. The installed energy conversion ca-
pacity (charge and discharge) for povt@igasto-power and the Vdedox flow
batteres also follow the same development in the variations. The charge and
discharge capacity of tion batteries is much larger, as the power and energy
storage capacities in dion batteries has a fixed ratio (because they serve as a
conversion and storageuee in one). The energy storage capacity in pelver
gasto-power and flow batteries can be regulated independent from the power
capacity, which can be an advantage when storing very large amounts of energy.

In scenario 10, it is assumed that each phdtaiosystem in the model has a
fixed Li-ion battery capacity directly connected to it. The battery first absorbs
the excess production from the PV systems before interacting with th@grid

they are centrally controlledin this scenario it is assuchéhateach household

with PV has an electricity generation of 2000 kWh/yr and-eiibattery stor-

age capacity of 6.4 kWh with a battery charge and discharge power of 3.3 kW.
These battery specifications correspond to those of the Tesla Powerwall 1 house-
hold-scale Ltion battery product. The resulting totakibn battery capacity in

the system, when assuming that 100% of the PV cells in the model has this Li
ion battery capacity coupled to it, is shownTeble19.

Theliri on battery price used in this wo
medium sized battery systems, on a large building or neighbourhood scale (but
still in the distribution grid) a assumed. The 1ion battery prices used in sce-
nario 10 is 270 0/ kWh for scena+io 1
scale batteries are assumed. In both scenarios, the battery price includes the price
for a total system, including the battery cell®e power electronics (including

the inverter) and the battery housing.
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Table 18 The model input parameters in the scenarios with electrical energy storage
technologies (9-12) that differ from the input values of the baseline scenario (0).

Type Unit Value

Li-ion batteries (scenario )

Charging efficiency % 97.5
Discharge efficiency % 97.5
Round-trip efficiency % 95.0
Investment costs Li-ion batteries €/k\Wh 180
Investment lifetime years 20
Annual O&M costs % of inv. 1

Li-ion batteries coupled to PV (scenario 10)

Charging efficiency % 97.5
Discharge efficiency % 97.5
Round-trip efficiency % 95.0
Investment costs Li-ion batteries €/k\Wh 270
Investment lifetime years 20
Annual O&M costs % of inv. 1
Fraction of PV systems with batteries % 100

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

Electrolysis efficiency % 80.0
Fuel cell efficiency % 56.0
Round-trip efficiency % 44.8
Investment costs solid oxide cells €W 500
Investment lifetime solid oxide cells  years 20
Annual O&M costs solid oxide cells % of inv. 2.5
Investment costs hydrogen storage  €/kWh 69
Investment lifetime hydrogen storage years 20
Annual O&M costs hydrogen storage % of inv. 2

Vd-redox flow batteries (scenario 12)

Charging efficiency % 84.0
Discharge efficiency % 84.0
Round-trip efficiency % 70.5
Investment costs energy conversion €KW 1095
Investment costs energy storage €/kWh 51.1
Investment lifetime years 20
Annual O&M costs energy conversion % of inv. 3.6
Annual O&M costs energy storage % of inv. 1

The investment costs fordion battery packs have fallen rapidly with increased
production volumes in recent years. This development is assumed to continue in
coming years. In [McKinsey 2017], the current battery pack price (without
power eleanics and housing) is projected to fall below 190 USD/kwWh (160

0/ kwWh) before 2020 and below 100 USD/
work, it is assumed that the battery pack price of a large building or neighbour-
hood battery system accounts for 50%haf total system price, which leads to

a price estimate of 180 4/ kWh for suc
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battery packprice of a small householdcale system accounts for 33% of the

total system price, which |l eads to a
tem by 2030. For comparison, the prices of the Tesla Powerwall 2 battery prod-
uct i n 2016 was ap whicb is R3miméseahe estinta@d 0 /

battery pack production price in 2016).

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

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

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

EES 9: Li-ion 10: Li-ion+PV 11: P2G2P 12: Vd-redox

Parameter|Power Energy | Power Energy SOEC SOFC H2 Power Energy

Unit GwW GWh |GW GWh |GW GW GWh |GW GWh

Variation
1 0 0| 37.7 79 0.0 0.0 0 0.0 0
2 0 0| 494 103 0.0 0.0 0 0.0 0
3 16 32| 59.5 124 4.0 1.0 32 4.0 32
4| 56.8 114| 68.6 143 14.2 3.6 114 14.2 114
5| 119.2 238| 80.1 167 29.8 7.5 238| 29.8 238
6| 186.4 373| 91.5 191 46.6  11.7 373 46.6 373
7| 251.2 502| 102.9 215| 628 157 502| 62.8 502
8| 3144 629| 114.4 239 786 19.7 629| 78.6 629

w

377.6 755| 125.8 263 944 236 755 94.4 755
10| 440.4 881 137.3 287 1101 275 881 110.1 881
11| 502.8 1006, 148.7 311 125.7 314 1006| 125.7 1006
12| 565.6 1131, 160.1 334 1414 354 1131 1414 113
13 628 1256| 171.6 368 157.0 39.3 1266| 157.0 1256
14| 650.4 1381 183.0 382| 172.6 43.2 1381 1726 1381
15| 752.8 1506| 194.4 406| 188.2 471 1506| 188.2 1506

4.5.4 Thermal Energy Storage Technologies (Scenarios 13-15)

The model input parameters ihe scenarios with distributed thermal energy
storage technologies that differ from those of the baseline scenario (0) are shown
in Table20. The capaity of the seasonal thermal energy storages (pit and aqui-
fer, in scenarios 13 and 14) is dimensioned such that they are able to store 25%
of the annual DH solar thermal heat generation (in scenario AO). The capacity
of the shortterm thermal energy storag (tanks, scenarios 13 and 14) is dimen-
sioned such that they can store 24 hours of the district heating peak load (in
scenario AO).
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The individual heating thermal energy storages are dimensioned such that they
can store 24 hours of peak heat demand.ufohe resulting tank storage capac-

ity into perspective, it corresponds to Bbi2es of thermal energy storage per
person, assuming a system population of 80 million people. The small TES in
individual heating can therefore be thought of as accumulatitks taf a con-
ventional size, which are actively used for energy system balancing.

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

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

Type Unit Value

Pit and tank TES in district heating (scenario 13)

Pit storage capacity (seasonal) GWh 1407
Tank storage capacity (short-term) GWh 1522
Investment costs pit storage €/kWh 0.4
Investment lifetime pit storage years 20
Annual O&M costs pit storage % of inv. 3
Investment costs tank storage €/kWh 2.8
Investment lifetime tank storage years 30
Annual O&M costs tank storage % of inv. 1

Pit and tank TES in district heating (scenario 13)

Aquifer storage capacity (seasonal)  GWh 1407
Tank storage capacity (short-term) GWh 1522
Investment costs aquifer storage €/kWh 1.5
Investment lifetime aquifer storage years 20
Annual O&M costs aquifer storage % of inv. 3
Investment costs tank storage €/kWh 2.8
Investment lifetime tank storage years 30
Annual O&M costs tank storage % of inv. 1

Small tank TES in individual heating (scenario 15)

Tank storage capacity GWh 195
Investment costs tank storage €/kWh 60
Investment lifetime tank storage years 30
Annual O&M costs tank storage % of inv. 1

4.5.5 Hybrid Scenarios (Scenarios 16-19)

For the hybrid scenarios 18, where two or more of the technologies from
scenarios 415 are combined, the capacities for each technology are identical to
those listed in the technology specific scenariasuisectionst.5.1- 4.5.4 For
information on whictiechnology specific scenarios are combined in each of the
hybrid scenarios, the reader is referred to the scenario specifications in subsec-
tion 3.3.2.2 Note that all hybrid scenarios in configurations A and D use heat
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pumps and TES in individual heating, but all hybrid scenarios in configuration
C use heat pumps and TES in district heating.

The only technology in the hybrid scenarios that is not included with the same
installed capacity as in its technology specific scenario-isrLbatteries (non

PV coupled). In the hybrid scenario 18, the installed capacity-minLbatteries

is precisey 50% of their installed capacity in scenario 9. This is because the heat
pumps and TES reduce the need for electrical erstoggigaen the hybrid sce-
nario, compared with scenario 9.

4.6 Time-Series for Hourly Distributions

As already mentioned, the model dse the current work is based on a Germany
2010 EnergyPLANmodel developed and calibrated by Aalborg University in
IEA SHC Task 52 [Mathiesen 2017he model simulates the operation of the
energy system during a whole year in time steps of one houtu&tung gener-

ation and demand data is input to the model in terms of time series with 8784
values (corresponding to 366 daysl).time-series inputs from the original SHC
Task 52 model were usesimodifiedin the modellingn the current workThe
time-seies for the electricity demand, wind generation, PV generation, solar
thermal generation and hydropower was based on measured data for Germany
obtained from Fraunhofer IWES. The time series for the heating dasged-
erated by Aalborg University. Tolistrate the fluctuations of some these hourly
distributions, some examples of the time series are shotigune18 - Figure

20.

Electricity demand profile, January 1st - January 30th
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Figure 18 The electricity demand profile, shown for the first 30 days of the year. Peaks
occur at noon and at dinnertime, and the demand during weekends and nights is gen-
erally lower than during weekdays. The y-axis values are normalized such that the sum
of the demand over the whole year equals 1.
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Heating demand profile, January 1st - December 31st
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Figure 19 The heating demand profile, shown for a whole year. This profile is used both
for DH demand and individual heating demand in the model. The y-axis values are nor-

malized such that the sum of the demand over the whole year equals 1.

Onshore wind generation profile, January 1st - December 31st
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Figure 20 The electricity generation profile for onshore wind turbines used in the model.
The generation fluctuates a lot through the year, with slightly more average generation

during winter than during summer.
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5 Results

5.1 A Guide to Reading the Result Figures

The result graphs of the baseline scenarios are shown in se&idine results

for the technologyspecific scenarios (25) are shown in sectioh.3 and the
results for the hybrid scenarios (18) are shown in sectidn4. A summary of

the results is given in secti@b. The results of a sensitivity analysis on some
of the model input parameters are shown in sediénA full version of the
resultgraphs with separate result graphs for each scenario in each configuration
and with the results of the additional parameter varidtiahwas carried odior

some scenario&lescribedn subsectior.3.4, is shown inFigure42 - Figure
112in Appendix B.

The results for scenarios1® are shown as a separataifggfor each scenario.
Each of the figures shows the results for all energy system configuratidf)s (A
that have been modelled for the current scenario. The result figuseenarios
2-19all have the same format; they all contain four charts whictegha same

x-axis.Thexaxi s of al I the result charts
nual national electricity consumption supplied by wind turbines and photovol-
taics.

As explained in subsectier8.3.3 each scenario exists in 15 variations for the
electricity generation frorwind turbines and photovoltai¢80 TWh/yr to 510
TWhlyr). The variable shon on the xaxis of the graphs, which the annual
national electricity consumptigiand not generatiorsupplied by wind and PV,

only equals the annual electricity generation from wind and PV in case no elec-
tricity overproductionCEEP)occurs during the yealn case the annual CEEP

IS greater tha zero, the electricity consumption supplied by wind and PV will
be lower than the electricity generated by wind and PV, beaumsefraction

of theelectricity generated by wind and R¥nnot be consumed (integrated) in
the system. For this reason, thents in the result graphs are not equally spaced
on the yaxes of the result chartShe first (leftmost) point on each curve in the
charts corresponds to variation 1 (B@/h/yr generated by wind and PV) and

the last (rightmost point on each curve cosponds to variation 15 (5I0WVh/yr
generated by wind and PVJheir position on the -axes of the chart depends,
however, on how much of this generated electricity can actually be consumed
(integrated). The best integration of fluctuating RES generatiteisfore ob-
tained in those scenarios where the result curves stretch furthest along the x
axis.

In the topmost chart in eacresultfigure, theresults fordischarged energy in-
dicator (energy system indicatogre depicted on the-gxis. In the next two
charts, the results for the total annual system cost indi@tonomic indicator)
and the total annual GQemissions indicatofenvironmental indicatorpre
drawn on the jaxis.

The results of the economic and environmental indica@shownrelative to

the corresponding baseline scenaiie. as the difference between the result of
this indicator inhe current scenario (e.g. D2) and its baseline scenario (e.g. DO).
When presented in this way, the indicators show how much more (or less) eco-
nomically and environmentally feasible the energy system becomes by introduc-
ing the energy supply and demand balancing technology of each scenario, as
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compared to not introducing them in the same energy system configuration
Curves with egative values for the changes in the economic and environmental
indicators denotéhat introducing the technology is benefidial terms oftotal
systemcosts or C@emissions) in the current scenario, compared to the corre-
sponding baseline scengrfmostive values denotthat introducing the technol-

ogy results in a worse performance (in terms of total system costs;@and§
sions) than in the corresponding baseline scenaie results for all scenarios,
presented in terms of absolute values and coeda the absolute values of the
corresponding baseline scenario, can be found in Appendix B.

The chart at the bottom of each figure shows the installed energy storage and/or
conversion capacity (in some cases on two sepatates) The position of the

points in these curves on theaxis sthe same as in the results of configuration

A in each scenaridt should be noted that the storage or conversion capacities
are not results of the model calculations, but rather input values to the model.
These capaties and their development with the stepwise increasing electricity
production from wind and PV are, however, very different between scenarios
(as described in sectigh4). For a good understanding of the resoftshein-
dicators,t is necessary to keep in mind which storage and/or conversion capac-
ities the results are based on in each scenario. The charts at the bottom of each
figure are intendd to assisthe readewith this.

The resultof the baseline scenarios (in sectm@) are showrin terms ofthe
economic and environmental indicatand in terms of the electricity overpro-
duction (CEEP)The indicator of discharged energy is not included in these re-
sults, aghe discharged energy equals zero in all baseline cases, per definition
(as none of the energy supply and demand balancing technologies is included in
the baseline scenarios).

5.2 Baseline Scenario Results

0 A0 BO Co DO EO
Baseline Germany Island More DH More EVs More
mode nuclear

Figure21 shows the results for thmseline scenario of each energy system con-
figuration (AGEOQ). In scenario AO, the total soeeconomic engy system
costsremain approximately constant up to a eviand PV generation level of
300TWh/yr (corresponding to 49% of the annual electricity demand in this sce-
nario). Hereafter the total system costs increasdinearly with increased an-
nual wind and PV generatioithe electricity overproduction in this scenario
also takes ofshortly beforaeaching 300 Wh/yr wind and PV generatiofthis
shows that for a wind and PV production greater 8@&hrwh/yr, the introduc-
tion of some energy supply and demand balancingoadstor technology could
be beneficial. The total system costs incrémsmuséor the variations afte300
TWh/yr, the additional investment in RES capagiigidsless and leskiel sav-
ings and the value of the additional fluctuating electricity geroeralecreases

as it becomes more difficult to integrate it in the system

The total CQ emissionsare reduced b24%in variation 15 compared to varia-

tion 1 In variation 15the electricity overproduction is 95 TWh/yr, spread over
2778 hourof the year ad with an overproduction peak b82 GW These val-

ues indicate the magnitude of the energy supply and demand balancing capacity
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that is needed for full integration of 5TWh/yr wind and PV generation in
energy system configuration A. Note that the cufeescenario reach a maxi-
mum of 415TWh/yr on the xaxis, in accordance with the fact that out of the
total generation from wind and PV of 5T@h/yr in variation 15, 95TWh/yr

are CEEP

Results: Baseline scenarios A0, BO, C0, DO, EO
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Figure 21 The results of the simulations for the baseline scenario for each of the energy
system configurations (AO-EQ). Note that in the topmost chart (blue), the curves for AO
and CO fully overlap.

The results of scenario BO (island mode) show similar trenti®$e in scenario

AO0. The total annual system costs in scenario BO are slightly lower than in AO
up to a windand PV generation of 300 TWh/ydue to the removal of invest-
ments in interconnection capacifjhe total system cost curves and the electric-
ity overproduction curves in BO rise ndinearly after a wind and PV generation

of approximately 250 TWh/yr. The total system costs and the electricity over-
production are furthermore higher in scenario BO than in AO for the variations
with the highest wind andV generation. This shows that integrating fluctuating
RES is more difficult in island mode (BO) than in the baseline configuration (A0)
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and that the need for energy supply and demand balancing measures arises ear-
lier in BO than in AO.The development ohe CQ emissions is approximately
the same in BO as in AO.

The trends in the results for scenario CO (more district heating) are identical to
those in scenario A0, and ttechnical need for energy supply and demand bal-
ancingis very similarin both scenaos. Both the total annual system costs and
the total annual C&emissions are consistently lower in scenario CO than in AO.
This reflects that in the model, collective heat supply is secamomically less
expensive than individual heat supply, and that expansion in DH (as it is
performedn configuration C see subsectioh4.2 reduces the consumption of
fuels for heating.

In scenario DO (more electric vehasl),the starting point in variation 1 is iden-
tical to that of scenario AQ, i.e. no electric vehicles. With the gradual introduc-
tion of more EVqsee subsectioh.4.3for details) alongside with the introduc-

tion of more electricity gneration from wind and P\the total annual system
costs, the total annual G@missions and the total annual CE&Pbecome
lower than in scenario AEspecially the total system costs follow a different
trend for scenario DO than for the other baseline scenarios; the costs in DO are
reduced with increased generation from wind and H\é need for supply and
demand balancing only arises for a wind aNdyeneration of over 350 GWh/yr

in DO. The need for other energy storage and/or conversion technologies is con-
siderably less in configuration D than Fhis is because smart charging is as-
sumed for the EVs, which takes care of a large part of the needdgy supply

and demand balancira;d makes more integration of fluctuating RES possible

The results for scenario EO (more nuclear power) reflect that the introduction of
fluctuating RES generation is more difficult in energy systems with a large share
of inflexible electricity generatiol.he need for energy supply and demand bal-
ancing arises already at wind and PV generation below 150 TWiHigrEO
curves only reach 266Wh/yr on the xaxis, indicating that close to half of the

510 TWh/yr generationfom wind and PV in variation 15 cannot be integrated

in the system. This also causes the total system costs in scenario EO to rapidly
increase with more installed capacity of wind turbines and PV, as the electricity
generated by this capacity is often umbeal in the system, and thus cannot be
sold. The CQemissions in scenario EO are considerddlyer than in the other
baseline scenarios. This is because nuclear power generation replaces large
amounts ofossil fuel consumption that would otherwise hdeen required.

Baseline configuratons (scenario 0): Main conclusions

I In the baseline configuration (AQ), energy supply and demand balancing
measures are needed for wind and PV generation greater than 300 TWh/yr.

I The introduction of more DH (CO0) lowers both the total system costs and the
CO2 emissions without introducing more need for energy supply and de-
mand balancing, compared with the baseline configuration (AO)

1 The introduction of EVs (DO) together with more wind and PV generation
can yield the largest cost savings and CO: reduction, and has the least need
for energy system balancing measures out of all the baseline configurations.

1 The nuclear power configuration (EO) has lower CO2 emissions than the
other baseline configurations, but is the most expensive baseline scenario
and has the greatest need for supply and demand balancing.
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5.3 Technology specific scenario results

5.3.1 Scenarios 2: Electricity interconnections to abroad

2 A2 D2 E2
Electrical interconnections Germany More EVs More nuclear

The results of the scenario with electrical interconnections to abroad are shown
in Figure22. In variations 115, the installed interconnection capacity is varied
from 9.6 GW (the capacity in thebeline model A0) up to 200 GW.

Electricalinterconnections do not lower the total gystcosts in any of the three
configurationdn this scenarioThe interconnection scenario is most economi-
cally feasible in configuration.EThis is because in configuration E, there is a
large annual electricity overproduction for high shares of windRAhdenera-

tion (as shown irFigure 21), and the interconnections therefatgtaina large
number of full load hours. Correspondingly, this scenarieast economically
feasible in configuration D, which has the least electricity overproduction of the
baseline configurations ifrigure21.

The CQ-intensity of the electricity generation on the other side of the border is
assumed to be the same as within the national model. Under this assumgtion, th
introduction of more interconnector capacity in configurations A and E does not
change the Cg@emissioms in the systemas no extra fuel is consumed for the
electricity export (only the excess production is exportiedgonfiguration D,

the CQ emissions arehoweverjncreased with the introduction of more inter-
connectioncapacity This is becausm this scenariofuel is consumeduring

some hours of the ye#or generating additional electricity for expo

No energy is discharged to the national energy system in any of the variations
in this scenarioThis is because the national systenmiall caseself-sufficient

with electricity during all hours dhe year, and underproductitirerefore never
occurs only overproduction. Consequenthhet EnergyPLANmodel never
chooses to import electricity, and no energy is thus discharged to theahat
energysystem via the interconnectahen running in the technical simulation
mode of theEnergyPLANooOL.

In this scenario, the interconnection capacity is dimensioned sudh ighatst

sufficient forexporting allCEEP in each variatioi.e. reducing it by 100%)
Figure43in Appendix B shows thdbr the variation witt830 TWh/yr wind and

PV generationan interconnection capacity of 35 Gé/reduceshe CEEP by

90% (assuming that the countries on the other side of the interconnections are
willing to import at all time$. An expansion of the interconnection capacity to

35 GWin that variationncreases the totalystem cas by 200 / per son/ y e a

Electrical interconnections (scenario 2): Main conclusions

9 Interconnections lead to increased total system costs.

1 Interconnections do not affect the total CO2 emissions or the discharged en-
ergy (except in the EV configuration (D2), where the CO2 emissions are in-
creased), but do lower the electricity overproduction in the system.
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Results: Scenarios 2, Electricity export to abroad
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Figure 22 The results for scenarios 2, where the electrical interconnection capacity to
abroad is expanded with increasing generation from fluctuating RES. Note that the total
system cost chart (red) and the CO2 emission chart (green) show relative values (the
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values.
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5.3.2 Scenarios 3;

3

A3 B3 C3 D3 E3
Flexible electricity ~ Germany  Island More DH  More EVs More
demand mode nuclear

Figure23 shows the results of the scenario with a flexible electricity demand. A
constanflexible demand o2 TWh/yr is assumed in all variation80 TWh/yr
(corresponding to approx. 10% of the dehgis flexible by 24 hourand12
TWhlyr, (corresponding to approx. 2% of the demand) is flexible by one week.
In the baseline model, no flexible electricity demand is assumed.

Flexible electricity demand is economically feasible in configuration E and fo
variations with 300 TWh/yr or more of fluctuating RES in configurations A, B

& C. Flexible electricity demand leads to increased total system costs in config-
uration D.This is because the additional costs associated with the flexible de-
mand (investmentni smart meters) is increasingly unnecessary as more and
more smart charging EVs are introduced to the system, as their consumption is
already flexible.

Flexible electricity demandeduces the COemissionsin all configurations.

This is becausdemand canin all cases, bshifted from hours when it would
otherwise have been necessary to run fossil fuelled power pldmgdlexible
demand enables the integration of up telB@dditionall'Wh/yr generated from

wind and PV in configurations A B, C and E, qoaned to the baseline scenario.

No energy losses are associated with the flexible electricity demand, and there-
fore the CEEP reduction in this scenagquals thelischarged energy

The curves in configuration E have optima at around 300 TWh/yr elégtrici
generation from wind and P\his is becaus800 TWh/yr correspond to ap-
proximately50% of the electricity consurtipn in the system. 50% of the elec-
tricity is generatedby inflexible nuclear power in BVhen the generation from
wind and PV exceeds 50% of the consumption, the total electricity generation
in the system will exceed ttenual demandand overproduction occurSlex-

ible demand ishereforereally only useful fointegratingup to300 TWh/yr ¢
fluctuating RESn configuration Ebecause the flexible demand only shifts elec-
tricity consumption in time, but does not enable the conversion of excess elec-
tricity production to other sectors of the energy system.

Figure45in Appendix Bindicatesthat in general, icreasing the flexibility of

the electricity consumption is beneficiah all indicators. It is, however, not
clear to which extent eleatity consumers are willing to be flexible, or how
much they would have to be compensated for their flexibility (such compensa-
tion is not included in the model).

Flexible energy demand (scenario 3): Main conclusions

1 Flexible electricity demand lowers the total system costs for variations with
a high share of fluctuating RES, in all configurations except for more EVs
(D3), where the EV batteries offer this flexibility in a more cost-effective way.

1 Flexible electricity demand lowers the CO2 emissions.

1 Flexible electricity demand enables the integration of more fluctuating RES.
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Results: Scenarios 3, Flexible electricity demand
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Figure 23 The results for scenarios 3, where it is assumed that some parts of the elec-
tricity demand are flexible by periods from 24 hours to one week. Note that the total
system cost chart (red) and the CO2 emission chart (green) show relative values (the
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values.
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5.3.3 Scenarios 4:

4

A4 B4 C4
Electric boilers in Germany Island mode More DH
district heating (15% DH) (15% DH) (50% DH)

Figure24 shows the results of the scenario with an increased capacity of electric
boilers in district heating. In variations1b the electric boiler capacity is in-
creased in equally spaced steps ftdGW to 45 GW

Electric boileran DH slightly reduce the total system costs in configurations A
and B for variations with a high share of electricity generation from wind and
PV. In configurations A and B, the G@missiongemain approximately con-
stantwith the introduction of electric boilers for the highest shares of electricity
generation from wind and PV. In configuration C (and for low RES generation
in configurations A and B), the total costs and the €@issions increase.

This is because theeht demand is inflexibjedue to lack of storagend must

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

Electric boilersenable the integration of up to approximat20/30 TWh/yr of
additional electricity generated by wind and PV, compared to the baseline sce-
narics A0, BO and CQrhis is because durirspme hours of the year, thkectric

boilers consume some of the electricity overproduction in the sy#tehould

be noted that electric boilers are assumed to have an efficiency of 100%, and the
CEEP reduction in this scenario therefore equals tlehaiged energy.

Electric boilers in DH (scenario 4): Main conclusions

1 As long as the increase in electricity demand caused by electric boilers in
DH can be supplied mainly by RES, they can be beneficial on all indicators.

9 If electric boilers in DH are operated in systems with low amounts of fluctu-
ating RES generation, or without matching their operation to the RES sup-
ply, they cause increased total system costs and CO2 emissions.

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

5

A5 B5 C5
Heat pumps in Germany Island mode More DH
district heating (15% DH) (15% DH) (50% DH)

Figure25shows the results of the scenario with an increased capacity of electric
heat pumps in district heating. In variationd3, the heat pump electrical ca-
pacity is increased in equally spaced steps from 10 GW to 45 GW (identical to
the electric boiler capég in scenario 4)In the EnergyPLANmodel, the pri-

mary difference between scenarios 4 and 5 lies in the efficiency of the energy
conversion from electricity to heat, as well as in the investment costs of the con-
version capacity.

The introduction of hegtumps in DHincreases the total system costs in con-
figurations A and B, compared to the baseline scenarios A0 anthig0is be-
cause of theatherhigh investment costs for the hgatmps, compared to other
forms of heat supplyThe heat pumpthereforedo not replace large amounts of
heat generation capacity with lower marginal co$t®e heat pumps cause a
slight decrease in the total @@missions in configurations A and B. This is
because the heat pumps increase the average efficiency of heat generatio
thereby reducing the fuel needs of the DH system.

The introduction of heat pumps in DH in scenario C causes a slight decrease in
total system costs and an liease in C@emissions g€xcept for the variations

with the very highesshares of fluctuating RS generation, where the costs are
increased and the G@missions are decreased). Thibegausen some varia-

tions, the increased electricity demand from heat pumps has to be met by in-
creasing the operation of thermal, fossil fuelled power plamtihe variations

for which sufficient RES capacity is reached, this development is reversed and
the fuel consumption of thermal power plants can be reduced again.

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

I Heat pumps in DH can be beneficial on all indicators, in case the increase
in electricity demand they cause can mainly be supplied during hours with
high generation from RES.

I Heat pumps can increase the average efficiency of DH heat generation,
thereby reducing the fuel consumption for heating.

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

6

A6 B6 D6 E6
Electric heating in Germany Island mode  More DH More nuclear
individual heating

Figure26 shows the results for electric heatifirect electric, no heat pumps)
in individual heating. The capacity is increased gradually in corafiguns 115
from an electricity consmption for heating of 58 130 TWh/yr.

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

Electric heatingn individual heating causes slightly increased.@®issions

in configurations AB, Dand some variations &. This is because the increased
electricity demand caused by the electric heaters causes increased electricity
generation using fossil fuels ding some hours oftheyearhi s doesnoét
as often in onfiguration E, as it does in B and D because there is generally
more overproduction of electricity in E, and therefore less need for generating
extra electricity on fossil fuels fdulfilling the electric heating demand.

In configuration D, the total system costs and the @@issions increase when
electric heating is introduced. This is becaus#énEV configuration, the elec-
tricity demand is larger than in the other configuragioand the addition of
powerto-heatelectricity demand makes it even larger. In D6, the maximum
wind and PV generatioof 510 TWh/yr only equals 64% of the annual demand
(compared to 83% in AOFossil fuelled power plants must therefore be used
more often for electricity generation in D6 than in the other configurations in
scenario 6. They have higher marginal production costs and cause increased CO
emissions. In D6, even more electricity generation from wind and PV would be
needed t@ounter effectheincreased electricity generation caused by the elec-
tric heaters.

In this scenario there is @gd potential for the integration of fluctuating RES,
especially inconfiguration E but also in 8. The potential is smallest in con-
figurationD, as the EVs inhte system already provide flexibility in this config-
uration.Figure49in Appendix Bshows that for the variation with 330 TWh/yr
wind and PV generain, investing in less electric heating than in scenario A6 is
less beneficial economically and for the integration of fluctuating RES, but more
beneficial regarding the G@missions.

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

9 Electric heating in individual heating is only economically beneficial for high
levels of electricity generation from fluctuating RES.

i Electric heating in individual heating generally increases the total system
CO2 emissions.

i Electric heating in ind. heating is good for integrating more fluctuating RES.
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Results: Scenarios 6, Electric heating in individual heating
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Figure 26 The results from scenarios 6, where it is assumed that the share of electric
heating in individual heating supply is increased. Note that the total system cost chart
(red) and the CO2 emission chart (green) show relative values (the difference between
the current scenario and the baseline scenario, for each configuration) while the dis-
charged energy chart (purple) shows absolute values.
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5.3.6 Scenarios 7:

7

A7 B7 D7 E7
Heat pumps in in- Germany Island mode  More DH More nuclear
dividual heating

Figure27 shows the results for heat pumps in individual heating.ifi$talled
heatpump capacity is increased gradually such that their electricity consumption
goes from 8 TWh/yr to 100 TWh/yr.

Individual heat pumps lower the total system costs for configurations A, B and
E for wind and PV generation of approximately 180 TWh/yr or more. They also
lower the CQ emissions of the system in the same cases. For high wind and PV
generation levels, the hgaimps have a large positive effect on the total system
costs and the C{£emissions. This is because individual heat pumps both in-
crease the average efficiency in the individual heating sector and because the
replaceheat generation from fossil fuels witheetricity consumption (which is

partly generated using RES).

In configuration D, the total system costsnain approximately constant when
electricheat pumps amatroduced The CQ emissionsare reduced the least in

D out of all configurationsThis is because in the EV configuration, the electric-
ity demand is larger than in the other configurations, and the addition ofpower
to-heat electricity demand makes it even larger. In D7, the maximum wind and
PV generation of 510 TWh/yr only equals 64%ihe annual demand (compared

to 83% in AO). Fossil fuelled power plants must therefore be used oftere

for electricity generation in D6 than in the other configurations in scenario 6.
They have higher marginal production costs and cause increaseXsions.

This outweighs the positive effects of the heat pumps, observed in the other con-
figurations. In D6, even more electricity generation from wind and PV would be
needed t@ounter effecthe increased electricity generatioeeded fothe heat

pumps.

Individual heat pumps are a very effective method for integrating fluctuating
RES. They are able to consume some of the CEEP and are furthermore able to
Adi scharged three times the electrica

Figure51in Appendix Bshows that for the variation with 330 TWh/yr of elec-
tricity generation from wind an@V in configuration A, the introduction of less
heat pump cadty in individual heating would be less beneficial on all indica-
tors.

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

1 Heat pumps in individual heating are highly beneficial on all indicators (neu-
tral for costs in EV scenario) for a level of wind and PV generation higher
than approx. 180 TWh/yr.

I Heat pumps in individual heating are not as beneficial in the EV configura-
tion (D) as they are in the other configurations, as they increase the electric-
ity demand to a level where electricity generation must often be met by fossil
fuels; more RES generation would be needed to meet the heat pump elec-
tricity demand without increasing fuel consumption.
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Results: Scenarios 7, Heat pumps individual heating
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Figure 27 The results from scenarios 7, where it is assumed that the share of heat
pumps in individual heating supply is increased. Note that the total system cost chart
(red) and the CO2 emission chart (green) show relative values (the difference between
the current scenario and the baseline scenario, for each configuration) while the dis-
charged energy chart (purple) shows absolute values.
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5.3.7 Scenatrios 8:

8

A8 B8 D8 ES8
Power-to-gas (bio- ' Germany Island mode  More DH More nuclear
gas methanation)

Figure 28 shows the model results for powtergas via biogas methanation
(where hydrogen from electrolysis is reacted with the f&xtion of biogas to
boost its methaneoatent and upgrade it to natural gas grid quality). diteual
electrolyzerelectricity consumptioris gradually increasl from zero to 95
TWhl/yr in variations 115. The installed biogas production capacity and
methanation capacity are increased correspghd such that there is sufficient
biogas supply for using the full electrolyzspacity to run the methanation.

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

Powerto-gas lowers the C£emissions in all configurations except for D. The
produced SNG has substantially lower net.@missions than naturgas of

fossil origin. This lowers the average £€€missions ofjas consumingectors,

and consequently the G@missions of the whole system. In scenarit&re is

not as much CEEP, so some of the electricity for P2G is produced (using fossil
fuels) espcially for that purpose, which increases the €Qissionsassociated

with the SNG, and in the system as a whole.

Powerto-gas is a very good method for integrating fluctuating RES, in particu-
lar in configuration E. In configurations D and E, the intrdaucof powerto-

gas allows for the integration of the full 510 TWh/yr generated by wind and PV
in variation 15. Poweto-gas igechnically feasibléor configurationE, because

in that configuration, too much electricity is generated on an annual basis f
high wind+PV generation, am@mbwerto-gas allows for converting this overpro-
duction to gas for usage in other sectors of the energy system.

Figure53in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity generation from wind and PV in configuration A, more poteegas is
beneficial for the integrain of more fluctuating RES generation, but that it in-
creases both the total systewnsts and the C{emissions in the system. There
IS an optimum in the powdo-gas capacity and G@missions, which is asso-
ciated with the amount of electricity generation from fluctuating RES that is
available for usage for powsr-gas.

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

I Power-to-gas is very useful for integrating more fluctuating RES and for low-
ering the total CO2 emissions of the system (as long as the electrolyzer elec-
tricity consumption is not too large, compared to the RES generation).

i Power-to-gas is not economically beneficial due to high investment costs
but may be more feasible than other RES options in case strict targets of
CO2 reduction in the transport sector are to be met.
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Results: Scenarios 8, Power-to-gas (biogas methanation)
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Figure 28 The results from scenarios 8, in which an energy conversion capacity for
power-to-gas, via biogas methanation, is added to the system. Black (left y-axis): Elec-
trolyzer electricity consumption. Grey (right y-axis): Installed electrolyzer electricity input
power. White (right y-axis): Installed methanation SNG output power. Note that the total
system cost chart (red) and the CO2 emission chart (green) show relative values (the
difference between the current scenario and the baseline scenario, for each configura-
tion) while the discharged energy chart (purple) shows absolute values.
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5.3.8 Scenarios 9:

9

A9 B9 D9 E9
Li-ion batteries Germany Island mode  More DH More nuclear
(not PV coupled)

Figure29 shows the results of the lithidan battery scenario. In variations 1
15, the Ltion battery capacity is increased from zero to 1500 GWh, correspond-
ing to a charge and discharge power of ZW.

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

Li-ion batteries lower the total G@missions from the system operation in all
configurations. They also enable the integration of large amounts of fluctuating
RES generation. The reduction is in £€&nissions is directly proportional to
the anount of increased RES integration, as can be seen in thei@iSsion

and the discharged energy chart&igure29.

In configuration E, the C&emission reduction and the dischargegrgy have
optima at approx. @ TWh/yr wind and PV generation. This is because this
amount of wind and PV generation corresponds to almost 60% of the total an-
nual demand, in a system where nuclear power constaitles around 50%

of the total annual demand. A 10% overproduction can be exported out of the
system, but for higher RES generation levels than this, it is not possible to reduce
the CEEP further, regardless of how many batteries are installed. Futdier in
gration of fluctuating RES would require a seeatoupling technology (e.g.
powerto-heat or poweto-gas).

Figure55in Appendix Bshows that for th variation with 330 TWh/yr of elec-

tricity generation from wind and PV in configuration A, the CEEP can be re-
duced by 90% by investing in 3 TW of battery conversion capacity (6 GWh
storage capacity). This would onfyrcr eas
and slightly reduce the total G@missions.

Li-ion batteries (scenario 9): Main conclusions

i Li-ion batteries are effective for integrating fluctuating RES generation and
for reducing the total CO2 emissions of operating the energy system.

9 Li-ion batteries for balancing large amounts of supply and demand in the
energy system are not socio-economically feasible, due to high investment
costs.
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Results: Scenarios 9, Li-ion batteries
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Figure 29 The results from scenarios 9, where it is assumed that stationary, lithium-ion
batteries, that are not directly coupled to PV systems, are introduced in the system.
Note that the total system cost chart (red) and the CO2 emission chart (green) show
relative values (the difference between the current scenario and the baseline scenario,
for each configuration) while the discharged energy chart (purple) shows absolute val-
ues.

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 84

Installed battery

power (GW)



5.3.9 Scenarios 10:

10 A10 B10 D10 E10
Li-ion batteries Germany Island mode  More DH More nuclear
coupled to PV

Figure 30 shows the results for the scenario withidm batteries coupled di-
rectly toall PV systemsn the model (assuming the same PV capacity in each
variationas in all other scenariog)hebatteries areised for balancing the fluc-
tuationsin PV supply ancelectricitydemandand not for balancing the fluctua-
tions the total electricity supplyrhe batteries are, however, assumed to be cen-
trally controlled, and the aim of this scenario is ttomaximize the selfon-
sumption of each PV producing building.

The results in scenario 10 show trends that are it those in scenario 9.

The description of the results or scenario 9 in se&id8r8therefore also applies

to scenario 10The main difference lies in the numerical values, which can be
explained by the fact that the installed battery capacities are not the same in both
scenarig; the battery capacity in scenario 10 is smaller than in scenario 9.

Figure57 in Appendix B shows a direct comparison betweeiiohi batteries
couplal to PV systems and dibn batteries that are not directly coupled to PV.

It is a comparison between scenarios 9 and 10, where they now have an identical
installed battery capacity. The figure shows that the batteries that are not directly
coupled to PV sstems are slightly more feasible on all indicators. This is be-
cause they provide the system with greater flexibility than thed\pled bat-

teries, and the investment in the batteries is therefore of greater use. This con-
clusion also holds for the casemdn-centrally controlled batteries coupled to

PV systems where the aim is to maximize the-s@ifsumption of the building.

Figure58 shows that for th variation with 330 TWh/yr of electricity generation
from wind and PV in configuration A, thiechnicallyoptimal fraction of PV
systems that should be coupled to battery system is approximately 75% of all
PV systems. This gives the lowest £8missionsand best fluctuating RES in-
tegration, but does, however, increase the total system costs substantially.

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

i Li-ion batteries coupled to PV systems are effective for integrating fluctuat-
ing RES generation and for reducing the total CO2 emissions of operating
the energy system, provided they are centrally controlled.

9 Li-ion batteries coupled to PV systems are not socio-economically feasible,
due to high battery investment costs.

9 Li-ion batteries that are not directly coupled to PV systems are more feasible
on all indicators than Li-ion batteries that are directly coupled to PV.
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Results: Scenarios 10, Li-ion batteries coupled to PV
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Figure 30 The results for scenarios 10, where it is assumed that Li-ion batteries, that
are directly coupled to individual PV systems, are introduced in the system. Note that
the total system cost chart (red) and the CO2 emission chart (green) show relative val-
ues (the difference between the current scenario and the baseline scenario, for each
configuration) while the discharged energy chart (purple) shows absolute values.
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5.3.10 Scenatrios 11:

11 All B11 D11 E11
Power-to-gas-to- Germany Island mode  More DH More nuclear
power (hydrogen)

Figure31 shows the results of the scenario with poteegasto-power, where
electricity is stored as hydrogen via electrolysis of water and then converted
back to electricity via fuel cells. It is assumed that the electrolysis and fuel cell
devices are not two parate devices, but that both modes of operation take place
in the same reversible solid oxide cell$is kind of electrolysis/fuel cells is
more efficient than other types (alkaline or preexthange membrane), which

is important for maximizing the rodrtrip-efficiency of this process.

The results in scenario 11 show trends that are identical to those in scenario 9.
The description of the results or scenario 9 in se&id8r8therefore also applies
to scenario 1.

Powerto-gasto-power has a lower round trip efficiency than e.g. batteltiées
therefore less effective at integrating fluctuating RES than batteries. @wer
gasto-power does, heever, offer the advantage that the energy storage capac-
ity (on hydrogen form) is not linked to the energy conversion capacity (the elec-
trolysis and fuel cell energy conversion capacity). This is beneficial to avoid
overinvestment in energy conversion aapawhen storing very large amounts

of energy. This explains why the curves for the increase in total system costs
are slightly less steep in scenario 11 than in scenario 9.

Figure60in AppendixB shows that for the variation with 330 TWh/yr of elec-

tricity generation from wwnd and PV in configuration A0% reduction in CEEP

can be obtained by installinglectrolyserghat consume 2000 TWh/yr. This

would increaséghet ot al syst em c o sThislarge gapati§ 6f U/ p
P2G2P would, however, not be feasible in this system, as 2000 TWh/yr is more
than three times the annual electricity demand in the system.

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

1 Power-to-gas-to-power is good for integrating fluctuating RES generation
and for reducing the total CO2 emissions of operating the energy system.

1 Power-to-gas-to-power is not socio-economically feasible, due to high in-
vestment costs.

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

Technical and Economic Potential of Distributed Energy Storages for the Integration of Renewable Energy 88

(GW) (gray)



5.3.11 Scenarios 12:

12 Al12 B12 D12 E12
Vanadium-redox Germany Island mode  More DH More nuclear
flow batteries

Figure32 shows the results of the scenario with vanadiadox flow batteries.
The battery capacity is gradually increagenin zero to 1500 GWh storage ca-
pacity and 190 GW conversion capacity.

The results in scenario 12 show trends that are identical to those in scenario 9.
The description of the results or scenario 9 in se&i8r8thereforealso applies

to scenario 12. The main difference lies in the numerical values, which can be
explained by the fact that the installed battery capacities are not the same in both
scenarios; the battery capacity in scenario 10 is smaller than in scenario 9.

Vd-redox batteries are assumed to have a lower rayméfficiency than Li

ion batteries, but considerably better than petwegasto-power. It is therefore

less effective at integrating flugiting RES than batteries. Similar towerto-
gasto-power,Vd-redoxbatteriesoffer the advantage that ihenergy storage
capacity is not linked to the energy conversion capacity. This is beneficial to
avoid overinvestment in energy conversion capacity when storing very large
amounts of energy. This explains why the curves for the increase in total system
cods are slightly less steep in segio 11 than in scenario 9.

Figure62in Appendix B shows that for the variation with 330 TWh/yr of elec-
tricity geneamtion from wind and PV in configuration A, a 90% reduction in
CEEP can be obtained by installing a 2.5 TWh and 325 GW capacity-of Vd
redox batteries. This would increase

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

I Vd-redox batteries are good for integrating fluctuating RES generation and
for reducing the total CO2 emissions of operating the energy system.

I Vd-redox batteries are not socio-economically feasible, due to high invest-
ment costs.

1 Less socio-economically costly than Li-ion batteries for balancing very large
amounts of supply and demand in systems with a high share of fluctuating
RES, as the energy conversion capacity is not linked to the energy storage
capacity in Vd-redox batteries.
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Results: Scenario 12, Vd-redox flow batteries
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Figure 32 The results for scenarios 12, where vanadium-redox flow batteries are intro-
duced in the system. Note that the total system cost chart (red) and the CO2 emission
chart (green) show relative values (the difference between the current scenario and the
baseline scenario, for each configuration) while the discharged energy chart (purple)
shows absolute values.
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5.3.12 Scenatrios 13:

13 A13 C13
Pit & tank TES in Germany More district heating
district heating (15% district heating) (50% district heating)

Figure33 shows the results for the case of pit and tank thermal energy storage
in district heating. The tank storage is assumed to be-wrantstorage, while

the pit storages are assumed to be {@mm storages, primarily for seasonal
storage of heat from solar thermal collectors.

The introduction of the TES has positive effects on both the total system costs
and the CQ@emissions in both configurations. The effeofsntroducing the
storagesasrather small effects on the indicators, especiallgonfiguration A
where DH accounts for a very small amount of the total heating sector.

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

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

I Pit and tank TES in DH reduce the total system costs and the total CO:2
emissions from the system operation.

1 Pit and tank TES do not help with integrating fluctuating RES generation in
the electricity sector, when the TES technologies are not combined with
power-to-heat solutions.
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Results: Scenarios 13, Pit & tank TES in district heating

0 50 100 150 200 250 300 350 400 450 500 550

Ci13
1 =TAi3

Discharged energy
(TWh/yr)

o
P
4
D
13
2
2

0.00

-0.05 ) ole A13

Cc13

(ton/person/yr)

CO, emission change

-0.15

w
o

N
o

[
o

A13

N
o

Total system cost
change (€/person/yr)
o
3
b
p

)
o

o
C13

)
o

1600
1400 o —o 8—0—08—0—08_0—0—0-—0-0-0-0
= 1200
1000
800
600
400
200

Thermal energy storage
capacity (GWh

0 50 100 150 200 250 300 350 400 450 500 550
Electricity consumption supplied by Wind+PV (TWh/yr)

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

14 Al4 Cl4
Aquifer & tank TES =~ Germany More district heating
in district heating (15% district heating) (50% district heating)

Figure 34 shows the results for the caseagliiferand tank thermal energy stor-
age indistrict heating. The tank storage is assumed to be-wdrantstorage,
while theaquiferstorages are assumedie longterm storages, primarily for
seasonal storage of heat from solar thermal collectors.

The introduction of the TES has positive effects on both the total system costs
and the CQ@emissionsn configuration A, but only on the CQOemissions in
configuration C The investment in TES capacity is larger in configuration C
than in A.In configuration C, the investment in this rather large capacity is not
compensated by the benefits the storages yield to the sy&tkem.scenario 13,

the effects ofntroducing the storages has rather small effects on the indicators,
especially in configuration A where DH accounts for a very small amount of the
total heating sector.

Similar to scenario 13he TES have virtually no effect on how much fluctuating
RES gneration can be integrated in the system. This is because in the current
scenario, the storagerly increase the flexibility of the district heating sector,
without being well connected to the electricity sector via petdreat solu-

tions. It would theefore probably be more useful for the integration of RES to
employ the TES technologies together with poeteeneat, so that the electricity
sector can benefit from the flexibility that the TES introduce in DH.

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

1 Aquifer and tank TES in DH can slightly reduce the total system costs when
they are carefully dimensioned.

1 Aquifer and tank TES in DH slightly reduce the total CO2 emissions from the
system operation.

I Pitand tank TES do not help with integrating fluctuating RES generation in
the electricity sector, when the TES technologies are not used together with
power-to-heat solutions.
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Results: Scenarios 14, Aquifer & tank TES in district heating
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Figure 34 The results for scenarios 14, where tank and aquifer thermal energy storages
in district heating are introduced. Black: TTES storage capacity. Grey: PTES storage
capacity. Note that the total system cost chart (red) and the CO2 emission chart (green)
show relative values (the difference between the current scenario and the baseline sce-
nario, for each configuration) while the discharged energy chart (purple) shows absolute
values.
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5.3.14 Scenarios 15:

15 Al5 C15
Tank TES in indi- Germany More district heating
vidual heating (15% district heating) (50% district heating)

Figure35 shows the results for the case of tank thermal energy storage in indi-
vidual heating. The tanks are assumed to be conventew@lmulation tanks
that are actively used for balancitigg heasupply and dmand.

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

The tankTES have a small effect on the integration of fluctuating RES genera-
tion in the system. This is mainly in the fraction of individual heating that uses
either electric heating or heat pumps; i.e. where there is a fiovweat conver-

sion capacity connectéd the tank TES. In this case the flexibility in the heating
system, offered by the TES, can be used to some extent to make the electricity
consumption of the electric heating or heat pumps flexible, thereby enabling
better integration of fluctuating RES.

The optima seen in all curves fiigure 35 arerelated to thessumed installed
capacity of the tanks. For the installed tank TES storage capaeitguwfd 200
GWh, the tanks areest utilized at around 36830 TWh/yr generation from
wind and PV A storage capacity of 200 GWh corresponds to approximately 50
litres per person, assuming a population of 80 million and a 40 K temperature
difference in thestorageFor a larger tank TES storage capacity, the total costs
of the system increase, as the addition is capacity is not utilised very much.

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

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

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