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Foreword

This report addresses two very timely issues that are of high policy relevance. It tackles elements of the just
released EU climate communication and the heating and cooling strategy. First, it examines the heating sector
focusing on the built environmer® responsible for 40% of the final energy consumption in Europe. Then, it
describes possible decarbonisation pathways. Second, it analyses the interactions between the heating and
power sectors identifying solutions that ngprovide benefits to both. The challenges and implications of the
coupling of these sectors are addressed and quantified.

This thorough analysis relied on large amounts of dddamost of them publicly availabl€ and open source
modelling tools, developetly the JRC or existing in the public domain. It is the first public study that uses a
fully open Europeatwide state of the art unit commitment and economic dispatch model, which incorporates
features tailored to link the power and heating sectors.

The am is to provide a deeper understanding of the effect of the power and heating sectors coupling at
European level. Results and conclusions can contribute to shape and support the implementation of the
Heating and Cooling Strategy, the Clean Energy Packauys the EU strategic longerm vision for a
prosperous, modern, competitive and climate neutral economy
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Abstract

The heating and cooling sector has been recognised, by the EC, as a priority to achieve the decarbonisation
and energy efficiency targets. Heating and cooling in the built environment accounts for almost 40% of the
total final energy demand in Européieating as a predominant end usdeas strong interconnections with
many energy sectors and carrier§hus, this report focuses on the integration of the heat and power sectors
and how an effective integration can coribtite to the energy efficiency and the climate change mitigation
targets.

The first part of the study presents the heating sector in the built environment describing a detailed energy
break down, and related costs, emissions and efficiencies. Then, theepbof system integration of heating
and power is examined presenting its merits and challenges.

The second part of the study focuses on the assessment of wlean transitions pathways of the heating
sector, namely electrification of heat and efficienteht and power production and district heating network
Both of themare examined from the power system perspective based on a detailed model of the European
power system.



Summary

Policy context

The EU strategic lonrterm vision for a prospsus, modern, competitive and climate neutral economy by
2050, stresses once more the importance of an integrated energy system approach in order to achieve deep
emissions reductions. Before that, EU Heating and Cooling Stréetadyightedthe synergiesin the energy
system where district heating and cooling, cogeneration and smart buildings are expected to play a major
role. In the Strategy, the need of an integrated approasithin the energy system is also mentioned, which
makes the power and heatingestor coupling a key issue.

This study will attempt to cover the knowledge gap of these policy documents, addressinigtkeof official
statistics of the heat sector and théimited understanding of the interactionamong the different sectors
whenanalysingindividualdecarbonisation strategies

Main findings and conclusions

Two main energy transitions pathways of the heating sector were examined from the power system
perspective, namely electrification of heat and efficient heat and power productiod district heating
networks.The following conclusions are drawn:

0 Electrification of heat

b Currentheat electrification rates vary from 3% td332%. Member States with an electrification rate
below 5% areDenmark, Hunganl.ithuania and RomaniaMember Stateswith electrification rates
above 20% areFinlandPortugaland Sweden

b If all currentfossil-fuelled heat generation technologiewere replaced by heat pumpsvernightthe
combined emissions of the heat and power sector would be reduced by I6%.exact prcentage
per Member State varies based on the current and projected composition of the power and heat
sector. The biggest potential is found in FR with a 65% and the lowest potential in PL and EE with
4%. Without additional "clean” capacity additions thdditional electricity demand for heating will be
mainly generated by dispatchable sources which usually have higher emission rate than the average
electricity generation mixin a future decarbonized power system context the combirrezht and
poweremissbns would be reduced by 25%venwithout consideringadditional clean capacity.

b Based on the above scenaribeat pumpsdemandwould be 26% of the total electricity demand
addng 526 TWh tothe final electricity consumptiorf2910 TWh) This demand would benequally
distributed between summer and winter seasdrhe increasen the winter peak demands expected
to be 20% to 70% higher than todayvith an average of 41%The biggest changéds absolute terms
would be noticed in Germany108 GW)France(+26 GW)and Poland (+ 47GW)

b Firm power capacityof the current power systemnstarts to become inadequatdor electrification
rates above 32% (replacingaround 60% of fossil fuelled heaf). Beyond that pointthe role of
flexibility measures will become morestevant.For the extreme futurescenario,it would resultinto
an average loss ofoad of around2%, while some countries show lost load values of up/.

b In this case, he energy not served can be reduced with a more flexible demand. By shifting just 6%
of the monthly peakgo off-peak timethe unserved energys reduced by half.

b In the base scenario of thefuture power system scenario we observed a lot of curtaileshewable
energy. In a fully electrified scenaricurtailed energy is reduced by 17%saelectricity as this
electricity is used to satisfy heating needs.

0 Centralsedcogeneration and District heating

b The currentpower plant fleethas the theoretical potential to satisfy 58%f the Europ@an space
heating demand.The utilization of this CHPcapacity results in a substantial cost reduction of the
total energy systemO 17% and 20% forthe current and future scenarioespectively

b If all current or future steam basegower plantswere operatingnto CHP mode together with district
heating netwaks (including thermal storage), the overall efficiency of the energy systexuld
increase significantlyln the current scenario, the efficiency raises from 63% to 76%, while in the
future scenario (2050) it raises from 73% to 80%.



The expected increasef the energy efficiency in the built environment will allow for a larger share

of heat supplied from centralised cogeneration. As a result, in the future scenario, the share of heat
that can be covered from CHP reaches 70%b.other wordsthe ratio of the heating demand in the
built environment to the available CHP capacity decreases over time.

If the thermal power plants are operating in cogeneration modeere is a notable increase in
curtailment of renewable energyt is estimatedthat this will fall in the range of 1, 9% for the
current scenario and 6 10% for the future one Enhancing thenterconnectios or storagecapacity
could alleviate this effect.



1 Introduction

The heating and cooling sector has been recognised as a priority to achieveldataation targets set for

the European energy sector. It accounts for almost half of the EU energy consumption. Consumption for
heating and cooling is dominant in three main sectors, namely residential, tertiary and industry, with the
residential (mainlyhouseholds buildings) representing the highest share. The residential sector accounted for
45% of final heating and cooling energy consumption in 2012, followed by industry's share (37%) and
services (18%)(Ragwitz et al. 2016) In general, theheating and cooling sector is characterised by low
efficiencies, large amounts of waste heat and it is mostly fossil bag&diropean Commission 2016a)

Currently, heat and power is ndully integrated. The energy system relies mostly on technologies that
convert a specific input fueD gas, liquid or solid fuels, electricitg) into heat while the power needs are
supplied by centralised power plants, including centralised renewable pplaets, or decentralised solar and
wind power plants. To achiev#eep emission reductions in the European enesggtemand in the heating
sector in particular, synergieand interactions amonghe different energycarriers and energyuses are
encouraged This trend issometimes mentioned by different termsuch as "sector integration"”, "sector
coupling"and an"integrated system approachs usuallyreccommendedo study its effects In other wordsa
future sustainalle energy systemwill benefit from a strongerintegration of electricity, gas, heating/cooling,
mobility systems and markets tomaximize the synergies amongew technical solutions, (European
Commission 2018)

The shift towards the future energy system, based on the mskictorial coupling, implies the deployment of
technologies that are able to convert between energy carriers and energy storage systemsedtalogies

in this shift will be, among others the following: combined heat and power, power to gas, power to heat,
power to liquid and electric and thermal storagéuch an integrated approach will not only contribute to the
decarbonisation but can ats facilitate new innovative energy business models that can foster
competitiveness in the energy sector.

This new paradigm can leverage the energy system benefits and alleviate its drawbacks. For the heat and
power couplingsome features that make this mtegration favourable are: the highlgfficient combined heat

and power productiorthe costeffectiveness of thermal energy storage compared to electric energy storage
and flexible power to heat technologie§hese features will allow the incorporatiorf arger amount of
renewable energy and guarantee the energy supply at affordable prices. Furthermore, within the heating and
cooling sector lies great potential for reducing its carbon intensity by switching to electricity as an energy
carrier.

This studyfocuses on the decarbonisation of the heating sector in the built environnwérihe residential and
teriary sectorvia different sector coupling pathways. It presents, in detail, the heating sector including energy
breakdowns by uses and fuel shares, tesefficiencies, emissions and its link to the power system. Then, it
assesses the benefits that the coupling between heating and power sectors can bring into the European
energy system, focusing on the built environment and its impact on the power systgpecificallythe
following two alternative pathways are examined, covering both the demand and supply sidesfirst one is

the electrification of the heat demandavhere the focus falls on the demand side using electricity as energy
carrier. The secondefers to the utilisation of excess heat of thermal power plants via cogeneration and
district heating networksA third possible pathway would be based on the use of a renewable and low carbon
gas as main energy carrier. This gas could be transportedyest and distributed by the existing gas
infrastructure, offering flexibility to the grid and using the current gas infrastructure. In this report we do not
further examine this optioras it requires a more systemic approach and further considerationshaf ¢as
sectorbut it merits to be highlighted as a possible decarbonisation solution of the heat sector.



2 The European heating sector

This section describes the European heating demand of the tertiary and residential sectors, which represent
the entire built environment. The analysis covers the heating and cooling needs for different uses (e.g. space
heating and cooling or domestic hot water). On top of that, the electricity for heating uses is analysed further
from the power system point ofiew. The analysis is done both on annual and hourly levels.

2.1 Heating in the EU building sector

The heating and cooling sector represents half of the energy consumption in the EU, being supplied 75% by
fossil fuels (European Commission 2016a)Buildings, including residential and services sectors,
currentlyaccount for 40% of the total final energy consumption in the EUhaving the largest share
(European Commission 2018)he residential, alone, is responsible for 54% of heating and cooling
consumption, followed by service21% and industry- 24% (final energy- 2015 data) (Figurel.). Therefore,

the heat supply to the built environment and industry has been identified as a key pillar in the European
energy policy to achieve a climate neutral Europe by 2050. The following sections focus on the role of
buildings in the heating seor.

Industrial

Tertiary

Residential

0 500 1000 1500 2000 2500 3000 3500
Final Energy consumption for 2015 (TWh)

m Space Coolinga Process Coolin@ Space Heatinga Hot Water B Process Heatingd Cookingd Non H&C

Figure 1. Share%f final energy demand per endses and Member States

Due to the long lifetime of buildings, 80% of today's building stock would still remain in 2050. As a result, the
renovation activity in the buildingestor is expected to be the dominating one, among demolition and new
construction(Artola, 1., Rademaekers, K., Williams, R., & Yearwood 2018)ler to decarbonise the building
sector and reach GHGeduction targets Improved building insulation, smart appliances or energy
management systems could contribute to moderate the energy requirements. Still, all these measures should
be followed by a fuel shift that enables the utilisation of cleaner engrgources to meet the remaining
energy needs. These sources cover, among others, renewable he@timgluding electricity® and district
heating fed by renewable sourcé3 including renewable gas or solar thermal.

Heat for residential and tertiary secteraccouns for about 35% of the total demand in the EU since 20@®
20 times larger on average than the final cooling demand during the same perAtdnational level, it
represents the largest share of the final energy demand. This also applies to SoutBaropean countries
despite the fact that they are characterised by warm climate conditions.

Heating and cooling demanare usually studied together and amirectly related to temperature. As observed

in Figure2, cooling is a very small fraction compared to heating. The fact that the heat demand is so much
higher than the cooling demand can be explained by the temperature profiles and the implied comfort zones
(Figure 2). Maost of the year, temperatures are moving into the heating zone (for most Member States) while
cooling is only limited to a few hours per day during the summer monfihtss isthe reasonwhy such studies,
including thisfocus on heatdemand

»H
o

Temperature
N
o o

Figure 2. Daily temperature evolution per EU country for 2016. The grey bands above and below the main line correspond
to the minimum/maximum temperature of the day. The temperature region in which space heating and cooling are
marked with redand blue respectively
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Figure 3. A comprehensive view of useful energy composition of the built environment for different end uses and fuels in
the EU

Heat demand includes three major uses: hot water, process heating and spatmfeThe latter accounts for
more than 50% of the heat demand while heat for hot water (DHW) purposes represents Exjare3.).

Fossil fuels still represent the highest share of the fuel mix in the Europeantihgasector for the residential

and tertiary sector (62% and 57% for the space heating and DHW uses respectively). The remaining share,
around 40%, relies on low carbon technologiesuch as district and electric heating, as well as renewable
fuels, namey biomass.

At country level, large differences are observé&igure4 presents the space heating needs in 2015 as well as
their fuel breakdown at country levellwo northern European countries boast with the highekares for
cleaner heating technologies: Sweden gets almost 95% of the space heat in buildings from district heating
networks, electricity and renewables, while Finland claims the second place with roughly 90%.
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Figure 4. Fuelconsumption for space heating in 2018/ember states are sorted by the amount of fossil fuels they are
consuming



Correspondingly, trends based on geographic locations are observed: district heating is particularly dominant
in northern European member staewhile renewables due to large biomass sharesare leading in Eastern
Europe. Consequentially, the Baltic countries combine both characteristics and exhibit a share of around 80%
of low carbon heating fuels. The heat supply in central and western aiesis largely based on gas. QOil still
plays a large role in a number of member states, while coal for residential heating services is primarily
relevant in Poland.

The evolution and projection of the final energy consumption for heating and coolingce in buildings is
presented inFigure 5. The historical data are based on JRC IDEES datal{dsntzos et al. 2017) The
baseline evolution oheat demand per countryf there are no decarbonization policies in place is taken by
(Nijs, Castlld, and Gonzélez 2017)n order to ensure the consistency of the dataset we ube relative
differenceof the latter among different yearsand fuels and we apply it to the historical dataf IDEES

Historically, not big changes are observed in theatieg sector. Minor deviations on the total demand are
caused by variations in the weather, which has a large impact on the built environment energy needs. As a
result, the colder the weather in a year the higher the heat demaBg.2050, building renovatins and other
energy efficiency measures are expected to reduce the final energy consumption in the residential and
tertiary sector by over 25%. Coal, oil and gas consumption for heating is massively reduced. The use of gas
and biomass decreases, while tfist heating and electricity shares increase.
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Figure 5. Historical @velopmentand projectionsof fuel consumptionfor heating



Accounting framework
In order to be able to provide a fair comparison we need to accountideeefits and drawbacks of both heat
and power sectors covering the same end use
End uses
Space Pt
Heathg [~ Final X Pri
" energy for Heat Hl rimary
energy
at . .
warer Renewable D:_S'tr;';t *
= Renewable
Space . ..
cooling Fossil Electricity
Fossil
Other -
electric Other
— needs — electric
Other Power
pon - electric generation
needs mix
Figure 6. Energy accounting framework for assessing heating and power energy breakdown costs, efficiencies and
emissions

2.1.1 Efficiencies

The oveall national heat supply efficiencyO defined as the ratio between the delivered useful heating
energy to the final energy consumptio® remains low. Due to the existence of higtificient technology
solutions, such as heat pumps, combined heat and poweewen condensing boilers, higher values may be
expected. However, the persistence of old energy generation equipment impedes higher efficiencies. As a
result, the heating sector offers significant opportunities to decarbonise the energy sector.

At natioral level, countries with the lowest shares of fossil fuels present higher overall efficiencies in the
heating sector. This is the case of Sweden and Finland that show efficiencies values above 90%. In these
countries, a large share of the heat demand ispplied via district heating, electricity or renewables. These
options offer higher efficiencies in comparison with fostilelled technologiesKigure7).
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Figure 7. Overall national heatig supply efficiencies
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2.1.2 Costs

Similarly to the case of national heating efficiencies, national unitary heat costs vary across Europe. Heating
costs depend on national energy markets rules, including taxes and tariffs, but also on the national energy
mix. Figure8 shows the national unitary heat cost computed as the weighted average of the unitary costs of

the different energy fuelsO gas, oil, solids, electricity, renewables and derived H®aand their contribution

to the final energy consumption per country based on Eurostat energy (Bixostat 2018y. Heat prices

range from 127 EUR/MWh in Malta to 43 EUR/MWh in Romania. The European average value is 70 EUR/MWh
(Figure 8).
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Figure 8. Nationalunitary heat cost

The heat costs provided from district heating have been calculated following the same approach. The mix of
inputs fossil fuels going into district heating plants have been taken into account (Eurostat district heating
energy mix). Unitandistrict heating cost ranges from 78 EUR/MWh in the case of the Netherlands to 39
EUR/MWh for Bulgaria, being the average EU value 53 EUR/MWh (Figure 9).
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Figure 9. National unitary heat cost supplied via district heating

! For gas and electricity costs, we have assumed the average value of both household artbonsghold costs as provided by Euradsta
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2.1.3 CO2Emissions

The COzemission factor is essential to assess the impact of different decarbonisation pathways in the
European heating sector. In this section, we present the national emission factors per unit of useful heat
delivered. We calculate them follomg the same approach as for the efficiency and unitary costs, presented
above. This means that only fossil fuels have been considered. The values presented are computed as the
weighted average of the unitary emission factors and their contribution to tleeful energy delivered. As
result, Bulgaria shows the highest emission factor (~500 ktCO2/TWh), followed by Cyprus and Poland (487
ktCO2/TWh and 483 ktCO2/TWh respectively). On the other hand, the Netherlands shows the lowest emission
factor (279 ktCO2/TWhfollowed by Denmark and Germany (~300 ktCO2/TVHjurel0.).
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Figure 10. Emissions factors of the heating sector (space and hot water for residential and tertiary sector) in 2015 per
unit of useful energy. Electricity and district heat are not accounted.

In absolute values, six countries (Germany, France, Italy, the Netherlands, Poland and United Kingdom)
account for 77% of the total emissions in the heating sector, discounting theth@aduced from electricity

and district heat Figurel1.). At the same time, these countries show low shares of heat from electricity and
district heat. A fuel shift in them can potentially have a significant iagb on the decarbonisation of the
European heating sector.
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Figure 11. Total emissions from heating sector in 2015 (space and hot water for residential and tertiary sector).
Electricity and district heat are not accounted. Datausce:(Mantzos et al. 2017)
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2.2 Electricity for hea ting

In 2015, electric heating and cooling services in buildings added up to 366 TWh in the BUZB4% of the

final electricity consumptionKigure12). Large shares are found in Southern European coestiFigure13).
Because of the higher average annual temperatures, countries such as Greece, ltaly, Croatia, Malta and
Cyprus have a high demand for air conditioning services in the summer. This leaamtist equal shares of
electricity consumed for space cooling as for space heating.

Electricity consumption in 2050, according to the baseline scenario of heat roadmap E(Xijseet al. 2017)

is rising by 830 TWidue to higher deployment of heat pumps and electric vehicleggre14). This is in line

with other scenarios (official or not) which place the total electricity consumption for-esés at the range
3,400 , 3,800 TWh. According to the same scenario heat pump penetration increases strongly until 2050 and
represents 6.8% of the total electricity demand. Electricity adds up to 30% of all final energy consumed for
heating compared to 14.5% todayVhile an increasediptake of air conditioning systems will play a role in
individual member states due to higher cooling demands, the effect on the European level is marginal.
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Figure 12. Scenario for the development of electricity demand undee thaseline scenarios Data sourcg¢bantzos et al.
2017), HRE2050 baseline scena(Mijset al. 2017)

Austria, Sweden and Luxembourg show the highest heat pump sh@rep to 15%. Greece, Estonia, Malta
and France are leading in electricity consumption related to domestic heating and cqolinith roughly 30%
attributed to air conditionersheat pumps and electric heating. In Germany, the consumption related to heat
pumps rises from 5.4 TWh in 2015 to 46.2 TWHrance shows the highest total consumption, which rises to
65.4 TWh.
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Figure 14. Heating and cooling share of electricity demand in 2050 (excluding process heat and cooling)

The demand structure changes slightly compared to 80JAir conditioning shares increase in southern
European countries and add up to significant amounts of the national electricity consumption in Greece,
Croatia and Italy as well as in the island states of Cyprus and Malta, with at leastB¥u(el4).

Heat pump shares increase significantly in Sweden and Ireland. Electricity demand from heat pumps in
Sweden triples, while it increases from 0.2 TWh to 1.9 TWh in Ireland. Low heat pump shares are found in
Hungary,Romania and LatviZD countries with high biomass shares and as a result less decarbonisation
pressure for the heating sector.
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2.3 Temporal characteristics of heat demand

We have presented annual statistics and trends for the EU heating sector. In thi®seee show annual time

series and temporal characteristics. Later on, these time series are used in the development of the scenario
analyses.

2.3.1 Heat demand profile

To generate hourly heat demand profiles, we have used the profiles developeWittpria andAndersen
(2018). These profiles have been scaled to match the national annual values foctheent and futurefossil
heat demandas described abovelhe total European heat demamatofiles at hourly reslution is presented

in Figure16. Annex5 presents a comparative analysis of the different data sourcasd of the heat demand
projectionsconsidered
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Figure 16. Hourlyheat demand in Européor 2015.

2.3.2 Power for heating and demand decomposition

As mentioned in Section 2.2he electricdriven heating has already a significant role which magiiease in
the future. Breaking down this demand on the temporal dimension will allow us to examine in detail the link
of the two sectors and examine future trends and scenarios.

The total power demand of a country at a national level was decomposed imteg uses: electricity for space
heating, electricity for space cooling and electricity of other uses. The decomposition of electricity demand to
different uses is needed to analyse different heat related scenarios such as the effect of electrification of
heat on the power demand curve$he following sources were used for this analysis:

0 Electricity demand data from ENTSOE power portal as retrieved anepqmeessed by Open Power
System Data(2018)
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8 Weighted average Temperature based on ER@mpernicus Climate Change Service (C3S) 2017)
aggregated at a MS levegDe Felice and Kavvadias 2019)

8 Publt Holidays from various public sources
8 Share of electricity for space heating from JRC IDEESNtzos et al. 2017)

Power demand is plotted against temperature for different days of the week and hours of the day. The
distribution of load in most cases is bimodal which means that the sensitivity of the teledoad to the
temperature during the day is different compared to night time or weekdays and weekends.

spearmanr = 0.18; p = 1.5e-44 80 spearmanr = -0.096; p = 2.9e-19 |
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Figure 17. Density scatterplots illustrating the relationship between load and temperature for Spain (left) and Germany
(right). The marginal distributions of the two variables are also shown to indicate the bimodal nature of the load (day
night, weekendveekday).

In order to decompose the electric load into heating and cooling within a country, among different hours of
the day and among weekdays and weekends and holidays we use a variade degreehour method which
is a generakationof the traditional degreeday method.The following steps were followed:

1. Find hinge point base temperature for heat/cooling degree hourss Ehthe temperature beyond
which the power demand will have a monotonic relation with the temperature. This point is found by
checking the Spearman rank correlation coefficients (which show the monotonicity of a data series)
for each of the base temperaires used (Azevedo, Chapman, and Muller 2015Jhe highest
spearman factor was chosen. A very low spearman factor (below 0.2) or a higilye (above 0.05)
indicates no monotonicrelationship among the variables. In that case it is safe to assume that there
is no dependency of the load with the temperature. This was conducted for day and night,
weekday/weekend based on the results of a density clustering.

2. Establish heat degree durs (HDH) and cooling degree hours (CDH) using the hinge points found
above using the formulas:

600 0 O0Y "‘Mi "G

000 U "O0NE "QQ Yhn
WhereT; is the temperatureat time t and hingethe identified hinge pint for heating or cooling for
the type of the day (weekday/weekend) and type of time period (day/night). If there is no hinge point
then the CDH or HDH is zero for that tinséep. Exponential weighted moving average with a decay
of 3 hours wasapplied inthe resulted timeseriesn order tosmoothenthe seriesand simulate the
dependency of the heating/cooling load to previous timestefis is recommended to reduce
unrealistic peaks and ramps of power demand that can be caused by fast changes in tenuperat

and to simulate the building inertia and dependency on previous Temperature vakieslly we
normalse the two time series of the above step so that their sumis 1
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3. We define the following rescaling function,
i QoOAPBB 6w 6
where, x the original normaked time series andA,B,Che rescaling parameters. The rescaling is
done through a combination of stretching\) shifting © and skewing).
4. For the decomposition the following equation needs to be satisfied:
0 O &R | Ood BB [ QO®QOp B
Based on this function the decomposition should satisfy the following targets:

[ OO B B 0 ON®E ¢ adGEdim
[ OOO@Tp B D 0wl VOO NEWQ

"'00a) 00 n
The targets are taken from real shares of electricity for heating and cooling for all historical years
based on tle JRC IDEES database. The last constraint assures that there is no simultaneous space
heating and cooling. Since the above problem is highly -tioear and discontinuous it was
formulated as a minimsation problem using a combination of positive penaltyciars and solved via
a genetic algorithm.

The decomposition was done at a Member State level. The vafu8sand Cfor both the heating and cooling
component result to the desired decomposed elemenitsall cases the algorithm converged to the target
within less than a minute. At the end the result is fully compliant with the national heating and power
statistics from the above mentioned sources.

For the sake of conciseness, we present the aggregate EU demarkdgimre 18. This figure includes the
temperature dependent components (electricity for space cooling and space heating) and the electricity used
for other purposeslndividual Curves and hinge points can be found in Annex 3
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Figure 18. Aggregate electricity demand for heating (red) cooling (blue) and other purposes (green) in 2016. NB: Lines are
not plotted cumulatively

2 The pythorDEARpackage was used
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3 Heat and power sector integration

A clean power system consisting largely of variable renewalarses faces one fundamental problem: the
availability of resources at all times. Intermittent energy is not always available when needed, thus causing
an imbalanced residual load cur¥eOne of the ways to alleviate this imbalance, in a clean and effitieny,

is through a stronger link with the heating sector. More specifically, this link can bring important benefits in
the following ways:

8 when the VRE generation is high and/or demand low (red part of cur¥égure 19)clean electricity can
be consumedo produce heat that can be directly consumed or stored.

8 when the VRE generation is low and/or demand high (green part of darfégure 19, eectricity can be
co-produced in the most efficient way via CHP or use stored electricity.

A

- Efficient power generation
(CHP & district heating)

- Stored energy

- Imports

- Efficient electric heating
(Heat pumps)

- Store energy

- Exports

Residual load (GW)

Duration (hours)

Figure 19. Ways to cover excess/deficit of electricity based on a conceptual residual load curve (demand minus demand
covered by variable renewableurces, i.e. solar, wind étc.

Based on theconceptsdescribed above, this section preserits detail the benefits and challenges that a
strongerheat and power integratiomvill bring First, we introduce a general overviewahigly interconnected
energy systemThen,the two alternative sector coupling pathwayse discussedinalysing both the demad
and the supplyside.

3.1 Towards an integrated energy system

A simplifiedtraditional configuration of the energy sector is presented Fiigure 20. It is mainly based on
conventional generation that delivers the tBfent energy needs (mostly heating and electricityjthout
many interactiols among carriersBoth supply (nhational level) and demand sides (individual/decesté) are
not so much interconnected

% This curve is defined as the amount of power demand needed to be satisfied minus the renewable energy at any given time step.
Ordered from the highest to the lowest value répresents the surplus of energy (right side) when VRE generation is high and demand
is low, and the deficit of energy (left side) when VRE generation is low and demand is high
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Figure 20. ConceptuaView of the conventional energy sector

Accordingly, the EU Strategy on Heating and Cooling stresses the importance of integrating different energy
sectors asone of the solutionsto accommodate higher shares of variable renewable energy sources (VRE),
mostly wihd and solar (European Commission 2016). By creating synergies and connections among different
carriers, the energy system can benefit in a faster way rather than taking an isolated view and strategy. In
this regard, the main decarbonisation pathways relg the electricity sector as it is the most mature wide
scale energy carrier and can lead to rapid decarbonisation trends.

The energy system, as depicted Figure21, could be configured to achieve an effective dieand power
sector coupling in the futureThe integration can be applied at different scales; at national level via utility
scale plants, at a regional/local level though district networks or even at an individual installations/ household
level by the ug of decentralised generation and storage technologies.

Powerto-x technologies enable the conversion of energy sources into more flexible energy carriers at
national scale. This group of technologies includes combined heat and power, power to gas ortpdigeid
solutions. They configure the new supply side of the energy system together with the existing power plants
and the growing energy generation from renewable sources.

Looking into the regional/local scope, a new layer emerges connecting the sapplydemand sides in the
future integrated energy system. Traditionally, this layer is built upon electric networks, including transmission
and distribution, which enable the connection between centralised power plants and end usersname
interconneced energy systemthe role of additional elements such atermal networks and thermal storage

and efficient power to heat technologies is getting more relevant

Last, the individual/decentrizled layer incorporates additional energy options. In thispest, power to heat
and CHP technologies in combination with thermal or electric storage increase the flexibility at the demand
side. This enables consumers to produce and store their own energy or exchange it with the energy networks.
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Figure 21. A conceptual view of sector coupling on different scales (national, local and individual)

3.2 Europe's power sector overview

To assess how an effective integration of the power and heating sector can benefit the overall energy system
we ned to first understand the nature of the power sector in Europe. It can be described by the operating
power capacity per technology and the associated energy generation based on historical data. Both elements
of the current (2016 data) and future (2050 pregtion) EU power sector, including Switzerland and Norway,
are presented in this section.

3.2.1 Europe's operating power capacity

The current power capacity is dominated by fossil fuels (38%), followed by renewables, wind and solar, (27%),
and hydro power (20%)Large differences are found across countries in Europe. Poland or the Netherlands,
for example, rely mostly on fossil fuels (80% of the total installed capacity). On the contrary, Sweden and
Switzerland do not show available power capacity based on fds&ils. Looking into the renewable capacity,
wind and solar, similar differences are found. Estonia (52%), Luxembourg (50%), Germany (46%) and
Denmark (40%) lead the share of variable ndrydro renewable capacity. Contrary, Latvia (2%), Norway (3%)
and Hungary (5%) show the lowest share of variable renewable capafftyropean Commission 2016bJhe
above constitutes the current baseline power system for the rest of the study and is presenteigjime22.
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Figure 22. Power generation capacity and technology shares for today's EU (plus NO and CH) power system

In order to choose the most appropriate scenario to serve as our future baseline, we cauaditerature
review of differentscenariosboth from the CommissioffEuropean Commission 2018; Keramidas et al. 2018)
and other institutions (BNEF, Shell, IEA, Greenpeace). The results of this review are preseéigacke23. Our
selection was based on the following criteria: (a) to be realistic yet ambitious, (b) not to include extreme and
skewed evolutions of individual technologies and (c) availability of data on a Member State levelugihgat
scenario close to LTSELEC and JRGECEL5C was generated based on an extrapolateersion ofEUCOG

asit representeda mediannontechnologybiaseddecarbonization scenarifor 2050. A more detailed view of

this scenario is shown ifrigure24.
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Figure 23. Power generation capacity for different scenarios in 20580r reference he first bar showsthe official
scenarioEUC032325 for 2030
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According to this scenario the poweapacity will be doubled from 930 GW (2016 data) to840 GW. A
higher share of generation capacity from renewable sources is observed, 56% in 2050 vs 27% in 2016. The
increase of renewables is experienced in every EU country. The RES growth rates rang@s50% increase

in Latvia to a 4% in Luxembourg. On the contrary, the share of fossil fuels is reduced from 38% down to
22%.
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Figure 24. Power generation capacignd share per group of technologider a future scenario

3.2.2 Europe's power generation

Today, the European power generation can be described by observing the load duration curves of the main
technologies. These curves correspond to the generation which is sorted from the highest to the lowest value
for one specific yearA load duration curve describes the peakiness (slope), maximum power (max value in 'y
axis) and the amount of energy generated (area under curve).

Figure25 shows three years of power generation in Europe groupgdenergy generation technologied/e
observe that overall there are no dramatic changes among the three years. The generation and the peak
generation of both the renewable (solar, wind, hydro) and peaker plants (gas) are increasing slightly. Currently,
nuclear is the technology with the highest amount of electricity generated. This technology is also the less
peaky, with an average load factor of 82%. Wind onshore is the first variable renewable energy source with
the highest amount of energy produced.
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Load Duration Curves for EU (2016-2018)
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Figure 25. Historical Load Duration curves per technology i countriegor 2015, 2017. The darker line corresponds
to 2017. The annotated percentages correspond to the capacity factor of each technology/year. The lower the tlenbe
more peaky the power generation of the technology is, i.e. the capacity needs are higher for the same energy served.
NB.: Each row has separateaxis scaling. X axis is nornséd Technologies are sorted by the amount of electricity
generated (Areainder curve)
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3.3 Demand side integration of heat and power

Low-carbon heat can be provided in different ways, one of them being the coupling of the power and heat
sectors at the demand side. This requires the electrification of the heat supply. liesal rapid fuel shift
replacing fossil fuels and in some cases even clean finite resources (e.g. biomass) that are competing among
sectors. Electricity will be the main carrier under the described apprdgicjure26).

heat

@

Heat |
demand

Figure 26. Focus on "electrification of heating" decarbonisation pathway. See Figure 21 for the whole picture

3.3.1 Benefits of e lectrification

Using electricity as the main energy carrier for satisfying heating needs has mamgetits. This section
examines why electricity is considered to be a favourable solution for heating and compatible with climate
change mitigation targets.

A clean energy carrier

All energy carriers are racing towards a clean and decaibet supply chain.The power is currently
advancing as a mature and clean energy carrier that can be used to satisfy more end uses than it currently
does. In the next paragraphs we examine the progress and readiness of the electricity system as an efficient
and clean energygarrier.

One of the main indicators used in the policy is the primary energy factor (PEF) which shows how much
primary energy is needed to generate one unit of electricity. This factor was estimated according to Eurostat
definition. Currently, it is useth the Energy Efficiency Directive (EED) and Energy Performance of Buildings
Directive (EPBD) having a fixed value of 2.5 to convert final energy consumption into primary energy
consumption and consequently to monitor progress against targets. Figurel@strites its evolution during

the period of 1990, 2016 for all Member States.
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Figure 27. Primary energy factor of electricity as defined by Eurostat for different countries and years (192016).
Countries are sorted fromhie lowest current value to the highest (The lower the better)
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While the primary energy factor is a good measure of system efficiency we define a modified indicator called
fossil fuel intensity in an attempt to show a better measure of the decarbonisatiéthe power system and

its readiness to a clean electrified economy. The fossil fuel intensity of the power system, is defined as the
amount of fossil fuels (excluding uranium for nuclear) needed to be ‘combusted' in order to produce 1 kwWh of
electricity. Figure 28 shows its evolution for the EU28 countries from 19902016 sorted by their
corresponding values for 2016. The overall picture across the EU28 is diverse but overall the average fossil
fuel intensity is falling from an average of 1.27 to 1.06 kWhi/kWhieric for the period 20100 2016. Many
countries have already achieved a fairly clean power system while others are experiencing a steep transition
towards it.
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Figure 28. Fossil fuel intensity of power system for ffierent countries and years (1990 2016). Countries are sorted
from the lowest current value to the highest (The lower the better)
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This is also reflected in the carbon intensity of heat produced by an average heat pump compared to a
conventional gas boile Figure29 shows the carbon footprint of one MWtprovided by heat pumps and gas
boilers , which were selected as a reference, due to them being the lowest emitting fossil-dagkn
competitor in that market segent. Regarding their utility for emissions reduction, we can see a clear trend in

all member states towards heat pumps beating gas boilers, if not already the case. In countries with a
strongly decarboised power mix, such as Sweden and France which tebavily on nuclear power, heat
pumps are much more climate friendly than gas boilers. In more than half of the member states, heat pumps
are already less carbon intensive. But even countries with a carbon intense power mix, such as Poland, the
Netherlandsand the Czech Republic are not far from parity.
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Figure 29. Tons of C@emissions per MWh of useful heat provided by heat pumps (blue) in comparison to conventional
gas boilers(orange).

Figure 30 shows how the overall emissions of the heat and power sector are affected for different
electrification rates and power system emission rat@he reason why we observe a saddle point for rates
above 60% is because cleaner solutions such as gmor district heating are getting replaced.
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Figure 30. Contour plots of totakemissionsof the primary energy (Mt Cneeded to satisfy the heatingemandfor
different degrees of electrification and power sectdecarbonisabn

A developed infrastructure

A further advantage of using electricity for heating is the wd#tion of a highly developed transmission
infrastructure. On a large scale, electricity is easier to transfer and to distribute than liquid fuels and even
than heat itself. In some cases it may even be the only energy infrastructure available for the supply of heat
since a gas or district heat network may not be available. The production chain of electricity is increasingly
domestic in the European Unidd due to the expansion of renewable energi€3 and the security of heat
supply increases and import dependencies are reduced, enhancing the overall energy security. This is of
particular interest in times where geopolitical developments and energy security coscegtated to
international relations and global trade are continuously growing.

Moreover there are services in the built environment that can only be fed by electricity. A continuous increase
in IT, leisure and communication appliancesplies already arincrease in electricity demand. That makes the
power network irreplaceable. Building on top of this existing carrier infrastructure, its economies of scale, its
advanced development and its modesation prospect can favour also heat services.

Readyto b e digital ised

Another benefit that electrification brings to the heating sector is that it opens a window to the digital
economy. Power flows are easier to be 'digisald than water flows. This can allow a number of new services
to appear such as automatn, monitoring, remote control, demand response etc.

Flexibility services for the power system

In the past the generation side was able to change and meet the demand needs. In a future energy system
the demand side should be more able to change its levahd meet the power generation supply coming
mostly from an increased share of intermittent renewable energy sources. This concept is also known as
demand response. From that point of view electric heating is a large source of flexible electricity dethand

may facilitate this transition.

Electriedriven heaters will be able to stop and start their operation at a short notice without affecting much
the thermal comfort of the residents, taking into advantage the building's thermal inertia. In that way
gereration can react to price signals; generate heat when prices are low (i.e. abundant supply) and stop the
heat generation when prices are highe(scarce supply).

For an even more pronounced effect thermal storage tanks can be added. Buildings canipebatgarn the
habits and the behavioural patterns of the occupants and qgmptively shift the peak load to hours where
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electricity demand is low. This can be part of wider load shaping measures such as peak shaving, valley filling
etc.

A very efficient and affordable technology

Electrification of heat can be either direct (resistive) or via geothermal, waberir-based heat pumps, which

have much higher conversion efficienci¢$éeat pumps are the most promising electiziven technology that

can be sed to satisfy the energy needs. Its operating principle is based mainly on the thermodynamic vapour
compression cycle which is already tested and at an advanced technological readiness level. Not only it can be
fed with grid electricity, which as discussd in previous section is becoming cleaner and clegnéut it has

very high efficiency compared to other technologies.

Electrifying the heating sector is also in line with the principle "energy efficiency first". Compared to other
sources of primary engy, a heat pump (the main technology for electdciven heating) is & times more
efficient* than a normal boiler. This is achieved by upgrading very low value energy (such as ambient energy,
geothermal etc.) to useful energy. Consequently this is réédcto the cost of the enduser as he needs to
spend much less final energy in order to satisfy its thermal comfort.

From primary energy point of view even when we consider the conversion of electricity to primarphéagl
pumps are currently superior agpared to other technologies-igure31 compares the average useful heat
production per unit of primary energy input. The calculations are based on general and techrsgegific
efficiencies from IDEES power systegfficiencies for each individual member stageUROSTAT 2018)Ve

can see that even taking into account the conversion processes in the power sector, newly installed heat
pumps in the residential sector have been more efficient than the average stock since 2005.
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Figure 31. Performance with regard to primary energy consumption of heat pumps in comparison to the average new
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3.3.2 Challenges

The combination of the above benefits present heat pumps as the "low hanging fro@t tan reduce
greenhouse gas emissions and increase energy efficiency. However, the above benefits va# oedy if the
power sectoris decarbonisedn an affordable way. Transferring the heat demand to the power system will
cause increased peak dugnwinter season. More specifically the electricity demand profiles will become

4 This depends on the temperature difference between the desired Temperatugethe temperature of the cold reservoir (e.g. ambient
air, water body, ground etc). The smaller the temperature difference the more efficient it is.
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° k * \ bydncreasing the slope of the load curves and with an increased dependency on the weather, since
electricity used for heating is highly weather dependent.

Consideringthat in a future energy system the share of weathaffected renewable energy sources is
increased the overall exposure and risk of the power system to weather effects is magnified. When added
with the sensitivity of the supply side this creates a highaverall weather dependency with the subsequent
uncertainties and needs for a more modern and flexible market design.

In order to ensure the adequacy dhe power system theremay be a need fora combination ofcapacity
storage and reserves additions. Meover, increasing power demand especially within energy dense urban
centres will increase the stress to the distribution grid. If demand response mechanisms are not deployed fast
of if they do not operate efficiently, the distribution networks will need soale up and adapt to a smarter

and more flexible way of operation and to newmore peaky, consumption patterns.

Apart from the power systenimplications another challenge is linked to its affordability. Equipment costs of
heat pumps are higher compageto conventional heat generating technologies. However like all new
technologies an increased uptake will cause a fastedustrialsation and standardsation of manufacturing
and consequently it will lower the costs.

Installation can be also challenging more dense urban areas where living space is more restricted as heat
pumps need to have two installed units: One unit inside the heating space, and one in the reservoir from
where the low quality energy will be abstracted (e.g. outside, ground etiee).n€ed for installing two units
requires a larger space footprint and consequent increased installation costs. For small units usually covering
the needs of one household installation costs can reach half of the cost of equipn{elofmeister and
Guddat 2017)

A last technical challenge is related to the natuof heat pump operation. The efficiency of a heat pump is
inversely proportional to the temperature difference between the desiredsa@nt temperature and the
temperature of the low grade reservoir (e.g. ambient air, ground etc.); the higher the afiiferthe lower the
efficiency. On extreme temperature differences e.g. when ambientperatureis close to-10°C there may be
very low efficiencies and also reduced capacity.

A side effect of this technical particularity is that heat pumps are usually ideed to operate at a lower
temperature. Thus, buildings to be equipped with heat pumps need to be well insulaidde building
renovation and installation costs may be a large barrier to the deployment of the above mentioned solution.

3.3.3 Literature review

In the literature, the role of electrifying heat as a cost effective measure to decarbonise the energy system is
becoming more and more relevariBloess, WP. Schill, and Zerrahn 2018A\s the lowest hanging fruit, heat
pumps are key to reducing emissions iretheating and cooling sector and preferable to other sector coupling
technologies(IWES/IBP 2017; Raghavan, Wei, and Kammen 2017; Schaber, Steinke, and Hamacher 2013)
Their flexibility furthermore plays an important role inalancing power demand and supply, and mayin
combination with other sector coupling technologies from transport and the chemical sectoender
electricity storage redundant, even in a highly decarised system(T. Brown et al. 2018)

The electrification of heat is, however, highly dependent on an energy efficient building stock. The low supply
temperatures of heat pumps render them much less efficient in buildings that are not well insulateditires

in lower performance of the heating system. This has been identified as one of the key risks in focussing on a
onesided deployment of heat pumps for the decarbsaiion of the heating sector and sparked a
controversial discussion on the right stegy (Chaudry et al. 2015) Some studies argue that it is
advantageous to decarbase heating fuels through poweto-X technologies rather than investing in the cost
intensive renovation of the building stodENA 2018; Enervis et al. 2017)

On agrid level, electrification creates new consumers which put the local infrastructures to the test. It has,
however, been shown that even large penetration levels of battery electric vehicles and heat pumps are
manageable if appropriate charging/operatiorategies are implementedde BoerMeulman et al. 2010;
Shao et al. 2013)In areas with distributed generation, heat pumps can even relieve the grid, if their demand
response potential is ufded (Felten, Raasch, and Weber 2018)oreover the amount of eledtity demand

from a heat electrification scenario is minimal compared to a transport electrification scenario. We will
therefore not discuss this aspect further in this work.

Regarding the macro effects of heat pump deployment on the power system, thezdven sides to the same
coin:on the one hand, electricity consumption rises, which can create a need for capacity expansions and
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might produce additional G&emissions in the power sector (depending on the electricity mix at hand)
(Sandvall, Ahlgren, and Ekvall 201As there are strong signs in most EU Member States that heat demand
exceeds electricity demand in both peak and annual demand, extensive electrification can plaeava
burden on the power system and require significant capacity expang@amnolly 2017) On the other hand,
heat pumps are a source of flexibility to the power system, which facilitate the reconciliation of electricity
supply and demandni a system with high shares of variable renewable electricity sources, thereby reducing
curtailment and fossil fuel consumptio(Bloess, W. P. Schill, and Zerrahn 2018)

The effect on generation capacity levels cannot be seen as proportional tchéve pump uptake. We must
rather distinguish according to the penetration level. At low penetration rates, in combination with thermal
storage, heat pumps can lead to little or no additional required capacities to satisfy the additional demand.
They can atisfy their needs in off peak times due to their flexibilittBaeten, Rogiers, and Helsen 2017)
Separatdy, additional storage units are, however, no precondition for a flexible dispatch, since the thermal
inertia of buildings can be used as a fupst option for load shifting without impacting the comfodf the
inhabitants(Heinen et al. 2017)

High penetration levels generate a demand for electricity which cannot be satisfied by just "filling in the gaps".
This adlitional demand can generate new peaks and/or boost existing peaks, which leads to increased
capacity requirements and requires additional investment in power generation capacities. Flexible operation
still remains important to reduce the volatility of heéaelated electricity demandIWES/IBP 2017; Ruhnau
2017).

The partial integration of heating into the power sector to build a more efficient overall system can only
succeedf the two sectors are designed in the context of one another. The appearance of strong winds in fall
and winter correlats with the heating period in central and northern European countries, which makes heat
pumps and wind power a great match in this ar@dedegaard et al. 2012; Heinen et aD27; Vorushylo et al.
2018). Heat pumps can therefore help reduce renewable surpluses and enable further integration of wind
power in systems with already a high penetration level of wind pofidedegaard et al. 2012)Whether a
flexible dispatch in combination witheaktime pricing is economically profitable for the consumetrongly
depends on the electricity pricing reginiBelten and Weber @18; Hedegaard, Pedersen, and Petersen 2017,
Oldewurtel et al. 2010)

3.4 Supply side integration of heat and power

The use of available heat in centralised power plants can significantly reduce the GHG emissions associated
with the heating sector. Power gotits that can simultaneously produce heat and power, in a CHP mode, offer
an opportunity to couple heat and power sectors at high efficiency rates. The heat produced in these plants
can be distributed via thermal networks.

Thermal networks enable the usa highly-efficient heating technologies, waste energy sources and thermal
energy storage. They tap the potential of economies of scale leading to an efficient and affordable heat
supply. Areas with high heat demand such as densely populated cities dfiferopportunity of aggregating
heat demand and thus using heat networks in an effective way. In the following sections we describe the link
between the heating and the power sector focusing on the supply side.
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Figure 32. Focus or'centralised cogeneration with thermal networks" pathway. See Figure 24 for the whole picture

As mentioned in the Introduction another possible interaction of heating and power sector on a ¢sedral
level involves gas. More specifically, the cleafuel can be generated by the excess renewable electricity and
feed the remaining thermal power plants fleet in the future. Renewable fuels can be produced by power to
gas technologies (e.g. renewable hydrogen, bio methane) and the low carbon gas can serke agin
energy carrier. Such interaction is depicted in FigB8 This gas could be transported, stored and distributed
by the existing gas infrastructure, offering significant flexibility benefits to the grid according to van Melle et
al. (2018)(van Melle et al. 2018yan Melle et al. 2018)While these concepts may have considerable benefits
but also adding etra complexity, they go beyond the scope of the heating sector and this study and will not
be examined further.
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Figure 33. Alternative pathways to cover heat utilizing cleargas (power to gas)
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3.4.1 Benefits and challenges of central ised heat supplied via thermal networks

This section examines the benefits derived from the use of centralised heat together with thermal networks
and how it can contribute to the decarbonisation of the European heating sector.

High efficient central ised cogeneration

Combined heat and power (CHP) plants, which can reach a total efficiency of up to 90% (Grohnheit 1993), are
an efficient asset to achieve the sector coupling at the supply side in the present energy system. They have
been acknowledged as the ost efficient way to generate useful energy fronthermal power plants
(European Union 2012Newemerging typesof 'greerer fuels such ashiomass,biomethane or even methane
blended with hydrogen could befit from such technologies and deliver both powand heat at the same

time.

Existing stearrbased power plants that are currently operating as power units, which can modify their
operation to deliver heat and power simultaneously. This conversion leads to a significant reduction of the
upfront investmen costs compared to the cost of a new plant. For reference we present an extensive list of
utility scale heat generation installations in Figusd. The incremental capital cost of a CHP plant (compared
to single purpose power generation) is at the samel@r of magnitude as the cheapest optiomnd. boiler).
Therefore, the full potential of the centralised cogeneration relies both on existing CHP plants and power
plants that can modify their operation to deliver both heat and power.
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Figure 34. Specific capital cost for most common heat generation devices Dadarce(Grosse, Stefan, and Robbi 2017)

The disadvantage of converting steatmased power plants into CHP plants, from a technical perspective, is
the reduction of the maximum amount of power that could be delied individually. In other words, the
higher the amount of heat produced the lower the maximum potential output power. So, a-todéfdeetween

the heat and power production is established for a given amount of input fuel. This power loss represents the
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power to heat ratio, equivalent to the coefficient of performance (COP) of a heat pump. Still, the combined
production of heat and power leads to an increase of the overall efficiency compared to the single production
of electricity. More detailed informatio on how different steambased turbines can operate as CHP plants
can be found in (Kavvadias et al. 2017).

From a policy perspective, it is argued that foshiklled cogeneration plants should not be part of the future
energy generation portfolio. On theontrary, several arguments support the utilisation of CHP plants in the
medium to longterm. First, driven by the high efficiency, they can play an important role along the
transformation of the energy sector before being substituted by cleaner techgieln Second, current fossil
fuels used in CHP plants can be replaced by biofuels. Last, a considerable fraction of the power generation
capacity is expected to bbase on thermal power cycel iB050 (European Commission 20183uch plants
should be run in cogeneration mode in order to utilize the energy content of the input fughénmast
efficient and clean way.

Flexibility via thermal storage

The deployment of CHP plants together with thermal wetks may unlock the potential of centralised
thermal storage. Thermal storage is acknowledged as a @fctive solution to balance heat generation
and demand at all timegLund et al. 2016)

Thermal storage a&n be integrated at different levels of the energy system, including national, local and
individual/decentralised levels, according to the energy system layout presentdegure 21. The use of
thermal storage proides flexibility to the entire power system by enabling a more powdeiven cogeneration.
Thus, it facilitates a better integration of intermittent renewable energy sources through a more flexible
operation of the CHP plants. This flexible operation aidvigher CHP efficiency ranges as larger amount of
heat can be produced and stored.

Thermal storage can be categorised by temperature range, periods of storage and location related to the
application(De Vita et al. 2018) Three main thermal storage technologies exist. The main characteristics of
these technologies are presesd in Tablel.

Table 1. Techneeconomic parameters for TES technolog{&arbu and Sebarogvici 2018)

TES System Capacity Power Efficiency Storage periods Cost
(kWht) (MW) (%) (EUR/kWh)

Sensible 100 50 0.0010 10 50 © 90 days/months 01010

(hot water)

Phasechange 50 O 150 0.00101 750 90 hours/months 100 50

material (PCM)

Chemich 120 O 250 00101 75 0 100 hours/days 8 0 100

reactions

Roughly, thermal is 100 times cheaper compared to electric storé@stergaard et al. 2016)This ratio may
vary depending on the specific storage application on one hand and the rapid eadsiction that electric
storage is experiencing on the othgfsiropoubs I, Tarvydas D, and Lebedeva N 2018y}ill, largescale
thermal storage solutions, which are required for thermal network applications, are moreeftettive than
the storage of electricity figue 35).
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Thermal networks

The lack of available thermal networks tdistribute the cogenerated heas the major bottleneck when it
comes tothe utilization of new cogenaration plantdhe deployment of thermal networks entails significant
upfront investment costs that could hinder the utilisation of centralised heat and power technology solutions
under the supply side séar integration.

Currently, district heating networks supply only ten percent of the total heat supply worldwide, however high
disparities between countries are identified. Yet, district heating solutions have a strong potential to be
feasible if adequateenergy planning is don@Nerner 2017) Thermal networks have been proven feasible in
dense urban areas with concentrated hedemands. In this application, both investment costs and thermal
losses are reducedReidhav and Werner 2008Y herefore, centralised power plants relatively close to urban
areas are the ideal scenario.

In addition, the new generation of district heating networks, also known ‘agéneration of district heating
systems(Lund et al. 2014)can contribute to a larger use of centralised CHP plants. They are characterised by
lower temperatures of operation that enable the usdition of additional heat sources and reduce the heat
transmission losses. Moreover, led by low temperatures, large amounts of heat can be transferred in-a cost
effective way to large distances of the order of tens of kilometr@savvadias and Quoilin 2018)

Use of available heat sources

In addition to the heat produced in centralised power plants, the deployment of thermal networks can enable
the utilisation of available heat sources that are currently wasted. Tise of these sources can alleviate the
power system load maximizing the utilisation of renewable energy sources. The deployment of low
temperature networks, @ generation of district networks, will allow incorporating more heat sources even
those with parer quality from an exergy perspective (low temperature resources).

Challenges

The major challenge relates to the deployment of thermal networks. They have been proven feasible in many
applications. Yet, they have not been fully deployed in countried wa tradition (Werner 2017) For those
countries, raising awareness is essential.

The conversion of combined cycle powgants into CHP plants can also represent a challenge. Originally,
these power plants were designed and built to maximise the production of power. Therefore, companies
operating this type of plants are reluctant to modify their operation unless incomevitagi from the heat
supplied compensates the economic losses from the lower power production.
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New business models, including the involvement of public authorities, have to be developed to guarantee the
viability of thermal networks. Other aspects such #se raise of user awareness, the development of
engineering skills and a reliable regulatory framework should be developed to achieve a large deployment of
thermal networks(Millar, Burnside, and Yu 2019)

3.5 Summary

The above sections areummaiisedin the following Table 2vhere the benefits and challenged are presented
seperately for the power and the heat sectdiVhile they are presented as three discreet choices the reality is
that a combination of all three to a specific extent wilelthe optimal solution. Such combination has to be
carefully planned to avoid noegret investment in infrastructures. Such overlaps in infrastructure investment
not only may prove costly but may lead to stranded assets when different market conditioise ar

Table 2. Summary of possibldeat-related energy transition pathways

Electrification Cogeneration and Power to Gas
District heating

Heating sector

Utilises waste heat;

Benefits Increased efficiency increased energy Large existing capacity;

efficiency existing grid
Depending on the type of
Negative feedback on low H'egtas acarrier more gas (hydrogen,
. difficult to handle than biomethane) small or large
Challenges temperatures (increased L . .
L electricity, limits in adaptation will be needed
demand, low efficiency) . o
’ transmission on applications and
infrastructure

Depending on the type of
gas (hydrogen,

Investment Building renovations and  Heat networks and biomethane) small or large

needed heat pump equipment retrofits adaptation will be needed
on applications and
infrastructure

Power sector

. . Utilises any fossil or Renewable integration,
. Renewable integration; X
Benefits . o renewable fuel in the most network Infrastructure
increases flexibility iy
efficient way already mature
Expensive and not mature
Stresses the power systen conversion technologies
Chalenges in specific times of the day Reduces flexibility Injecting and blending
and days of the year green gas into current grid
could be challenging
Not yet cost efficient
Investment Flexibility measures and Minimat retrofits on icnocr;\ézrss(;ocr)} tgg;r;izleogles;
needed capacity additions steam based plants

necessary for a business
case
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4 Heat sector scenarios and their impact on the EU power system

This section introduces the scenarios proposed to assess the benefits derived from the integration of the
power and heat sectors. We focus on two families of scenarios: advanced heat electrification (as described in
Section 4.1.2) and advanced deployment of tatised CHP and district heating scenarios (as described in
Section 4.1.3).

Each scenario will be defined by a heat and power demand and a power plant fleet. In additional, national
heat efficiencies and costs are required to charadéserthe conventionbheat supply per country. This heat
supply option will allow evaluating the cosffectiveness of supplying heat from centralised CHP plants. To
guarantee a fair comparison framework, demands remain constant for all the scenarios under a given time
horizan O current and future (2050).

To evaluate the impact of the sector coupling on the power system, we use-dmouse state of the art power
system model with features specifically developed to simulate the EU power system and its link with the
heating setor. Section 4.2 includes more details on its main features, assumptions and recent developments
tailored for this study.

All power system simulations and analysis are done for EU28 excluding Cyprus and Malta due to their island
nature, and lack of data. dtway and Switzerland are included in the power system simulation due to their
important role but they are not included in the aggregate EU results. These two countries are only considered
from the power but not from the heating perspective.

In the followng subsections we define in detail the scenarios and describe the modelling framework.

4.1 Definition of Scenarios
The major aspects that describe the families of scenarios under study are listed below.
0 Base case

b Current power plant fleet power and heat demdras of today

b Future scenario Power plant fleet based otthe scenariodescribed in section 3.2nd total heat
demand based on Heat roadmap Europe baseline scen&oo the sake of comparison rexditional
energy efficiency measures are considered.

0 Heat Bectrification scenarios

b Overnight electrification of fossibased heat of the current power system which will serve as a
stress test for the current situation

b Different degrees ofheat electrification of the future energy systensensitivities are also emined
such as adding more storagéterconnectionsmore renewables or load shaping measures (i.e. Peak
shifting).

8 Cogeneration and district heating scenarios

b Use of combined heat and power generated in centralispdwer plantsand delivered via district
heatingas a high efficient option to serve both heat and electricity needs

b The role of thermal storagés examined in those scenarios. As an additional flexibility option, thermal
storage enables larger integration of renewable while guaranteeing anceffit heat supply from
centralised cogeneration power plants

b The feasibility of thermal networks is also assessed via a sensitivity analysis based on the heat
density demand requirements and distances between heat sources and demand.
4.1.1 Base case

Two base cae scenarios were developed according to the current and expected future status of the energy
system by 2050. These scenarios set the comparison framework to examine how the proposed sector
coupling strategies benefit the entire energy system in terms ot efficiency, emissions, and integration of
higher shares of renewables among others.
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They are defined by the following input elements:
& the power plant fleetas described in Section 3.2,
8 energy demandincluding electricity and heat),

& national heatng efficiencies and associated fuel costs.

Power plant fleet

The power plant fleet used in the proposed scenarios is presented in se8tfor the current Figure22))
and future Figure24.) energy system.

Heat and power demand

Current base case scenario is based on the structure of the heating sector of 2015 and the weather year of
2016. Furthermore we created a family of scenarios to investigdte possible effects of future heat pump
deployment for different electrification rates. Heat and power annual values are already presented in section
2.1 and the annual time series in section 2.3.

Power demand

To build the current scenarios, we have retred the hourly power demand from the European Network of
Transmission System Operators for Electricity (ENEJ@atabase for the year 2016.

4.1.2 Heat electrification scenarios

This group of scenario assumes a turn to electddven heating. Our aim is to iegtigate the impacts that
different degrees of electrification have on the power system as well as the environmental and energy
efficiency benefits that might arise from an increased heat pump deployment. To this end, we compare the
base line scenario (BISto scenarios which vary in their degree of heating sector electrification: The E20
E100 scenarios describe a stepise replacement of decentreled fossil and resistive electric heaters by heat
pumps. The number in the scenario name refers to the aepment rate of fossil fuel driven technologies, i.e.
100 implies that all fossil fuel technologies are replaced with heat pumps. These technologies were chosen,
since they are the less clean or inefficient technologies in the European heating sectore Eledrification
scenarios can be understoday assuming thatdecentralsed heating applications fuelled by gas, oil, coal, as
well as resistive heaters are substituted by heat pumpvernight.For the sake of comparison the engse
demand remains the samin all scenarios. However, the technology mix and consequently the final energy
consumed changes.

The E100BIO scenario assumes a displacement of biomass in the heat sector. We chose this scenario, since
there is great competition for biomass from the indtrial and the transport sector, as well as only a limited
potential (European Environment Agency 2013)jo quantify the maximum impact of electrification, the
E100ALL scenario describes a European heat sector, in which all space heating is satisfied by heat pumps.
This scenario, albeit not realisticerves as an upper limit and frames the analysis. All scenarios have been
constructed at a national level. Table 3 afdgure36 give an overview of all scenarios, depicting the final
energy consumption according toél.
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Table 3. Useful heat demand covered by electricity for different Member States and scenarios

BLS EL20 EL40 EL60 EL80 EL100 EL100BIO EL100ALL

AT 1.9 2.4 2.9 3.5 4.0 4.5 6.3 9.1
BE 3.5 5.3 7.2 9.0 10.8 12.7 13.2 13.4
BG 1.7 15 1.4 1.3 1.2 1.0 1.7 2.3
CY 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3
Ccz 3.2 3.7 4.2 4.7 5.2 5.7 7.5 9.7
DE 15.7 27.2 38.7 50.3 61.8 73.4 81.9 92.9
DK 0.8 1.0 1.2 14 1.6 1.9 3.0 6.9
EE 0.4 0.4 0.4 0.4 0.4 0.4 0.7 14
EL 3.2 3.3 3.4 3.6 3.7 3.9 4.7 5.1
ES 8.8 10.0 11.2 12.4 135 14.7 17.3 17.7
Fl 53 51 4.9 4.7 4.5 4.3 5.8 10.0
FR 28.5 31.8 35.0 38.3 41.5 44.8 52.5 56.3
HR 0.8 0.9 1.0 11 12 1.3 2.4 2.6
HU 11 1.9 2.6 3.4 4.1 4.9 6.6 7.4
IE 1.0 15 2.0 2.5 3.0 3.5 3.6 3.7
IT 8.7 13.8 18.9 23.9 29.0 34.1 40.6 42.9
LT 0.3 0.3 0.3 0.4 0.4 0.4 0.9 1.7
LU 0.2 0.3 0.5 0.6 0.7 0.8 0.9 0.9
LV 0.2 0.3 0.3 0.3 0.4 0.4 1.0 1.7
MT 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.3
NL 3.5 5.6 7.8 9.9 121 14.2 14.9 15.7
PL 5.0 7.1 9.2 11.3 13.4 155 18.2 25.4
PT 1.7 1.7 1.6 1.6 15 15 2.3 2.6
RO 0.9 15 21 2.7 3.3 3.9 6.6 8.0
SE 9.9 9.2 8.5 7.9 7.2 6.5 7.5 131
Sl 0.5 0.5 0.6 0.6 0.7 0.7 1.2 14
SK 0.9 1.2 15 1.8 2.0 2.3 2.4 3.1
UK 19.9 26.2 32.4 38.7 44.9 51.2 53.0 53.7
TOTAL 127.9 164.1 200.3 236.5 272.7 308.9 356.9 409.4
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Figure36 shows the final energy consumption of the scenarios examined. The conversion of useful energy to
electricity needed is based on the demand/temperature in order to account for variable efficiency as a
function of temperature is premnted in later in this section.

4000

3500  mm—

3000 B

2500 —_—

2000

1500

1000
500

0

Final energy consumption [TWh]

Electricity mDerived Heat mRenewables " Gas mOil mSolids

Figure 36. Final energy consumption for space heating in EU for different electrification scenarios
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Figure 37. Comparison of electricity consumption per end use in tlasddine and thencrementalelectrification
scenarios

Heat pumps make up 26% of final electricity consumption or 540 TWh in the EL100 scenario. The spread of
heat-related electricity shares is small across member states, since specific heating and coweds are of

a similar magnitude. Higher heat related shares are not so much based on the geographical location of the
country.

The electrification rate is 55% for the EL100 scenario and 77% if also biomass based heating solutions are
replacel (EL100BIQ) This is not very close to the assumptions of other studies such as the one from
Eurelectric(Eurelectric 2018)which shows electrification rate of the final demand in buildings up to 63% or
the one from Shell (sky scenaridhat considers arate of 74%. On the other hand, Internahal Energy
Agency ETP B2DS scenario is more pessimistic considering an electrification rate of only 35%.
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Figure 38. Heating and cooling share of electricity demapdr Member Statén a full heat electrification scenaridcL100
(based on 2015 demand) (excluding process heat and cooling)

Demand curves

The heavy burden, which electrification places on the power system can be se€igune 39. It shows the

load duration curves for the different scenarios. The seasonal profilbedt demand leads to large increases

of electricity demand throughout the winter half of the year. The steeper profile of the load duration curve

shows a large increase in volatility and therefore a small amount of hours with a very high demand. Demand

side flexibility could reduce this number of hours, spreading out the peak demand more evenly. Yet, taking the

amount of firm capacity into consideration leads us to believe that the E60 scenario seems to be the most
ambitious electrification scenariowhichad ]~ n> ~pm”> _ ]t oj _\t¥n admh 2\ k\~"d

The contribution of RES capacities to satisfying this demand must be judged very cautiously. The peak occurs
in all European countries in December or January after 16.00, meaning that solar panels cannot cantabut
satisfying this demand. Relying on wind power, on the other hand, risks the heat supply of residential citizens
in years when wind lulls occur and cold weather coinciffdsneke, Perez Linkenheil, and Niggemeier 2017)

The decomposedurves presented in Section 2.2 and Annex 2 were scaled to correspond to the total amount
of energy indicated aboveFor the generation of the newime serieswe did the following. Using the
temperaturetime seriespresented in Section 2.2 we estimate theplied coefficient of performance (COP)
time series based on a Carnot factor by means of:

COP= ICE(l'TseI/Tout,t)
where,second law efficiencyf Il =45% and a setpoint Temperature gk = 22°C is used

With the above we can simulate successfully the effect of cold spells which affects the heat pump efficiency
negatively. Peak heat demand coinc&dwith low efficiencies, causing high demand for electricity. While this
does not occur often, it creates a positive feedback loop. When the space heating demand is the highest, then
the efficiency of a heat pump is the lowest increasing the electricitym@dnd even moreThis effect is obvious

in the Load duration curveshown inFigure39.
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Figure 39. Load duration curve for different electrification scenarioBoday's firm and total powegeneration capacity is
presented for reference.

Electrifying the part of the heating sector implies an increase in winter peak from 20 to 70% higher than
today. Figured0 shows how the peak demand would increase compared to the base scenario if all fossil
would be replaced by heat pumps. A more detailed view of the distribution of load before and after the
electification is shown in Figur89 in the form of a load duration curve.
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Figure 40. Peak demand for 2015or the base case (BLS 2015) and the full electrification case (EL100)

Figure 41 shows the time and magnitude of electricity peak demand across the EU member states. It
illustrates that peak demand times across the membegtds lay very close together: Electricity demand in
Belgium, Germany, France, Italy, Luxembourg and the Netherlands peaks on the same day, with the electricity
demand in Austria, the Czech Republic, Romania and Bulgaria reaching its peak in the sameThisek.
positive correlation puts a lot of pressure on the central European power system in middle of wiitgrmré

41).
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Figure 41. Date and magnitude of electricity peak demand in EU costr

Just as the heat sector is quite heterogeneous across the EU, hiemtréfication has very different impacts

on a country level. For demonstration purposes, we selected four different countries, which vary strongly with

regard to their heatsectorsp»* opm™ \i _ oc > dm b jbm\kcd” gj*\odji' \i
for different electrification scenariosFigure42 shows the weekly peak demand for Belgium, Spain, Croatia

and Sweden, normaed by tc ° ANjpi omt Y2n  a Belgiom was keleétedl @g a tygpical wegtern

European country with large shares of gas boilers, Spain as a southern European member state with a mild
climate and a diverse heating sector structure. Croatia has a large shéiganass boilers, which is typical

for eastern European countries, and Sweden as northern European country relies largely on district heating

and also heat pumps already today.
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Figure 42. Weekly peak demand for 4 different cotries normaised by the country's firm capacity level

The geographical location of each Member States clearly seems to have an impact. The share of désahtral
ajnndg ]jdg  mn di Nk\di %¥n c¢c Vo n’ ”~oj m tHhenSpamighrhéat oc\ i 1
sector would only result in tolerable increases in demand. The current structure of the sector and the building

stock, however, does play a major rotbe Swedish electricity demand in all scenarios never exceeds the firm

capacity, evenhough it is located much further to the north than any of the other member states. Belgium on

the other hand sees peaks 1.8 times greater than its firm capacity, even though the climate in Belgium is
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milder. This is due to Sweden having an energy efficibotlding stock and a high share of district heating
and heat pumps.

Climate and energy efficiency benefits from electrification

As long as decentréded fossil fuelled boilers are replaced, electrification proves to be an effective strategy:
Figure43 shows the changes in G@&missions as well as primary energy consumption in the heat and the
power sector between the base case and the E100 scenario. In this scenario, where fossil fuels have been
completely pushed oubf the heating sector, all countries benefit from electrification with regard to both,
emissions reduction and energy efficiency. Most notably France, which would reduce its joint emissions from
heat and power by 65% and its primary energy consumptiorthase sectors by roughly 45%his is due to

the fact that their heating sector still consists of over 55% of oil and gas boilers today, and that they have a
low carbon electricity system, primarily based on nuclear power. Northern and -eagtern EU meier

states appear to benefit the least from increased electrification, simply because they have already a small
share of low carbon heating. The impact is higher in western and central European countries of all latitudes,
such as the United Kingdom, Germyaritaly and Belgium, due to their high share of decenisad heating
applications. Poland and Estonia do profit from efficiency gains, yet only achieve low carbon savings. This can
be attributed to their carbon intensive electricity mix, which heaviljjggon coal, in the case of Poland, and

oil (Estonia).
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Figure 43. Comparison of BLS and E130r the current energy system
NB:Bubble diameteis proportional tathe square root ofuseful energy demand

A summary of the genexted scenarios is presented in Table 4.

Table 4. Summaryof the different generatedelectrification scenariogn a current context

Electrification Peak demand foi
Fuels replaced

rate electricity (GW)
BLS Base case 13% 560
EL20 Fossil fuels(20%) 18% 625
EL40 Fossil fuels(40%) 24% 690
EL60 Fossil fuels(60%) 32% 755
EL80 Fossil fuels(80%) 42% 821
EL100 Fossil fuels(100%) 55% 886
EL100BIO Fossil fuels and biomass 7% 973
EL100ALL Fossil fuels, biomass and district heating  100% 1062
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4.1.3 Cogeneration and district heating scenarios

The cogeneration and district heating scenarios examine the potential benefit of centralised combined heat
and power plants and heat storage systems. For this purpose we assume that fossil fustesin-based
power generation (combined cycle power plants) can operate providing heat to nearby demand Bigai® (

44).
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Figure 44. EUPower generation capacitpr current and future scearios including CHP and no CHP alternatives

Three scenarios are developed based on the potential heat demand that can be delivered from these plants:

d All heat is able to beutilised by heat networks. Under this full potential scenario it is assumed that
suitable heat sinks are available to serve the total heat produced at the plants via district heating
networks.

8 Only medium andighdensity areas are able tatilise cogenerated heat.
d Only high density areas are able tdilise cogenerated heat

While it may not be realistic to consider that the required district heating networks are in place to transfer all
heat from centralised plants to the demand sites, the evaluation of such scenarios is valuable in order to
assess the maximum potential that can be ré&sed

In addition to the different levels of heat demand considered, the role of heat storage is investigated. The
incorporation of thermal storage will enable a more efficient operation of the CHP plants and thus benefiting
the energy system as a wholén this study, we focus on its availability rather than finding optimal sizing. As
a result, we assume large sizes at country level.

Based on the above elements, several scenarios are defined based on the available centralised heat capacity
and thermal stoage, the power fleet and the electric demand for the timeframe considered, and the heat
demand that could be served from the converted power plants. Details of the different assumptions and input
data to build these scenarios are presented below.

Characte risation of the heat demand

As for the rest of the cases included in this study, the scenarios focus on the space heating and domestic hot
water uses for the residential and service sectors representing the entire built environment. In particular,
centralsed heat generation targets heat demand currently supplied by fesl based technologies (fossil

heat demand) Figure 45. Thus, heat from electricity and renewables remains unchanged in these scenarios.

The same applies for the space cooling and otlises.

Thus, if we compare the current base case scenario (Fiq)revith the full potential scenario, the share of
heat from fossil fuels for space heating decreases from 62% to 27% (district heating increases from 11% to
43%). In the case of domestic havater, the district heating share increases from 8% to 37%.
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Figure 45. Acomprehensiveview of useful composition of the built environment for different uses and faéh the EU.
based on the curren€HP full potential scenar

Combined heat and power plants

This scenario assumes that the fossil power plants that fossil fuelled stelbased power generation
(combined cycle power plants) can be converted into CHP plants providing heat to nearby demand areas. The
power plant congrsion has been modelled based on the model for extraction condensing turbines presented
in previous work(Jiménez Navarro et al. 2018)According to the current development of district heating
networks, a supply temperature of 100 °C has been considered. This temperature is a conservative
assunption as future thermal networks seek to operate with lower temperatures that lead to an increased
efficiency of the CHP plants (3070 °CO 4" generation of thermal networkgéLund et al. 2014).

Conventional heat supply

The heat demand notovered by centralised CHP plants is provided by a virtual heat supply plant defined per
country. This plant is characterised by the national average efficiency and average cost of the heating sector.
To calculate the national average input fuel costs Wave consulted national statistics on electricity, gas, and

oil for heat:

0 Gas and electricity prices for household consum@tsrostat 2018)
0 Average prices of heating oil in European countries. 2000 to 2017 time sefatista 2018)

This input data as well as estimated efficiencies and costs were presented in section 2.1.

Centralisedt  hermal storage

The incorporation of thermal storage in these scenarios aims to assess how storage can maximise the
utilisation of the heat produced icentralised plants and thus increasing the overall efficiency of the system
and reducing costsAn available storage capacity equal to the maximum daggnerationis considered to
accompany each planfFigure46).
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Figure 46. Thermal storage capacity per count€y Current scenario

This capacity turns out to be enough &nable the efficient heat production. Put in different wordslaily
storage cycles are enable an optimal dispatch for cogeration units Thus, the assumption on the size
simplifies the analysis on the benefits of the thermal storage.

Technical potential

As a further step in the analysis of the deployment of the cogeneration and district heating pathway,
additional scenariohave been set based on the availability of high heat demand density areas that could be
supplied via district heating in a cosffective way. Thus, only areas with heat demands densities (TJ/km2)

above a certain threshold are considered to be suppliedrfroentralised CHP plants in a cesffective way.

In addition, only those areas that are less than 100 km away from thermal plants that can operate as CHP
plants have been accounted.

The required geographical information on heat demand areas has beenewed from the ParEuropean
Thermal Atlas Peta v4.3 developed in the framework of the Heat Roadmap Europe 4 (HRE4) project. The
thermal atlas is so far available for 14 EU countries. Therefore, results are limited to these coulEigspa
Universitat Flensburg and Halmstad University 201If) the case of the power plants, we have considered the
geographical information available in the JRC Power plaatatiase(Kanellopoulos et al. 2017)

Based on the heat demand density levels defined in HRE4 Europe, two levels are assessed: > 120 TJ/km2
(medium heat demand density areas), > 300 TJ/km2 (high heat demand density arfeigsixre47 shows the

total heat demand for the different density levels considered for the 14 EU countries availabtene
countries are zero as they have no thermal power plant nearby.
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Figure 47. National useful energy heat demand for different technical potentials: high (> 300 TJ/km2), medium (> 120
TJ/km2 and < 300 TJ/km2) and low (< 120 TJ/km2) demand areas

Fgure 48 shows the results of the geospatial analysis carried out to determthe amount of the energy
demand that can be supplied from thermal power plants considering a maximum distance of 100 km
between supply and demandror a given thermal plant ¢axis), the number of areas within a 100 km radius
(left y-axis) is accounted awell as the closest heat demand area to each power plant (rigteys).Figure49
presentsthe specific location of the different heat demand areas (polygons) as well as the location of
thermal power plants.
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Figure 48. Geospatial analysis on heat demand areas less than 100 km far from the thermal power plant fleet. On the x
axis plants are sorted by their proximity to the closes demand area.
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4.2 Modelling framework details

The simulations were based on just released oggurce model Disp&ET v2.3. (http://www.dispaset.eu). This
is the first public study that is performed with theew version which has some features specifically for an
Europeanwide simulation, notncludedin other public models.

DispaSET(Kavvadias et al. 2018; Quoilin, Hidal@onzalez, and Zucker 2018 an existing unit commitment

and dispatch modelThe aim of the model is to represent with a high level of detail the shtatm operation

of large-scale power systems, solving the unit commitment problem. To that aim, ibissiclered that the
system is managed by a central operator with full information on the technical and economic data of the
generation units, the demands in each node, and the transmission network. The main model features can be
summaiised as follows: mininum and maximum power for each unit, power plant ramping limits, reserves up
and down, minimum up/down times, load shedding, curtailment, puripgtio storage, notdispatchable

units (e.g. wind turbines, ruof-river, etc.), starup costs and ramping costs

The unit commitment problem consists of two parts: i) scheduling the stgrt operation, and shut down of

the available generation units, and ii) allocating (for each period of the simulation horizon of the model) the
total power demand among the avaitde generation units in such a way that the overall power system costs
are mininised The first part of the problem, the unit scheduling during several periods of time, requires the
use of binary variables in order to represent the stamp and shut down dcisions, as well as the
consideration of constraints linking the commitment status of the units in different periods. The second part
of the problem is the economic dispatch problem, which determines the continuous output of each generation
unit in the system.

The problem mentioned above can be formulated as a MILP problem. The formulation is based on publicly
available modelling approacheéTom Brown, Horsch, and Schlachtberger 2018; Carrion and Arroyo 2006;
Moralesespafa, Latorre, and Ramos 2013The goal of the model being the simulation of a large
interconnected power system, a tight and compact formulation has been implemented, in order to
simultaneously reduce the region where the solver searches for the solution and increase the speed at which
the solver carries out that search.

Since the simulation is perforntefor a whole year with a time step of one hour, the problem dimensions are
not computationally tractable if the whole timéorizon is optinsed Therefore, the problem is split into
smaller optimsation problems that are run recursively throughout the yeaA common setting for this
approach is the following: the optis@tion horizon is one day, with a loethead (or overlap) period of one
day.The initial values of the optinsiationfor each day are the final values of the optisation of the previous
day. The lookahead period is modelled to avoid issues linked to the end of the opation period such as
emptying the hydro reservoirs or starting low cost but nflexible power plants.

Simulations were run with the new integer clustering formulationwihich all units of a similar technology,

fuel and zone are clustered. A typical unit is defined by averaging the characteristics of all units belonging to
the cluster. This formulation divides the simulation time by a factor higher than 10 and allows ebtgnthe
geographical scope of Disp&ET. The total number of units is conserved, allowing a proper representation of
constraints such as startip costs, minimum up/down times or minimum stable load values. This is the main
innovation compared to other mads that represent country level aggregated fleets which ignore constraints
such as thermal units, startips and shutdowns with associated costs and constraints.

Simulations were run in a cluster node with the following characteristics: 2x Intel Xee26E8 v4, 2.60GHz,
14-core processors (in total 28 cores), 256GB of DERMOOMHz ECC memorizach simulation took from 3
to 10 hours tobe complete.
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4.2.1 Objective function

The goal of the unit commitment problem is to minise the total power system costs hich are defined as

the sum of different cost items, namely: statp and shutdown, fixed, variable, ramping, transmission
related and load shedding (voluntary and involuntary) costs. The demand is assumed to be inelastic to the
price signal. The MILP @gjtive function is, therefore, the total generation cost over the opsation period.

The variable production costs are determined by fuel and emission prices corrected by the efficiency and the
emission rate of the unit. The statip and shutdown costsare positive variables, active when the
commitment status between two consecutive time periods is modifi€de objective function is formulated

as follows:
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4.2.2 Constraints

A detailed description of all equations drconstraints of the model is available ifQuoilin et al. 2017) The
main model features and constraints can however be sumrsed by:

Minimum and maximum powefor each unit

Power plant ramping limits

Reserves up and down

Minimum up/down times

Load shedding

Curtailment

Pumpedhydro, battery and thermal storage
Nondispatchable units (e.g. wind turbines, roftriver, etc.)
Start-up, ramping and ndoad costs

Multi-nodes with capacity constraints on the lines (congestion)
Constraints on the targets for renewables and/or Z€&nissions

CHP min/max power and heat outputs

X Ox Ox Ox Ox Ox Ox Ox Ox Ox Ox Ox o«

Yearly schedules for the outages (forced and planned) of each unit.

4.2.3 Inputs and parameters

The mainmodel inputs are the load and the variable renewable energy (VRE) generation curves. The model
can indifferently operate with two different approaches: integrating the VRE into a residual load curve or
considering VRE as power plants with must run coristsea

Since this model focuses on the available technical flexibility and not on accurate market modelling, it is run
using the measured historical data, and not the dafiead forecasted load and VRE production. This can be
partly justified by the fact tha a fraction of the forecast errors can be solved on the intday market. This
perfect foresight hypothesis is however optimistic, and a more detailed stochastic simulation should be
performed to refine the results.

Power plant data includes min/max capgg ramping rates, min up/down times, stamp times, efficiency,
variable cost (fuel prices are historical fuel prices for the considered period). It is worthwhile to note that
some of the units such as the turbojets present a low capacity and/or highifflility, such as the turbojets
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whose output power does not exceed a few MW, and which can reach full power in less than 15 minutes. For
these units, a unit commitment model with a time step ofhe hour is unnecessary and computationally
inefficient. Theefore, these units are clustered into one single, highly flexible unit with averaged
characteristics.
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5 Results and Discussion

In this section the comparison of different scenarider the two pathways examinedsipresented and
discussed. Due to the compléxiwhen comparing two different sector coupling strategies (the electrification
of the heating sector and the combined utilisation of cogeneration with district heating) aggregated indicators
are used:

8 Costs (power and heating sectofower system costmclude variable (fuel) and fixed costs as well as
startup and shutdown costs and load shedding costs. Heating costs included the cost of fuel.

Emissions (power and heating sector)
Efficiency (power and heating sector)
Ability to serve energy (power secjor

Supplyside flexibility utilization (power sector)

ox oOx ox Ox Ox

Interconnections congestion (power sector)

Beyond these global indicators, specific aspects from the different scenarios are presented to improve the
understanding and implications among variables andasptions.

Measuring supply - side flexibility

Flexibility definition and assessment in the context of a power system with high level of renew&ales
always beera topic of debate(Cruz et al. 2018; Lund et al. 2013 this study we define flexibilityn a

broader contexas the ability of the power system to react and absorb surplus or deficits of energy supply,
Flexibility measures on the supply sidehich are not related to the ramping capacity of the generation units,
can fall into three major categories:

0 Transferring enagy in time: Storage
0 Transferring energy in space: Interconnectors

0 Wasting energy: curtailment

Curtail

Transfer

Store

Figure 50. Conceptual merit order of flexibility represented as duration curve

Plotting the above three in the form of load duratiomives, we canvisuael! ©° h™ mdo j m_ "~ mp |
visualsationallows us to explore the duration (usktion), the peak size and the amount of missing flexibility
in the form of curtailment.

This plot assumes that all demand side flexibilityeasures such as (transforming energy to other carriers €.g.
power to heat or demand response) are already included in the demand curve. This plot will be used in this
study to assess the simulation results.

5.1 Heat electrification scenarios

The results of he power system simulatichare presented irthe following sectionsWhile wewe present
aggregated indicators for different electrification ratesve focus mostly on the scenario whemdl fossil
fuelled solutions are replaced with heat pumps, i.e. ELH@@nario.
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Figure 51. Results of scenarios EL20 to EL100

Figure51 shows the energy not served for the degrees of fossil fsabstitution.

Figure52 displays the number of hours during which the demand for electricity cannot be satisfied by firm
capacities andrigure53 the corresponding amount oénergy, both on a member state levdt. shows that

even in the BLS scenario, this is the case for some country, stressing that a certain amount can be balanced
by other flexibilities in the system, such as available renewable capacities or unused c&saditi
neighbouring Member States and might indicate that these countries have a positive import balance already
today. It is therefore not a hard criterion of system failure as is the loss of load expectation. Nevertheless, it
indicates which countries arbetter prepared for electrification, and in which countries electrification might
mdnf oc” ntno h¥%%»n nol]dgdot)

Figure 52. Number of hours during which the demand for electricity exceeds the firm capacity level, per Member State
and scenario. Luxembourg excluded due to its strong import dependency, which results in load always exceeding the firm
capacities.
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