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Within the Open ENTRANCREroject, great emphasis is placed on achieving consistent and coherent
methodologies and quantitative scenario results at different levels of spatial granularity when
generating decarbonization scenarios of the European energy system. Starting with the npa
European system boundary, for which the corresponding "draft" scenario results based on the 4
Open ENTRANCEtorylines have already been presented in Deliverable D3[1], consistent with the
European compatible C@content for the 1.5/2.0°C maximum global temperature increase targets,
the spatial system boundaries of the presentation of the scenario results are increasingly narrowed
in this report. Breaking down aggregate modeling results to ever smaller spatial system boundasie
is very important in practice for energy policy decision making. This also eliminates the regularly
voiced criticism that modeling results are too aggregated and thus useless for practical decision
making.

Not least for this reason, Deliverable D3.2 attapts to present methods and algorithms based on
country results and to break them down over the various NUTS levels (Nomenclature of Territorial
Units for Statistics) to the smallest administrative unit (Local Administrative Unit, LAU}evel and
even beyord. Thus, with a kind of "last mile" analysis, a contribution is made here to make energy
policy decisionrmaking very tangible in very small administrative units such as municipalities,
neighbourhoods, buildingsand ultimately at the individual end user.

In order to be able to achieve robust scenario results, in addition to the necessary consistency of the
empirical input data such as (primary) energy prices in the scenario analysis across the various
spatial aggegation levels, particular attention must also be paid to the corresponding G@rice,
which defines the economic viability limits of the various technology portfoliosThe importance of
the role of the CQ price is often forgotten or not properly depicted, especially in the analysis of the
decarbonization of regional or local energy systems. This then decisively distorts the favoured energy
technologies or technology portfolios in the substitution of fossil fuels. Therefore, in the presentation
of results and the discussion or synthesis of the results in this report, Deliverable D3.2, the role and
importance of CQ prices, which form an essential cornerstone of th®©pen ENTRANCEcenario
framework, is repeatedly emphasised.

Against the background of the abve introduction, the aim of the materials presented in this report,
Deliverable D3.2 is defined in more detail below.

Public
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The core objectives and scope of this report can be divided into two clusters and summarized as
follows:

il

First, taking into account the lessons learned from the "draft" scenario results at the pan
European level[1], which were obtained during the verification and applications to the case
studies. Based on that, selective improvements of the corresponding input data basis as well
as refinements of the GENeSY8OD model with respect to different functionalities and tle
temporal resolution of the simulations have been made. Afterwards, the finaDpen
ENTRANCEscenario model runs on a parEuropean level as well as on the level of the
individual European countries have been executed.

Second, the development of consisteraind coherent methods and algorithms to break down
country-specific GENeSY:810D modeling results across the different NUTS levels to the
smallest administrative unit level such as municipalities, city districts,neighborhoods,
buildings, and finally to the individual end user. To our knowledge, there has not yet been
this ambition to perform concrete energy system analyses to achieve specific climate goals
across all levels of aggregation in a consistent and very concrete way down to individual end
users. These types of "last mile" to enduser analyses, presented here in Deliverable D3.2,
are increasingly important to get an idea of how to respond in practice in a very concrete
way to the climate challenges ahead.

For locatlevel energy system analyses, whichre more smallscale than the regional analyses done
directly with the GENeSYSMOD model,among others, the following consistent empirical data
settings are of particular importance:

1

il

Input data settings of the modelling or analysis such as primargnergy prices, technology
and network costs, etc.

Aggregated empirical modelling results in the respective sector of analysis as well as the
corresponding endogenous results such as GQrice trajectories, which describe the
decarbonization path in the indvidual scenarios and also form the cornerstones and
determine the economic tradeoffs for local analyses of the energy system.

Finally, Figure 1z1, already presented in Deliverable D3.1, places the work presented in this
Deliverable D3.2 (red area) in a larger context of th©pen ENTRANCIproject. Based on various
insights gained so far in theOpen ENTRANCHBroject, final panEuropean and countryspecifc
results are presented, as well as further more finely granulated results at the lower energy system

level.
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This Deliverable D3.2 presents in addition to updated paiuropean scenario results (see alsfl])
selected highlights of European countryspecific and regionspecific scenario results as well as
consistent and coherem results on local community, neighborhood and individual building level.
Deliverable D3.2 is organized as follows:

|l

Chapter 2 presents e refinements to the GENeSYB®OD model compared to the version
used to generate the scenario results in Deliverable D3.1. These refinements include slight
updates to some input data. Selected results from the updated version of the pRaropean
scenario results are then presented. Finally, we briefly outline how the final scenario results
data will be further used (e.g., case study analyses) and processed (e.g., upload taQpen
ENTRANCEScenario Explorer).

Chapter 3 is devoted to the presentation of Empean country-specific scenario results. After

a European overview of the main scenario outcome indicators, selected countries are
presented in more detail. These include Germany, France and Spain. This is followed by a
general discussion of the findingsrbm the country-specific results analysis.

Chapter 4 performs further downscaling of the countryspecific scenario results on a
representative regional and local level. This is done on the one hand by applying GENeSYS
MOD on a regiorspecific granularity in two countries (Norway and Turkey) and on the other
hand by developing further tailored downscaling techniques on a local community level in
Austria. The locatlevel analyses comprise contributions to municipality, neighborhood and
individual building level.

A synthesis of results is provided in Chapter 5, followed by concluding remarks.

References and an Appendix conclude this report.

Public
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This chapter of the report presents the model changes and refinements made to the Global Energy
System Model (GENeSYMOD) regarding both model and data, and showcases the main results
gained from the modeling exercises. More information on model refinements, as wels more
detailed results can be found irthe Appendix.

Since the model version used in the Deliverable D3.1 from 20202.9-0E),several changes have been
made to both the model formulation, as wll as the data that is being used for the computation of the
Open ENTRANCEtorylines. These changes include:

I the addition of constraints to better simulate power sector requirements, focusing on
required peak capacities and mirrun constraints

1 the creation of an optional expost dispatch model that tests the power sector outputs from
GENeSY®10D for their feasibility on an hourly basis

1 several changes to the model formulation, leading to significant savings in required
computational resources and runtimes

1 aswitch from 2015 to 2018 as a base year for thecenarioquantifications

I amajor overhaul of the used datassumptions for available technologies

The model source code for GENeSY8BOD can be found ats public GitLab page undehnttps://git.tu_-
berlin.de/genesysmod/genesysmod-public. All model files, including data, will be ufaded to this
repository, allowing for fully reproducible and therefore transparent model results.

GENeSY®10D has been continuously improved over the course of thepen ENTRANCProject.
Figure 271 outlines the changes and improvements that havéeen made over therevisions of the
model source code.

Public
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Optimization

GENeSYS-MOD v1.0 (based on 0SeMOSYS 2016.08) GENeSYS-MOD v2.0 i GENeSYS-MOD v2.1 BGENeSYS-MOD v2.9-0E @ GENeSYS-MOD v3.1-oE

Basic 0SeMOSYS Implementation

Since GENeSYHROD runs at a reducedhourly timeseries (usually with anywhere between 36 to 120
time steps per year, see[2] and [3] for background information on the time series reduction
algorithm), the feasibility of the resulting power system with regards tothe integration of high
volumes of variable renewable energy sourcesan be questionedTo combat thislimitation in the
modelling approach (which is necessary to enable all the technological detaitross-sectoral
interlinkages, and integrated modelling approach that are featured in GENeSYMOD), some
additional constraints have been added to the model formulationThis block of equationscalled
OPAAEET CAIAIA®AGASHXEIhE all peak demand values from the original, fullourly data
series ae considered and properly accounted for, even at the level of the reduced time seridfs.
establishes lower bounds forpeaking capacity requirements, based oa combination ofthe total,
endogenously determined electricity demandrom sector-coupling, aswell as the exogenously given
final electricity demand, in order to ensure a proper functioning electric system at each hour of the
year. The time series used for this is the exogenous input at hourly level. It can therefore not fully
account for all tempaal effects of sector coupling but approximates the value instead.

Several userdetermined options, such as thechoiceto include electricity storages or transmission
lines to be considered for the fulfilment of these peaking capacity requirements, as well digferent
minimal shares and runtimes forthe peaking capacities have been implementedo be used for
sensitivity analyses onpower sector effects
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To test the effectiveness of the new peaking constraints and other model improvements regarding
the feasibility of the resulting electricity system from GENeSYRIOD ,an ex-post dispatch model was
addedto validate the results(compare [4]). It performs an hourly dispatch analysis of a given year,
taking the installed capacitiesfor generation, storages, and transmission lines into account
minimizing the operational costs of the system for that given year. If demand is unable to be met, a
costly infeasibility technology can be usd by the model,signalling issues with the stability of the
resulting electric systemz usually caused by an underestimation of required capacities and storages.

Performing this expost dispatch analysis shows thathe percentage of unmet demandwithin the
Open ENTRANCEscenarios is around 0.5% of total energy demand (see Figure 2z2). This
demonstrates that the resulting power system from GENeSY8OD is quite close to being fully
feasible at an hourly levelz albeit only encompassing 72 timesteps per year, instead of 846 The
maximum peak power from this infeasibility lies at 70 GW for all of Europe, in one of the first hours
of the year.Figure 2z2 also showssome examples of tkse dispatch results, displaying the hourly
dispatch generated from the Technd-riendly scenario in the year 2050, for two weeks of both
February and July.

Yearly Summary Dispatch for the first two weeks of July
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In addition to previous performance improvements that focused onthe selection of constraints
neededto be created at all (therefore limiting the number of choices that the model needs to make
to the set of choices thatre actually in the realm of possibility)!, as presented ir{5], for version 3.1,
quite a few redundanciesin computation have beenremoved as well.In the previous versions
following the OpenSource Energy Modeling System (OSeMOSY'S), quite a few redundant calculations
took place, making themodel somewhateasier to readand understand as a huran, but at the same
time creating significant amounts of bloat for thecomputation process.By removing the redundant,
intermediary calculations, the runtime memory could be reduced by as much as 42%, while the
model runtime was al positively affected, netting a roughly 20% solution timeémprovement (see
Table2z1).

v3.1-oE v2.9-0E Change
(2022) (2020)
runtime memory 1923 MB 3308 MB -42%
model setup memory 1097 MB 3886 MB -72%
heap size after solve 1113 MB 3885 MB -71%
heap size before solve 576 MB 3164 MB -82%
CPLEXsolution time 202s 253s -20%

This means thatgiven the same computationalresources,one could either seea noteworthy change
in total runtime of GENeSY810D or could increase the complexity of the researched problem (e.g
by including more time steps, more technological detail, or more regions)This has been taken
advantage offor the scenarioresults in this Deliverable D3.2, where theotal level of time resolution
is now four times more detailed than in the Deliverable D3.1 from 2020 (a2 vs. 18 intrayearly
time steps). This comes in addition to the model improvementsmentioned in the previous
subsections.

1 An example of this wouldéthe investmentdecision on a technology that cannot be used in a country, such as offshore wind in Austria, or
generation/dispatch decisions for technologies where there is a politically enforced {ghaskate (e.g. nuclear in Germany). By removing these non
sensical deisions from the realm of choices, the overall model matrix was significantly reduced.
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While subsection2.1.1 focused on the improvements and additions from a modkhg perspective,
representing changes in equations andource code,the underlying data used forquantitative
analysis is just ag if not even morez important. Therefore, we have gathered extensive feedback on
the input data assumptions,researched newand updated sourcesand generally crosscheckedthe
entire GENeSYS/0D data set for potentialshortcomings. Among the main changes for this
Deliverable D3.2are the change of the base year of the model to 2018e removal of the year 2020
from the model calculations (both due to the close proximity t®018, as well as being an outlier due
to the impacts of the COVIEL9 pandemic), the update of the price forecasts for fossil fueland the
changein carbon price assumptionsfor the scenariocalculations.

Originally, GEN&YSMOD used 2015 as a base year for its calculations. However, sititere has now
been significant time since 2015, as well as more and more detailed data being made available on
more recent years,a move away from that paradigm was necessary. Instead)28 was chosen as a
base year for the new computations irDpen ENTRANCEsinceit was the most recent year whereall
the necessary sectoral data was availabli®r it at the time of the data preparations.2020, on the
other hand, was removedrom the model scope(originally being the first endogenously optimized
period of the model horizon). This decision was made since 202 both very close to thenew base
year, as wellas generally a strong outlier in terms of energy consumption and emissions, duette
impacts of the COVIEL9 pandemic Instead, it was added as an exogenous data poiat still be
present in the result visualization, e.g.,in the scenario explorer of the open platform(for more
information on the open platform and further processing oflGENeSYS$/10D results, see Sectiop.3).

The assumptions on the development of fossil fuel priceshape the costcompetitiveness of
renewable energy sourcescompared to their fossil counterparts but alsogenerally determine the
cost-structure within the model results and are thereforean extremely relevant datgoint for energy
system computations. For the previous PanEuropeandataset a uniform development of fossil fuel
prices across the differentfuels had been assumed. This has now been revisassing the current
fossil fuel market outlook data from the World BanK6]. The source providesfuel market estimates
until 2035, which have been useds a starting point for the newOpen ENTRANCHataset.For years
after 2030, assumptionson the development have been made according to the storylines described
in Deliverable D7.1[7]. Figure 223 shows the development offossil fuel import prices used in the
GENeSY®/10Dscenariocalculations (note that Societal Commitment and Techndé-riendly share the
same assumed import price on fossil fueland thus overlap).
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With a change in base year, fossil fu@rice forecasts, and othemregional and technology data, the
endogenous cost structure of GENeSYWBOD changedhs well. Therefore, the C&price developments
that have been set for Deliverable D3.had to be revised and updated in order to once again match
the change in data and assuptions with the scenariotargets. As a quick recapthetargets set for
each storyline are as follows:

9 Directed Transition, Techno-Friendly, and Societal Commitment atim for alimitation
of global warming to1.5° C Therefore, the energy system should bemission-free until
2040.

91 Directed Transition politically enforces zero emissions (except from technologies with
CCS) in 2040 whereas the other twoscenariosrely solely on carbon pricingto reach
zero emissions in2040. Also, Directed Transition and Technd-riendly allow for the use
of CCS technologies

1 Gradual Developments set for a2° C compatiblescenario, reaching zero emissions one
decade later, in 2050.
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NEW Techno-Friendly 15 30 56 125 | 250 | 454 | 579 | 740
OLD Techno-Friendly 15 30 43 97 193 | 351 | 585 | 900

= NEW Directed Transition 15 30 196 | 357 510 | 680 | 850 | 1000
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15 30 68 196 | 391 | 575 | 734 | 937

15 30 62 137 | 273 | 497 829 | 1275

15 30 52 76 113 | 168 | 249 355

15 30 83 128 183 261 | 348 | 435

The carbon prices required to achieve these targets are shown ifrigure 2z4. Also, a comparison
between the old pricesfrom D3.1 to the new prices used for this reportis drawn. One major
difference is that the three 1.5° Cscenarios are now calibrated towards 204Q while Gradual
Development remains calibrated for 2050 (in D3.all scenarioswere calibrated for 2050). This leads
to slightly higher emission costs in 2040for both TechnoFriendly and Societal Commitment, but a
reduction in 2050, while Gradual Development sees a dezse in necessary C{price acrossthe entire
model horizon. Directed Transitionremains unchanged even with the new calibration

Public

22



\ 4
D3.2 Quantitative Scenarios for Low Carbon Futures of the

open SENTRANGE  European Energy System on Country, Region and Local Level

In addition to the aforementioned changes in core assumptions used for the computatiord the
model results, many more updates of theOpen ENTRANCHEataset have been performed, ranging
from technology data to cost estimates for transmission line expansionThe following (non-
comprehensive) listhighlights therelevant changes indata:

Inclusion of axis tracking PV as a newenewable generation source

Addition of several district heating options to the model district heating is now
explicity modeled and represented in the technologychoices (see Supplementary
Materials)

Overhaul of rerewable generation timeseriesespecially for on and offshore wind
Change in costs for transmission capacity expansion

Revised thepre-installed capacity of technologiedor each region

Added some countryspecific political targets(e.qg., fossil fuel phaseut dates)that were
announcedsincethe last iteration of model results

Severaloptimizations in the dataset corrections of faulty entries, naming issues data
transfer problems, etc.

> >

> > >

p>

A comprehensive list of used data sources and assumptions can be found in the Appendix. ther
data files and values, please refer to the open platfoirand the public GENeS¥BIOD GitLab
repository3, where all used data and source code filegll be made publically available.

Although the main drivers for the decarbonization of the energy system differ throughout the
scenarios, a generally similar trend within the power system development can be observed, as
presented in Figure 2z5. In all scenarios, electricity will primarily be provided by the provision of
renewable energy sources. Hereby, onshore wind dnsolar PV power plants pose to be the major
sources of electricity. The highest amount of electricity generated can be seen in the Gradual
Development scenario due to the lack of strict demandide reductions and efficiency increases
compared to the otherscenarios. In this scenario, the electricity production in 2050 is nearly twice
as high as in the base year. The higher demand levels of the relactricity sectors in Gradual
Development alsoled to the highest amounts of domestically produced hydrogennithe system
across all scenarios. In contrast, the three other scenarios see a peak of electricity generation in 2040
and a slight decrease afterward.

2https:// Open ENTRANE@E/open-modellingplatform/

3 https://git.tu -berlin.de/genesysmod/genesysod-public
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In the Directed Transition scenario, domestically produced hydrogen increases the overall electricity

demand, similar to the Gradual Development scenario, with substantial dend for electricity

required for hydrogen production needed as early as 2030. Furthermore, in this scenario, noticeable

amounts of electricity will be produced from nuclear power plants in 2050, although the overall share

of nuclear energy is diminutive,and a general decrease from 2018 levels can be observed. Although
all scenarios see substantial amounts of hydrogen produced, only in Societal Commitment and

Techno-Friendly, minuscule amounts of synthetic gas (produced from hydrogen) are utilized in the

power sector in 2050. In contrast, electricity storages play a major role in all scenarios, together with

the increasing electrification of nonelectricity sectors. The ldter also is the primary driver for the

decrease of overall primary energy demand, gzresented inFigure 276.
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Battery-electric vehicles, heat pumps, and most other applications of direct electricity use are often
much more energy efficient compared to their conventional alternatives. Therefore, sector coupling
in the form of electrification of non-electricity sectors lead to an overall more sustainable energy
system. In Societal Commitment, the primary energy demand is further decreased compared to base
year levels and the other scenarios. A focus on societal change, change in lifestyle, and adoption of
new demand patterns results in meaningful demand reduction across all sectors. Furthermore,
although Gradual Development features the least ambitious scenario (2 °C compared to the other 1.5
°Cscenario9, the primary energy demand in 2050 is comparable to all othescenarios, being only
slightly larger than Directed Transition. However, due to the slower pace of the energy transition,
fossil gas has a more predominant role in the energy system until 2040, compared to the more
ambitious scenarios. As also depicted iRigure 277, only in TechneFriendly, hydrogen imports from
outside of the model boundaries are possible and are, as such, utilized from 2040 onwar@egarding
hydrogen production, in TechneFriendly, the least amount of hydrogen is domestically produced
across allscenarios peaking already in 2040. Contrary, in Gradual Development, the development of
hydrogen production features a less steep slope butees the highest amountoverall in 2050,
comparing all scenarios. Whereas thevolution of hydrogen storages is stillrelatively comparable
across thescenarios the utilization of hydrogen differs substantially In Gradual Development,
Hydrogen is primarily utilized for decarbonizing the freight transport sector, with additional
synthetic methane productionfrom hydrogen used in other nonelectricity sectors.Direct utilization

of hydrogen in the industry sector can be observeth all scenarios but only in TechnoFriendly, a
substantial amount of hydragen is used for commercial and residentiaheating as a complement to
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heat-pump deployment.As overhead trolley trucks are enabled in Techné&riendly, the road-based
freight transportation sector, canutilize this highly efficient technology for decarbonizing and, as
such, hydrogen can be morefficiently consumedin other sectors.

Directed Transition Gradual Development Societal Commitment Techno-Friendly Technology
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#1 1 DAOET @missiens inthé differentscenarios it can be observedhat Societal Commitment
and TechnaFriendly feature somewhat similar developments, as presented Wyigure 2z8. Both have
small amounts of emissions still present in 2035 and nearly complete decarbonization from 2040
onwards. In TechneFriendly, minuscular amaunts of negative emissions are additionally used
further to reduce the emissions in the later model periods. In Directed Transition, emission removal
technologies are also available but are not utilized. In contrast, this scenario sees the most substantial
decrease in emissions in the earlier model periods due to the strict enforcement of efficient emission
control policies. Only in Gradual Developmentt / F Al EOOET ¢ OAAETTI1 1 CEAO
2040 and 2045, as in this scenario are 2 °C compatibie/ -price has been set. SimilarlyGradual
Development sees the highest emissions from 2025 onwards across all sectors but still reach-net
zero emissions in 2050.
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As implied by the preceding figuresand findings, the electrification of non-electricity sectors
becomes the most important way to decarbonize those sectors and, thus, will be the primargivar

of increasing electricity demand. Across all sectors argtenarios GENeSY-$OD results suggest an
average electrification rate of 64% in 2050. Overall, the buildings sector sees the highest
electrification rate in all scenariog as heat pumps and ektric radiators are costefficient
technologies for decarbonizing residential and commercial space heat and warm water
requirements. In this sector, only minor differences between the scenarios can be observed, with
Societal Commitment and Technd-riendly having a slightly lower electrification rate compared to
the other two scenarios. In contrast, the electrification of the transportation sector averages around
43%, apart from TechnoeFriendly, which sees a higher rate. Only in thiscenario, electric oveihead
trolley trucks are deployed and, therefore, help to decarbonize the roabased freight transportation
services. In the other modes and scenarios, hydrogen or hydrogdéased products (i.e., synthetic
fuels) are largely required for either nonroad-based transport or long-distance freight
transportation. However, although, TechneFriendly has the highest electrification rate in the
transportation sector, it sees the least electrification in the industry sector. In Technbriendly, the
possibility of low-costhydrogen imports (and therefore lower costs of hydrogen in generaljesults

in reduced direct electrification of industrial processes in favor ofindustrial heat generation
technologies based on hydrogen or hydrogebased products.
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Regarding the development of the interconnectors between the European countries, an increase of
transmission capacitiesuntil 2050 is common for all scenariosln the Gradual Developmenscenario,

the speed of the addition of new interconnections is slowein the earlier periods compared to the
other scenarios.In 2050, however, Gradual Development sees the overall most interconnection
capacities installed of alscenarios Generally, it can be seen that for Gradual Developmetite overall
trend of installing transmission capacities correlates with the growth in overall electricity
production. For Directed Transition, Societal Commitment, and TechrBriendly a rather similar
network expansion plan can be observedegarding the overall transmission capacitiesHowever, as
depicted in Figure 2710, different interconnectors are preferred in the specific scenarios. For
example, in Directed Transition, the connectors FranceSwitzerland and Switzerland-ltaly are
expanded the most across all scenarios, whereas Bocietal Commitment, Spakifrance sees the
highest additions in transmissioncapacities.The Scandinavianriterconnection between Sweden and
Norway also sees a significant expansion, especially in the Gradual Development scenario, where
large offshore wind capacities areconstructed in Norway,alongside with transmission expansiong
especially to SwedenThe reasors for these expansions are commonly the existence abundant
renewable potentials in neighboring regions, as well as usage of the electricity grid to balance
intermittent renewables (in case that there is low availability of wind or solar in one region, the
neighboring regions could then pick up thisdeficiency). More indepth results on this are shown in
Section3.1.
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Contrary to the full-hourly dispatch model that has been added to GENeS¥®D as described in
Chapter 2 2.1, the actual model runsun at areduced hourly time resolution. For the computation of
the Open ENTRANCEcenariosin this Deliverable, a resolution of 72 time steps has been chosen,
yielding areduced consecutive timeseries with 6 representative days of a yearachwith 12 2-hour
time brackets(seeFigure2z11).This is a necessary tradeff to balance computability, technical level
of detail, and temporal resolution. Howeverthese losses of detail are comparatively small, especially
for the intended use to generatdong-term insights into large-scale energy system modelésee also
[8] and[9]). For the result generation, GAMS version532, with GUROBVersion 9.02was used. The
model compuation at this time resolution required about 80GB of RAMand took roughly 65 hours
to solve. It has to be noted, however, that lower time resolutionsun exponentially faster, using
significantly less memory, whileoffering only marginally different model results on the aggregated
pan-Europeanlevel. Therefore, ifonly limited computational resources are available, one possibility
would be to run the model at a reducedime-resolution and using the hourlydispatch (describedin
Chapter 22.1) to check forfeasibility and temporal details of the electricity system while trading
some degree of temporal detail within the energy system ophization.

The dispatch showsthe heavy reliance of the resulting European energy system dntermittent
renewable energy sources, with hefty solar peaks beingsed to generate hydrogen via electrolysis,
and electricity storages providingbackup energyduring the night, especially in the winter months.
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The results of GENeSYBOD are fullycompatible with the Open ENTRANCEcenario explorer and
can be accessedrom there. The conversion and mappings of the specific GENeSMOD result
parameters to the Open ENTRANCHomenclature is done via an opersource available python
package (ttps://github.com/ Open ENNRANCHinkages). The Python package converts the names,
does the relevantaggregations and computes the necessary unit conversions from internal data to
Open ENTRANCHEomenclature-compatible data sets.The uploaded data sets can be used by all
project partners and external stakeholders, without any further instructions, as th®©pen ENTRANCE
nomenclature was defined by all project partnersand follows the wellestablished IAMC data
structure, to accommodate for a common notation for energy systemelevant parameters.
Furthermore, input data sets of GENeSY8OD are also converted and uploaded to th©pen
ENTRANCEscenario explorer, in order to allow for cross modelcomparisons and easier links
between the models utilized in theOpen ENTRANCHRroject.
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Figure 2712 An example graph of GENeSYSVIOD results in the Open ENTRANCEcenario
explorer

In addition, the entire GEN&YSMOD source code an@pen ENTRANCHataset will be uploaded to
the public Git repositories that are part of the open platform.Users from academiaas well as the
public and private sectors are invited to use anexpand thedata, and are encouraged tsubmit

feedback (e.g., new and updated sources, or more detailed regional dat&) be considered for

inclusion in the public dataset. This enables a communitgased improvement of the data by
providing both validation and updates ina crowd-sourced manner Also, theOpen ENTRANCEesults

will be further used in a widerange ofresearch projects at European, as well as countryevel, and

therefore serve as doundation for new research
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While the previous chapter presented some results at a Pdfuropean leve| this chapter aims at
giving some insights into countrylevel results that can be obtained withthe chosen GENeSYI8OD
model setup. First, an overview over the entirety of all modeled regions is givenfollowed by a
presentation of selected ElMember States in detail (for this, Germany, France, and Spain have been
chosen)

Figure 3z1 displays the regional generation of electricity in 2050 for the Technd-riendly scenario.
The map shows a cleatrend towards heavy reliance on solar PV in southern parts of Europe, while
the northern parts rely more on wind (and hydropower, where available).Especially the North Sea
and Baltic regions see a significant influx of offshore wind generatiomiven the highfull -load hours
possible in theseregions. Some synthetic methane is used in the ela@tity system in Techno
Friendly, mostly for peaking andgrid-stability reasons, with the absolutevast majority of generation
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coming from variable renewable energy sources.

Depending on thepotentials for these renewableenergy sources and the domestienergy needs,
some countries become substantial neéxporters of electricity, while others see an increase imet

electricity imports (see Figure 3z2). This is also influenced by the model nature, optimizing total
system costs across all regions, therefore aiming atcostoptimal and efficient usage of all available
potentials, which thenbenefits the entire energy system.The expansion of the European electricity
grid (as seen inFigure 2z10) also means that these spatially distributd generation capacities can be
used tobalance outthe intermittency of the overall grid to some extent allowing for benefits ofgood

renewable potentials to be shared with neighbouringountries.
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high degree of sectoicoupling and direct and indirect electrification. Figure 3z3 shows the
distribution of this increase in electricity generation for each European countryWhile some of the
largest electricity-generating countries remainlocated within th at group (e.g., Germany or France),
other countries (such as Spain or Turkeyjrastically increase their electricity outputs, increasing
their share in total generation numbers across EuropdEspecially Turkey sees substantial uptick in
electricity generation (an increase of roughly300% in the ParEuropean results), an effect which is
further discussed and highlighted in the disaggregated Turkish model presented in chapted.2

Figure 3z4 shows some maps for comparison of various model outputsn a country levelfor the
Directed Transition scenario. This Figure also showcases some of thresult analyses that are possible
and insights that can be generated using GENeSM®D. The upper row starts with three maps,
displaying total hydrogen generation per country (left),electricity generation by wind (middle), and
PV technologies (right). Thebottom row shows the final electricity consumption (excluding for
electrolysis, asthis is indirectly already shown in the hydrogen generation graph in the top lefton
the left, hydrogen & synthetic methane exports in the middle, and hydrogen & synthetinethane
imports on the right. The graphs clearly demonstrate that Spain and Turkey become the main
suppliers of renewable hydrogen in EuropgSpain mostly through synthetic methane, which is then
transported using the existing gas pipeline network whereas Turkey mostly generated hydrogen
which is then transported in the form of liquid hydrogen throughout Eastern and Central Europe).
This also shows in the total electricity generation from wind and solar, where these two countries
excel,especiallywith re gards to available potentialsAsthe graph shows, mosfinal electricity (and
energy) consumption is concentrated towards Central Europe, with Germany emerging as the main
importer of hydrogen throughout Europe.

This differs somewhat whenlow-costhydrogen imports from outside of Europe are allowedas is the
case in the Technerriendly scenario(the hydrogen import price in TechneFriendly in 2050 lies at
p8ouv O PrRed,leds Bydrogen needs to be produced domestically within Europeeducing the
amount of electricity needed andsubstantially reduces thequantities of traded hydrogen & synthetic
methane within Europe (compare alsoFigure 2z5 and Figure 2z7). This change inassumption on
(global) hydrogen availability also heamly influences the country-level results, which are presented
in the following chapter 3.2.
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Figure 3z4 Comparison of different model results for the Directed Transition
scenario in 2050

Public

35



Y~

D3.2 Quantitative Scenarios for Low Carbon Futures of the
open SENTRANGE  European Energy System on Country, Region and Local Level

Similar to the panEuropean results, the transformationof the energy system irGermany, leadgo
an overall increased consumption and production of electricityThis development is driven by the
increased electrification of nonelectricity sectors, such as residential and commercial heating,
transport, and industry.
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As presented inFigure 3z5, the overall production of electricity ranges from around 880 TWh
(Directed Transition) to nearly 1100 TWh (Gradual Development). In all scenarios, a mix of solar PV,
onshore wind, and offshore wind, backed up by battery storages and CAES systems becomes th
primary provider of electricity. In contrast, the role of natural gas differs substantially between the
scenarios. Whereas natural gas plays a more significant role in the Direct Transition scenario as a
flexible generator, it is nearly phased out of theslectricity system until 2030/2035 in Societal
Commitment and Gradual Development. Furthermoren Techno-Friendly, natural gas utilization in
the power sectoris substantially reduced until 2025.

The importance of electricity storages for Germany is higighted in Figure 3z6. Short-term storages,
such as batteries provide electricity to balance the intermittency of solar PV, whereas lonterm
storages (i.e.CAES or PHS) help to mitigate the integeasonality of wind power plants.Additional
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biomass generators provide additional backup capacities. The results foh¢ power sector in
Germany computed by GENeSYBOD showcase arelectricity system based onnearly 100%
renewables that still is able to fulfill the annual electricity demand ona full-hourly scale.
Furthermore, transmission interconnections provide additianal flexibility for the system (in the form
of imports and exports from neighboring countries) and reduce the necessity of electricity
curtailment in specific hours.Nonetheless, over 93% of the annual electricity production comes from
variable renewable urces.

Yearly Summary Dispatch for the month of September (2050)
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Germany is the largeseconomy of themodeled region in the consideredscenarios and due to the
energy-intensity of its industrial sector, it has a substantial demand for hydrogenelectricity.
Especially regarding hydrogen, the scenarios highlight that domestic production only plays a role in
2050 for Directed Transition, Gradual Development, and Societ@lommitment. In TechneFriendly,
no domestic hydrogen prodcution is deployed ad instead, substantial amounts of hydrogen are
imported from non-EU countries.The primary share of hydrogen in the other three scenarios is
imported from other Europeancountries. The overall demand for hydrogern Germanyranges from
about 675 PJin Gradual Development to around1000 PJin Directed Transition. In Gradual
Development, Hydrogen is nearly solely being used for additional decarbonization of the
transportation sector, wheras in TechneFriendly, higher shares of the transportation secto are
directly electrified . Furthermore, apart from Gradual Development, signifcant amounts hydrogen are
used for residential and commercial heating in Germany, with also noticabmounts utilized in the
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industrial sector. It should be noted, however, thaa large share of hydroger(up to 85 PJ)is being
used in the form of synthetic methane in industrial applications, which is not shown in this graph.

Directed Transition Gradual Development Societal Commitment Techno-Friendly Technology
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3.2.2 France
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Today, the electricity sector in Frace ismainly dependent on substantial amountsof electricity
produced by nuclear power plants. In the calculated results, the existing generators are subsequently
replaced by variable renewable energy sourcesln Societal Commitment, the electricity sector in
2050 in France is depicted solely withounuclear power plants and only based on renewable energy
sources.In this scenario,as well as in TechneFriendly, the overall electricity production levels stay
close to baseyear levels or show only smaller increase. For Directed Transition and Gradual
Development, overall electricity production increased significantly compared to 2018. However, in
all scenarios, electricity generation exceeds the demands from 2030 onwards, such that hydrogen
can be produceddomestically locally.
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Figure 3z7 Hydrogen generation and use in Germany
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As depicted inFigure 379, the full-hourly dispatch shows that, as significant amounts of nuclear
power plants are able to provide baseload together with hydropower plants, fewer storages are
installed in France compared to Germany. Still, storages are necessary to provide flexibility amd t
balance the intermittency and variability of renewable energy sources. Furthermore, the fuliourly
dispatch also highlights the importance of interconnectors for designing a secure and stable
electricity system. Also, compared to Germany, offshore windlays only an auxiliary role in the
French electricity system, as solar PV and onshore wind power plants are preferred for
decarbonizing the power system here.
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Yearly Summary Dispatch for the month of September (2050)
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Different to Germany, most of the utilized hydrogen in France is produced domestically, although
small additional amounts arestill imported from neighboring countries. Furthermore, in Techne
Friendly, additional amounts are imported from nonEU countries, which even replace the imports
from within the European regions in 2050. Overall, most of the hydrogen is being used for
decarbonizing the transport sector in Gradal Development, Directed Transition, and Societal

Commitment, and only in TechneFriendly, the buildings sector is using hydrogen in significant
amounts.
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Figure 3710 Hydrogen generation and use in France
3.2.3 Spain

With its good potentials for solar PV and onshore wind, Spain becomes a major energy provider in
the future European energy system in all scenarios. Excess energy from renewable production is
primary used for hydrogen production, as depicted irFigure 3711. Especially in Directed Transition,
as well as in Societal Commitment, the need for increased hydrogen production is the main driver for
the substanial growth in energy production as being observed in all scenarios. All scenarios see a
phase-out of conventional generators until 2035 and subsequent largecale additions of solar and
wind capacities. In TechneFriendly, the general efficiency of directisage of electricity increases and
therefore, the overall need for domestically produced hydrogen is reduced, especially as hydrogen
imports from non-EU countries are allowed in this scenario.
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The hourly dispatch highlights again the importance of storages for the stability of the power system.
Especially, as in Spain solar PV and onshore wind seersfigant seasonal patterns (compard-igure
3z12). Although already substantial amounts of excess energy are used to produce hydrogen,
substantial amourts of curtailed electricity can be observed in the summer months. Alsos anly
limited conventional generators and hydropower exist in the power system in 2050, additional
biomass capacities are installed for backing up the electricity systerbut these ae only used in
specific hours.
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Yearly Summary Dispatch for the month of September (2050)
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As already presented in theprevious figures, Figure 3z13 highlights the importance of Spain as
possible future key energy provider for Europe.In all scenarios despite Techno-Friendly, over 800
PJof hydrogen from electrolysis are produced. Much of this amount is then exported the European
countries directly. Additionally, especially in Gradual Development and Societal Commitment,
Hydrogen is used to generate notablemounts of synthetic methane. In contrast to France and
Germany, Spain has limited own consumption of hydrogen, most of which is us&dthin the
transportation sector in all scenarios In TechnoeFriendly, additional amounts of hydrogen are also
used for decarbonizing theresidential and commercial heating systems. In TechBriendly in 2050,
no hydrogen is directly exported and insteadadditional hydrogen from non-EU countries is

imported. Still, even in TechneFriendly synthetic methane is produced in Spain and exported to
other European countries.
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Directed Transition Gradual Development Societal Commitment  Techno-Friendly Technology
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1 Interconnections are expanded significantly in all scenarios
1 Dispatch shows importance of storages> political targets and constraints should also be
expanded to accommodate for the buildup of flexibility options (such as interconnectors
and storages)
1 Substantial amounts of renewables needed in akcenarios
1 Hydrogen
0 Spain, and Turkey becomgéhe main hydrogen exportersin Europe, while Germany,
France, and Italy import significant amounts of hydrogen and synthetic natural gas
o ->This indicated a high gatial disparity in hydrogen production and consumption
o Generally, high amounts of hydrogen are traded between the regionsostlyin the
form of liquid hydrogen
o0 ->thisis due to themodel decision to not allow gaseous hydrogen to be used within
the existing gas pipeline infrastructure due toviability concerns
o -> It should therefore be further analyzed what retrofits or pipeline re-
constructions would be necessary to trade the requad quantities via a pipeline
network
1 Negative emission technologies are only deployed in small amourasd play no major role
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1 Conventional generators and biomass in 2050 only used for ped&ad (apart from nuclear)
o Capacity markets for lowcarbon generatois might be needed to keep them
profitable and available

While GENeSY-8OD has been meaningfully improved with the newersion z both with respect to
the model source codeand mathematical formulation, as wellas regarding the newand updated
dataset there are still limitations that need to be kept in mind. Being a linear programGENeSYS
MODcan offer a great level of technical detail, while still giving relatively high granularity on spatial
andtemporal dimensions, but at the same time, not atypes of decisions can be modeled iarealistic
way. Since any fractional investments are allowedtechnologies such as overhead trolley trucks
(heavily used in the TechneFriendly scenario due to their eergy efficiency)might be seenin a rather
optimistic fashion, since the (huge) upfront investmentanonly be partially represented.

Also, since the model performs a full cost optimization of theentire Europeanenergy systemwith
perfect foresight,the generated results have to be taken with some cautigras they canot (and are
not meant to) predict thefuture but are aimed at generating insights intdow-cost pathways for deep
decarbonization scenarios within Europe. Other factors, such gmlitical and social barriers (e.g.,
social acceptance of technology choicegnfluence of incumbent actors, and gepolitical black swan
events such aghe war in Ukraine cannotbe considered in such a settingnd instead require outside
assumptions on scenario deviepments.

As a costoptimizing energy system model, any assumptions regarding cost and technology data
heavily influence the modeling results. While all input data points and assumptions have been made
to our best ability, it is impossible to fully coverall aspects of every sector in full detail, especially
since any data past the current date is by definition uncertain anspecuation. To combat such issues,
tools like sensitivity analysesand stochastic optimization can and have been applied identify the
correct workings of the model and effects of these issues on model results (comp§t®] and [4]).

Also,since GENeS¥BIOD only features a reduced hourly timeseries (instead of running a full hdy
computation per year), someeffects, especially in the power sector, cannot be fully covereSince
many power sector-specific issuegespecially regarding future energy systems with extremely high
shares of intermittent renewables) occur at levels bateen hours and seconds, the rough time
resolution of large-scale energy system models such as GENeSWSDcan only offer rough outlines
of the actual power system, requiringhe coupling and validation viaother modelsto check for actual
feasibility of the model results (including security of supply aspects)
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The region-specific results for Norway are partly based on the Master thesidModeling Multi-sectoral
DecarbonizationScenarios for the Norwegian Energy Systenfil1]. The study for the thesis has been
conducted in the winter/spring 2020/2021 with the preliminary results of the panEuropean
decarbonisaion pathway analysis. Hencethe resultshave beenupdatedwith the final version of the
Open ENTRANCHatasetfor Europe and the new GENeSY810Dversion from April 2022.

The analysis & Norway has been conducted both for Norway at a country level (onmeode) and on a
more detailed subnational, power-price region level (5 nodes).The disaggregation has beebased
on available statistical/historic data and when not available proxies build on population, industry
locations and land area. Alfour Open ENTRAICE transition scenariodhave been considered fothe
analysis, both for the aggregate, one node Norway model as well as the disaggregated versibe.
base year is 2018 and the results computed with GENeS¥M®D v3.1.

In 2021, afirst through validation process of theinput data and results for Norway has been
conductedand has beerrepeated with the final input data and results in April 2022 VValues produced
by GENeSY-®OD for Norwegian power capacies, productions, and balancevere compared to
results from the longterm power market analyses published in October 2021 by the Regulator, NVE
[12]. The report models the years 2020 to 2040.

4EA 2ACOl Aidindo(redict thel dev@lopmentof the electricity market towards 2040.
Hence, the overallobjective for this analyss differs from the Open ENTRANCE aim of limiting the
globaltemperature increase to 1.5and 2degrees. The results from Open ENTRANCE show an energy
system that is much faster decarbonised than the domestic Norwegian study. The power demand
and production from Open ENTRANCEre shown inFigure 4z1.

In the study from the Regulator,they estimate an electricity consumption increase from 138
TWhlyear to 174 TWh in 2040. Ths increase includesa 13 TWhincreasein the transport sector, 7
TWh for hydrogen production from electrolysis anda 16 TWh increase in industry consumption. The
Regulator assumes 6 TWh in decreased consumption due to energy efficiency measures. The high
increase in the industry sectoris basedon the many plans for new power consuming industries, e.g.
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data ceners,in Norway. There is a rather high uncertainty, regardingvhich and how many of these
plans will be realized. Norway has a significant potential for energy efficiency in botmdustry and

buildings. Presently, Norway has a very high share of direct electric heatingnd large-scale
deployment of heat pumpscan significantly reducepower consumption.[13] finds that maximum

use of heatpumps gives a potential for decrease in power consumption of 16 TWh/year. In aitibn,

there is a potential for better isolation of houses.

The base year fotthe final Open ENTRANCE scenariés 2018 andall scenarios start with the same
base yearelectricity consumption of 142 TWh. In all scenarios,except Gradual Development (which
only reaches the 2 degree targef)a decrease in electricity demandowards 2050 is assumedAll
scenarios see arop in the nearer future (driven by expected high fossil fuel prices (especially gas))
followed by an increaseback to start levelstowards 2040 and then again,a decrease This is a
different development as assumed by the regulator, resulting frm two main differences in the
scenario work: first, the regulator accounts fomew industry that is likely to be established while the
Open ENTRANCEcenarios do nowspecifically include new industry developmentsand secondthe
Open ENTRANCEcenariosare ways toa net-zero future, while the regulators scenario isaiming at
trying to mirror the most likely future development.The Regulatorsestimated 13 TWh of electricity
demand increase in thetansport sector, is then very much in line with the increase modelleth the
Open ENTRANCEcenarios, which ranges between 11 to 14TWh for the four scenarios (increake
20240). In the Open ENTRANCECcenariosindustry demand of electricity decreases significantly, in
strong but expected contrast with what the Regulator assumesThe new demand created by
hydrogen production from electrolysis shows to be similar between the Regulators predictions of
around 7 TWh andthe OpenENTRANCEscenario results of between 4 and §Wh.
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The Regulator assumes an increase in production from 158Nh annually in 2021 to 186 in 2040. In
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All Open ENTRANCE scenaricghow a drastic increase in productionn Norway, mainly driven by
increase in demandoutside Norway. Directed Transition and TechneFriendly show production
levels aound 200 TWh in 2040 increasing further towards 2050. Both scenarios show large
deployment of offshore wind, producingwell above 20 TWh/year . Additional onshore wind power
is restrained for Norway in the Open ENTRANCEcenariosin the near future. This has been done, to
account for theactual situation in Norway, where no new permissions for onshore wind farms have
been grantedand it has further beendecided that no new onshore windallowances will be awarded
in the near future. This political decision follows public opinion in Norway, which has been
dominated by significant public resistance for further onshore wind farm development.Societal
commitment shows a production increasecloser to the one modelled by the Regdator and has no
offshore wind power in the production mix in the future. Production from hydro power in the Open
ENTRANCEcenarios is assumed to increase to arourftbO TWh in 2040, in line with the Regulators
assumptions. Production from PV production is also similar to what the Regulator expects for all

scenarios, except Societal Commitment (on,5 TWh in 2040).
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Since March 2010Norway has been splitinto five electric bidding zones The zones aredefined as
Southeast Norway (NO1), Southwest Norway (NO2), Midorway (NO3), Northern Norway (NO4),
and West Norway (NO5) [14]. These zones are shown irrigure 4z2. The five regions have very
different characteristics regarding amount of demand, type of demand, productionapacities and
potentials, and resource availability.To account for these differencesit is useful to look at thefive
regions separately when modelling future energy system developments for Norwayln a
disaggregation exercisethe Open ENTRANCE scenarios for Norway were split into those five bidding
zones.As Norway has close to 100% electric heating, the power dec plays already today an
important role in the dectricity systemand offers the opportunity for power demand reductions by
heat pumps rather than constituting a new load There is alsosome statistical data available per
bidding zone as well aghe long-term market analyses from the Regulator and the TSO (Statnett).

NO4

The factors population, location of large industries and land area are used for disaggregation of
Norwegian domestic data. In a report from theRegulator [15], a similar approach is used for
disaggregatingNorwegian country level data into the five bidding zones The Regulator argues that
due to the unavailability of good and open data on thgeography of thebuilding stock and the vehicle
park/transport services, the population shares can be used to disaggregate paraters dependent
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on building area, such as residential heating and power demand, and that the same shares can be
used to disaggregate transportation parameters, such as mobility demand.

Region Population (%) Industry (%) Land Area(%)
NO1 42 5 15

NO2 24 28 14

NO3 14 32 23

NO4 9 19 41

NO5 11 17 7

Similar assumptions as those used ilRegulatod O OABPT OO0 xAOA OOAA O AE
parameters, seeTable 4z1 for the shares usedPower, mobility, and residential heating demands
were disaggregated based on population. Industrial heating demands were disaggregated based on
the location of large indistries. Base year production and capacity parameters reled to residential
heating were disaggregated based on population, while those rekd to industrial heating were
disaggregated based on the location of industry. Parametexncerning resources andresource
potentials were disaggregated based on land area. Power trade capacity valwesre set tocurrent

net transmission capacities. Trade routes between regions wereset to the distances, measured in
kilometres between the approximate geographic cenés of each region. Regional onshore wind
potentials are taken fromareport conducted by SINTEH16]. The potentials inthe report are based

on the locations of current and future onshore wind projects. In addition, factors such as wind
conditions and geographical terrainare considered. Oil and gas resources were disaggregated using
data provided by Norwegian Petroleum (NPD) for resource allocation in each sea on the Norwegian
coast[17]. It was assumed that there are no resources in NO1, that the Barents Sea resources are in
NO4, that the Norwegian Sea resources are in NO3, and that the North &saurces are split evenly
between NO2 and NOS5. Similarly, the CCS potentials were disaggregated using data from the NPD
[18]. No dfshore wind production potential was allocated to NO1, as there is no offshore wind
potential in that region. The same slar and wind profiles have beerused for the one region Norway
model as for all regions in the disaggregated version.

The disaggregated results show that consistentlyhrough all scenarios, NO2 has the highest power
capacities installed and most electricity produced, while NDand NO4 have the lowest capacity and
production numbers across all scenarios. All regions' eléricity production numbers are highly
dominated by hydro power, except NO3 in the Gradual development scenario. NO3 has large offshore
wind potentials and with generally much higher demand in Gradual Development, there is a need to
exploit those. Gradual évelopment shows also a much higher solar share in NO4 (Northern Norway)
than any of the other regions and scenarios, partly explainable by its very large land am@ad the use
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of the same profiles for solar power across all Norwegian regiongnd thatoffshore wind potential
are not used, sincethe deep waters off the coastline only allow for floating offshore, which is
associated with significantly higher costs. Figure 4z3 shows dectricity production in the five
Norwegian spot price regions for 2050 for the four Open ENTRANCE scenarios.

Directed Transition Gradual Development Societal Commitment  Techno-Friendly Technology
., ™ Biomass
® Gas [Fossil Gas]
® Hydropower
Photovoltaics
® \Wind [Offshore]
® Wind [Onshore]
Norwegian Spot-Price Region
@ NO1

o NO2
@ NO3
o NO4
o NO5
TWh
19.96 30.00 40.00 50.00 60.00 69.88

Figure 4z1 shows the differences in electricity produ¢ion observed when contrasting the one region
model to the disaggregated versionWhile the installed hydro power capacities areused to its
maximum in both versions, resulting in equal production numbers for both scenarios and regions
production from offshore wind is higher across the different scenarios in the aggregated version as
compared to the disaggregated versionThe system in the disaggregated version also uses less
storage across the different regions and scenarigseeFigure 4z4. The use ofelectrolysis to produce
hydrogen is an interesting aspect of the scenario results that show considerable differences, when
looking at the results obtained by the agggated version versus thedisaggregated versionThere is

in general more hydrogen production in Norwayin the disaggregated model and it is used to a much
higher extend and share for the transport sector. Tecgto-Friendly is the only scenario that allowsor
imports of hydrogen from outside the EU andn the aggregated version, Norway makes use of this
considerably from 2040 onwardsin the aggregated model version. In the disaggregated version
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hydrogen is also imported but to a muchsmaller extend Interesting is also theobservation that
hydrogen is only used in buildingsto a considerable extend in the Technériendly scenario, in all
other scenariosit is mainly used for transport.

AGGREGATED MODEL DISAGGREGATED MODEL

Directed Transition  Gradual Development Societal Commitment Techno-Friendly Directed Transition  Gradual Development Societal Commitment Techno-Friendly
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Our modelling results showconsiderable electricity production increase, despite the fact thathe
four scenarios developed in Open ENTRANGIE not show demand increases in Norway. This te a
large extend due to that no new industrydemand isincluded in the demand deelopments and that
the floor heating sectorin Norway is already almost 100% electrified todayMost new capacity
additions to the powersector show to be in the offshore wind sectossince new future onshorewind
capacity expansion is limitedin-line with political decisions inthe recent past.Norway shows hence
to contribute to reach the EU's ambitious latelsgoals ofreaching several 100 GW of offshore wind
installations with in the next decadeHydrogen,currently only produced ontechnology-testing scales
is becoming anotable part of the energy only after 2030and usedfor both transport and a flexibility
deliverer.

The natural next step to refine the disaggregated model further is the use of regional resource data
for both wind and solar. Since especially fé(shore-wind is expected to grow significantlyand there
potentially are notable difference betweenthe wind profiles of the different regions, this is an
important further improvement. For the Norwegian case a further consideration regards he
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assessmentf a new technology for point source heating with biomassould help to better assesshe
potential to well describe and efficiently usealready established alternative heating infrastructure.

The analysis for Turkey is carried out both at aggregated and regionally disaggregated levels. In the
disaggregated model, the country is analyzed using 12 subregions in NUTS level 1. Figdu®
provides the regionally disaggregated map of Turkey. The diggregation process is based on factors
such as the population, industrial production,offshore/onshore potential and land area of each
region. The transition scenarios, namely Directed Transition (DT), Societal Commitment (SC),
Gradual Development (GD), ahTechno Friendly (TF) are employed for the analysis, and the results
are obtained using GENeSYMOD v3.0. The base year is assumed to be 2015 and the analysis is
extended until 2050. The results are summarized in the following section.
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There are some similarities between the disaggregation process for Turkey ahbrway. Pleaserefer
therefore to Section4.1.1and [19] regarding the methodology, whereas this section fauseson other
major issues thatarosethroughout the disaggregation process fothe GENeSY$10D Turkeymodel
application at NUTS level 1.

Initial Setup

We have followed the instructions inthe GENeSY®10D QuickStart Guide[20], Technical Guidg21]
and Data Documentation[22] to perform the addition of a new region to the GENeSY80D v3.0
model. Since here is no detailed disaggregation process described in the guideveral issues arose
during this setup process:
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Thereis little or no guidelines about which data input files (EXCEL files as well as worksheets within
them) have to be modified in order to add a new region to the moderhe data files and calculations
within them are not clear. For example

1 In scenario input data filesfor different scenarios, it is notfully clear which sheets have to be
modified. Alsg it is not sufficiently explained how to modify the sheets in order to define a
new region.

1 The calculations for some sheetsieed to be more clearly explained toproperly add a new
region (i.e.,regarding the modal splij) in these scenario specific input data files.

1 There are no references forhourly time series data. A section on where and how these data
are obtainedwould be helpful.

9 The description of some technologies itime seriesdata and their relations with each other is
not clear. This could be improved upon.

This process has mostly been achieved through tri&l error. Feedbacks fromthe team atTU Berlin
has been veryuseful. However, it needs to benoted that without proper guidance,it is challenging

for a novice user to modifythe GENeSY$10D model, i.e., both GAMS files and EXCEL input data files
to achieve disaggregation.

To overcome the issues, we first set up a modehcompassingtwelve regions based on NUTS level 1
for Turkey. These twelve regionswere added to allworksheets that have a regional dimension and
entries for O 4 2tide Alpha-2 codefor Turkey). The model parametershave beenset in a way similar
to Norway's disaggregation procesgsee Sectio.1.1and[19]).

Following, the data that was provided in the original model data fileshas been updatedand
disaggregatal according to the following regional data on population, industrial production, onshore
wind production, land area, and offshore wind potential{seeTable 4z2).
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Key B Key C Key D Key E Key F
Population Industry Onshore Wind Land Area Offshore wind

TR1 18.61% 29.34% 6.47% 0.84% 0.00%
TR2 4.30% 5.36% 22.84% 4.67% 78.02%
TR3 12.88% 13.35% 26.51% 8.40% 0.00%
TR4 9.52% 16.85% 7.82% 9.75% 0.00%
TR5 9.71% 10.66% 4.48% 4.72% 0.00%
TR6 12.75% 8.27% 15.93% 16.34% 3.76%
TR7 4.95% 3.39% 8.91% 7.34% 0.00%
TR8 5.72% 3.14% 4.60% 11.76% 18.22%
TR9 3.27% 1.87% 0.21% 9.68% 0.00%
TRA 2.79% 0.79% 0.00% 8.96% 0.00%
TRB 4.86% 1.75% 0.58% 7.84% 0.00%
TRC 10.65% 5.23% 1.66% 9.71% 0.00%

However, some issues arose regarding certairlimits within the scenario files that caused
infeasibilities. Detecting them required an option (e.g., IIS 1) iINGAMSCPLEX or GUROBI solvers.
Unfortunately, in some scenariosthe error-finding processwas very time-consuming. Specifically, if
one cannot solvemultiple large-scale models in parallel, the debugging process takes extensive
amount oftime. Solvingproblems in aserial manner is simply not feasible, since a model with 488
hourly steps and 12 regions of Turkey includinghe rest of EU regions require more tha 24GB of
memory. A computing server with a higher memorycapacity (in our case 160 GB RAM) is
recommended to allow up to 45 disaggregated models to be solved in parallel.

We have employedhe renewables.ninjawebsite to collect wind andsolar PV time series data (i.e.,
capacity factors for each hour in a year). Different than most EU countries, there is no published
hourly wind or solar PV capacity factor data for Turkey on this website, nor it has any regional
disaggregation at NUTS level 1 08. Only point data is available, which requires coordinates (in
longitude and latitude) for each potential location. Hence, an R codes beenemployed to obtain
longitude and latitude data for Turkey at NUTS level 1 and 3.

In order to do so, wefirst used the shape data file fothe EU (available at thidink) and thenlocated
the centroids for each polygon (of each NUTS level 13 in this shape file. We have used several R
packages, specificallythe sf package, to encode spatial vector data. Other packages are for data
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manipulation and visualization/tabulation have also been usedthe R codes and instructions are
available onGENeSY810D Turkey GitHubrepository). We then addedthe centroid of each polygon
as a separate geometry column and then filtedd the Turkish NUTS level 1 (regional) and 3grovince)
regions. Finally, we visualizd the centroids and all regions on the following map

Leafiet (https: com) |©0 (http: 1ap.org) contri CC-BY-SA (http: i /2.0/), © Of
(https: i © CARTO (https://carto.com/attributions)

Figure 4z6 Centroids and regions in NUTS level

We have usedthe tool ninja_automator.r that is available onGithub and used the coordinates of
centroids of polygons for NUTS levels 1 and 3 to gather the solar PV and wind time series data from
the renewables.ninja website (the Github page of ninja.renewables kahe necessary information,
but there is an hourly data gathering limit of 50 queries,i.e., 50 locations at once). For offshore wind
data, we have used the data on offshore wind potential in Turkdyom the literature, with the first

11 locations selected from{23] and the last 4 locationsbeing selected from[24].
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11. Bafral (TR8)
12. Bafra2 (TR8)
13. Inebolu (TR8)
14. Sinopl (TR8)
15. Sinop2 (TR8)

Then, representative offshore points for these locationswere selected from the renewables.ninja
website and wind capaciy factorshave beendownloaded. These factorsvere then averaged for each
NUTS level 1 region.

These efforts, however, do not complete the hourly onshore wind, offshore wind, asdlar PV time
series data required for GENeSYRIOD, which uses multiple categries of eachtechnology within
each region differentiating between optimal (opt), average (avg), and below average (inf) locations
The values in parentheses show the multipliers for capacity factors we have used for each sub
technology:

Solar PV: inf(0.7), avg (0.85), opt (1)
Wind Onshore inf (0.7), avg (1), opt (0.85)
Wind Offshore: shallow (0.85), deep (0.7) andransitional (1)

Moreover, there are other factors that need to be considered, however, we have no data sources for
run-of-river Hydro (RoR) capacity factors at NUTS Level 1 for Turkeljoaddata is alsoonly available

at the aggregated level. Therefore, we have used the Turkey data currently availabletia GENeSYS
MOD database athe aggregated level and used them for all regions ithe rest of the hourly time
series dataset.

The aggregated and disaggregated level results diffear many of the scenarios. Tablet-3 shows the
notable differences. Minor differences are also observed fahe power dispatch levels inthe DT
scenario. PHEV and PHE\bio) levels are not observed inthe TF scenario inthe aggregated model
results. Similar differences are observed for freight transport, residential heat, industrial heat, and
hydrogen production and use. Emission levels reach zely 2040 in the disaggregated model results
for TF, GD, and SC scenarioshereas the emissions inthe aggregated model results for TF, GD, and
SC scenarios areeaching zeroonly after 2040.
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Disaggregated to subregions Aggregated
Photvoltaic generation More Onshore wind capacity is
Electricity Generation increases and no Offshore wind observed
capacity is added
Dispatch Minor differences in DT
PHEV and PHEY (bio) are used | PHEV and PHEV (bio) are not used in
Passanger Transport . . )
in TF scenario TF scenario

) Rail [Conv] values are lower . i .
Freight Transport [ . ] . BEVY is not used in TF scenario
comparing to other scenarios

Natural gas is decreasing more

. in GD, SC, and TF; it is phased No direct electric usage in SC
Building Heat .
out 5years before the scenario
aggregated

Natural gas shows differences in 2035 in TF scenarios; Hydrogen usage

Industrial Heat is different for both

No Hydrogen for power generation
in SC and TF scenarios
Emissions reach to zero at 2040 |Emissions existin building at2040in

in TF, GD and SC scenarios TF, GD and SCscenarios

Hydrogen Production & Use

Emission

4.1.2.3.1 Power production by regions

Figure 4z7 shows the power production in Turkey in 2050 for all scenarios. Inall scenarios,
significant hydro resources are located ineastern and southeastern regions.Natural gasbased
generation resources are usually located in western regionsbut are no longer tilized by 2050. The
coalbased generation resources are located in central regions as they are locatdaseto coal mines.
The solar radiation levels are better in southern regions and wid availability is especially high in
northwestern regions, and hencesolar and wind production for 2050 occursmostly in these regions.
In all scenario results renewablesmostly replacefossil fuels as early as 2030rhe majority of power
generation is provided from solar PVin 2050 in all scenarios while the hydro resources are still
significantly used. On the other hand, there is a significant capacity of onshore wind in Northwestern
regions while offshore wind sees no meaningfulisage
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4.1.2.3.2 Power production by scenarios

The detailed demand and supply distribution at aggregatedind disaggregated levelsprovide
important findings. Figure 4z8 provides the details for power production for both aggregated and
disaggregatedmodel results. The solar PV generation in the disaggregated model issignificantly
higher than in the aggregatedmodel, while wind generation is substantially reduced. The main
reason is the increase in the neveapacity investments forsolar PV technologiesuntil 2050 in all
scenarios. On the other and, onshore wind capacity increases until 204Q stabilizes by 2045, and
declines a hitby 2050. Theexisting hydropower resources are already widely used in Turkey and the
results show that no significant capacity is addedThe trend forinstalled storage capacitiesis rising
and it isfound that there is an upward trend until 2050. Theuse offossil fuelsin the electricity sector,
including coal and natural gasis phased outby 2030 in the GD, SC, and T$tenarios while a small
portion of natural gas is used irthe DT scenario by 2030.The demand for electrolysis, industry, and
end-use of electricity (e.g., in the form of appliancesre the main components until 2050 and keep
rising until 2040, after which the electrolysis and industry demands stay constant Albeit the fact that
final (end-use) demand is also rising, the trend is within expected intervals. The demand for
transport is significant in SC, lower in TF, and almost identical ithe GDand DTscenarios.
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Power Generation & Use Technology
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The results for the disaggregateanodel look somewhatdifferent. The capacity forsolar PVincreases
until 2040 in all scerarios and stays constantfterwards. A similar trend is observed foronshore
wind, where the capacity increases until 2030 and stays constardfterwards. The hydropower
resources are already widely used in Turkey and the results show thaibt much capacityis added
sincesignificant amounts of existing potentials arealready being used. The trend for storage is rising
and it is shown that the capacity is increasing until 2050while a small portion of the generation is
provided by biomass. The demand for electrolysis and industry are the main components until 2050
and they keep rising until 2040 and stay constant afterwards. The final energy demand is an
exogenous input and therefore similar to the aggregated modellso following the aggregated model
results, thedemand for transport is significant in SC, lower in TERnd almost identical inGDand DT.

4.1.2.3.3 Hydrogen production and use by scenarios

Figure 479 shows hydrogen production and use fotthe aggregated and disaggregated scenarios.
Hydrogen production reaches a significant level in 2030, and aacceleratedproduction and usage
by 2035. The major increasesin solar PV capacity in the disaggregated model lad to more
opportunities for hydrogen production through electrolysis. Hence, more hydrogen production is
observed in disaggregated model. The capacity addition is differeacross thescenarios. The most
significant increase is observed in GDwhile theleast increase is observed in S&enaiio. TheDT and
TF scenarios are vensimilar. The demand for hydrogen is significantly allocated to transport sector
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followed by industry, buildings, and other sectors. The demand in the disaggregated scenario is
different, however: while the demand from transport is still significant, the share ofdemand from
other sectors differs considerably.

Hydrogen Production & Use Technology
AGGREGATED MODEL DISAGGREGATED MODEL B Electrolysis
Methanation

Industry
Buildings
M Transport

_— B HHI_H2DRI_EAF
HLI_Fuelcell
_ B P_Gas
P_H2_OCGT
-1l - .I B[ ({0
I l 1l

Petajoules %

Discussions

The aggregated and disaggregated model results shosignificant differences. However, the
dominance ofsolar PVand wind resources areobvious for both models and for all scenarios. They
keep rising until 2040 and reach goint of saturation afterwards. Cal and natural gas phaseouts in
the power sectorare observed around 2030. The new capacity allocations are observedtie power
production map of Turkey in 2050 (Figure 4z7). On the other hand, the demand fohydrogen will
increasesignificantly by 2040.

Hydrogen production and usealso provides important insights. Increasing solarPV capacity with
lower capacty factor allows for more hydrogen production in Turkey. Significantly more solar PV
capacity is installedin the disaggregatedmodel due to regional availability (i.e., capacity factors)he
demand for hydrogen mainly comes fronthe transportation sector.

More comparative model results (aggregated versus disaggregateddan be found in the Appendix,
where figures for the power dispatch, power capacity passenger transport, freight transpot,

building heat, industrial heat, emissions, and primary energy demanedre presented The figures are
self-explanatory andevident for the discussionsin this section onpower generation and hydrogen
production and use.
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Note that essential parts of the content of the study presented in this Section 4.2 has already been
published in the following journal, which acknowledges the support of th©pen ENTRANCRroject:

[25] S. ZwickiBernhard, D. Huppmann, A. Golab, H. Auer: "Disclosing the heat density of district
heating in Austriain 2050 under the remaining European CO2 budget of the 1.5°C climate target",
Sustainable Energy, Grids and Maorks, 23 May 2022, 100775,
https://doi.org/10.1016/j.segan.2022.100775 .

The core objective of the following study is to demonstrate a method for furthedownscaling of
country-specific GENeS¥BIOD decarbonization scenarios of the heating sector to the community
levels serving endusers in 2050. In particular, the downscaling exercise considers the highly efficient
and local use of sustainable heat sourceis district heating (e.g., geothermal sources, efiring
synthetic gas and hydrogen in cogeneration plants, and larggeale waste utilization). In addition, the
topography of district heating networks is of particular importance and plays a crucial role ithe
presented downscaling method. This allows estimates of realistic decarbonized district heating
networks in 2050 to be obtained, which can be compared with existing network. Thereby, the heat
density of district heating networks serves as a comparativandicator and permits a rough
estimation of the changes needed for district heating networks considering the 1.5°C and 2.0°C
climate target.

An Austrian case study is conducted, downscaling the cesffective results of the heating sector in

2050 from the large numerical energy system model GENeS¥8D, from the country to the
community/local administrative unit levels. In general, GENeS¥BIOD exhibits a focus on generic

heat supply options based on primary energy sources, rather than specific local excéssat sources

that is in general the fundamental idea of district heating. Accordingly, this study can be seen as an
attempt for a stress test applying GENeSY.S/ $6 0 EAAO O0O0PPI U ET OEA AT 1 C

Building upon the amount of district heating obtained by the aggregate model GENeSMOD, the
downscaling method applied consists of a simplified optimization model, which computes the
amount of district heating at the local administrative unit (LAU; i.ecommunity) level. For overview
reasons, we will not present the mathematical model of the optimization and refer to the original
paper [25]. The objective function of the model maximizes the heat density per community and in
the immediate vicinity, taking into account all factors that determine the net settlement area.

The optimization model allocating the amount of district heating to the LAlével does not necessarily
ensure that obtained heat densities of district heating networks reach the benchmark of 10 GWh/Rm
being assumed in this work. Consequently, below it is explained in detail how the optimal values of
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district heating at the LAU ével are further processed resulting in heat densities of district heating
higher than the benchmark value. The developed workflow is as follows:

9 Starting with the optimal amount of district heating at the LAU level obtained from the
optimization model.

1 Identification all LAUs that do not achieve the required heat density benchmark value of 10
GWh/km2,

1 For each of those LAUs, the heat density of district heating within the corresponding NUTS3
region and thus network level is calculated.

1 Incase that the headensity reaches values higher than the benchmark at the NUTS3 level, the
supply using district heating remains since LAUs are then connected to or in the surrounding
area of high heat density areas.

I Otherwise, the amount of district heating is set to z® as no economic viability can be
expected there due to lower achieved heat densities than the benchmark.

Finally, steps 1 to 5 allow to calculate implemented district heating under the condition that either
the local heat density at the LAU or the netwdrheat density at the NUTS3 level achieves the assumed
heat density benchmark value of 10 GWh/krh

As a starting point for the downscaling exercise of the residential and commercial heating sector in
Austria in 2050, the heat generatio mix for the four different Open ENTRANCEcenarios Qirected
Transition, Societal Commitment, Techndriendly, andGradual Developmen} is used (se€Table 4z
4).
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obtained from GENeSYS-MOD

Generation by source in TWh 2020 2050

- DT SC TF GD
Biomass 13.00 3.37 3.37 3.37 3.37
Direct electric 1.10 2.13 1.98 1.53 1.81
Geothermal 0 2 2 2 2
Natural gas (fossil) 13.67 0 0 0 0
Heat pump (air) 11.37 22,73 15.71 25.96 9.68
Heat pump (ground) 0 17.50 19.47 1.69 19.21
Hydrogen 0 1.03 2.18 7.43 8.65

Oil 0.66 0 0 0

Synthetic gas 0 0.36 1.35 2.79 5.35
Waste 1.2 2 2 2 2
Total 74.0 51.12 48.06 49.77 52.07
Rel. reduction compared to 2020 - -31%  -33%  -33%  -30%
District heating 16.75 15.38 27.20 22.84

In the following analysis, the naming convention of heat sources/generation technologies from
GENeSY810D is essentially followed to ensure consistency between aggregated (i.e., downscaling
input values) and local (i.e., downscaling output values) levelslevertheless, we introduced the heat
sources waste and geothermal that were initially not included in the list of heat sources fro@pen
ENTRANCEesults. We separated waste as part of bhiomass and geothermal from heat pump (ground
sourced) heat generationusing estimates from national Austrian studies to complement the
GENeSY®10D results. Note that the values obtained from GENeSM®D do not explicitly include
AEOOOEAO EAAOET ¢Ch xEEAE EO xEU EOO ¢mgmnmdméatiéhAl OA
(and thus total heat demand) is significantly reduced when comparing the values of 2020 and 2050.
The heat demand reduction varies between30% and -35% and is highest in the Societal
Commitmentscenario. District heating (bottom row in
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Table 4z4) describes the amount of heat generation used for district heatingn this work, the
assumption is made that geothermal, hydrogen, synthetic gas, waste, and half of the total heat
generation by heat pumps (airsourced) are used in district heating. Therefore, we claim that (see
[25] for more details and citations in this context)

1. geothermal and waste as renewable heat sources contribute to the decarbonization cddt
supply by the integration into district heating;

2. the limited amounts of synthetic gas andiydrogen are preferably used in district heating (i.e.,
co-firing in cogeneration plants) if they supply (residential and commercial or low
temperature) heat demands.

3. half of the costoptimal heat supply of heat pumps (airsourced) of the aggregate model
GENeSY®/10D are used in district heating through implementation of largecale heat pumps.
Accordingly, heat pumps (airsourced) significantly contribute to supply decarbonized district
heating networks.

In the following result presentation, the focus is on the mix of heat sources/generation technologies
and district heating in the four different Open ENTRANCEcenarios. First, the heat supply of a
representative Austrian NUTS3 region is shown in detail. Building upohgat supply in an urban and
a rural LAU/district is compared. Next, the obtained heat densities of district heating networkare
presented. Finally, the results of district heating are synthesized and indications are provided that
could be returned into nore aggregate models, such as GENeSMOD, in the sense of a feedback
loop.

Heat supply in a representative NUTS3 region in 2050

This section presents the results of the NUTS3 region Salzburg and Surroundings (AT3E3yure 47
10 shows the most relevant results in this region on LAU/district level for the four differentOpen
ENTRANCEcenarios. District heating supplies heat demands in 5 different LAUs/communities. In
particular, the LAUs are in the surrounding area of Salzburg city (marked by the star). The remaining
LAUs in the NUTS3 region are supplied decentralized/esite. Detaik of the heat sources that supply
heat demands in LAUs with district heating and with decentralized/orsite heat systems are
presented further below. The amount of district heating varies between 1.045 and 1.132 TWh per
year (Figure 4710, top right). The highest value is achieved in th&radual Developmenscenario,
since this is the scenario with the lowest heat demand reduction. The heat density of district heating
in the 5 LAUs is shown irFigure 4710 bottom right. The highest heat density is achieved in Salzburg
city and reaches approximately 30 GWh/kriin each scenario. The comgrable low heat densities in
two of the five LAUs (marked by rectangle and plus) is discussed further below.
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Comparison of heat supply in urban and rural LAUs/community

Building upon the sofar presented results of the NUTS3 region Salzburg and Surroundings, this
section shows the heat sources/generation technologies supplying heat demands in an urban and in
a rural LAU/community. We use Salzburg city (urba community) and Abtenau (rural community)

as representative LAUsFigure 4z11 shows the mix of heat sources supplying heat demands in both
LAUSs. The geographical lation is shown on the top left inFigure 4z11. In Salzburg city (marked by
the orange edge), district heating supplies heat demands, which uses largeale heat pumpgair-
sourced), hydrogen, synthetic gas, and waste as heat sources/generation technologies. High shares
of district heating particularly are generated by largescale heat pumps (air) and using hydrogen. In
contrast, the heat supply in the rural district Abenau uses smalkscale heat pumps (air), heat pumps
(ground-sourced), biomass, and direct electric heating systems. Among all four scenarios, high shares
of heat demands are supplied by heat pumps (aiand ground-sourced). However, the share of each
technology varies to some extent significantly, which becomes evident when comparing exemplarily
the TechnoeFriendly and Gradual Developmenscenario. In the TechneFriendly, smaltscale heat
pumps (air-sourced) are the dominant heat source, whereby heat pumpgound-sourced) supply
high shares of heat demands in th&radual Developmenscenario.
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Heat densities of district heating in LAUs in 2050

Figure 4712 below shows the heat density of district heating at the LAU/district level in 2050 for the
four different Open ENTRANCBA AT AOET 08 O0AOOEAOI AOI Uh OEA OAIl Of
in descending order indicating those LAUs/communities that do not reach the required heat density
of economic viability, which is assumed to be 10 GWh/ki Exemplarily, in theDirected Transition
scenario, 107 LAUs with district heating are found. In thiscenario, the highest heat density is 43.17
GWh/kmz2, 2 of the 5 LAUs in the NUTS3 region Salzburg and Surroundings are highlighted, namely,
Salzburg city (marker by the star inFigure 4z10) and Anif (marked by the rectangle irFigure 4z10).
Both LAUs are part of the same district heating network as already illustrated in the left subfigure in
Figure4z10. Accordingly, the appearance of heat densities below the assumed threshold/benchmark
for economic viability can be argued as those LAUs are connected to high heat density areas. The
distribution of heat density values remains mostly the sae between the four different scenarios. For
the sake of clarity, explicit annotations are omitted in the three (smaller) scenario subfigures at the

bottom.

Public

67



N

D3.2 Quantitative Scenarios for Low Carbon Futures of the
open SENTRANGE  European Energy System on Country, Region and Local Level

. Directed Transition
_~m
= g T T T T T
U< 40 - ]
_ f-—--._ High heat density areas ((.‘..1_;.‘ ."ﬁalzisurg (.'.it_yj
- 30 B
a? 20 L Suwrrounding areas (e.g., Anif) |
7
< 10+ - — N \ -
g 0 I 1 L 1 1 1
Just 0 20 40 60 80 100
Local administrative units / districts
Societal Commitment Techno-Friendly Gradual Development
I I I I I 1 )
40 -1 40 -1 40 -1
30 . 30 b 30 b
20 - - 20 - -1 20 - -1
10 10 10
oL L \\l\ o bl I \\I\ o b 1 \\
0 50 100 0 50 100 0 50 100

Geographical localizat ion of district heating in 2050

In the following section the focusis on those LAUs with lower heatdensites than assumed to be
required for economic viability for district heating and their geographé¢al location in respect to other
district heating supply areas. As indicated irrigure 4z12, LAUs with low heat densities can be quite
justified in case that they are located in the surrounding area of high heat density areas (e.g., Salzburg
city and Anif). However, other LAUs that do not achieve the required heagdsity benchmark (of 10
GWh/km?2) and at the same time are not closely lcated to high heat density areas are unlikely to be
implemented. Accordingly,Figure 4713 shows the heat map of district heating in Austria at the LAU
level under the requirement that district heating achieves the required heat density benchmark
within NUTS3 regions in theDirected Transition scenario. As previously mentioned, the model
basically decidego supply heat demands in 105 LAUs by district heating. 63 of them already achieved
heat densities higher than the benchmark value. The heat map frigure 4713 still shows 68 LAUs
since 5 are closely located to high heat density areas and thus achieve in total the benchmark (at the
NUTSS level).
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Accordingly, district heating is unlikely to beimplemented in 37 LAUs.Table 4z5 summarizes the
results for district heating in the four different Open ENTRANCECcenarios. It shows that as a result
of the heat density benchmark at the NUTS3 level, the shareiofplemented district heating varies
between 74 and 90%. In particlar, this means exemplarily that in theTechneFriendly scenario, 74%
of the assumed heat supply using district heating leads to heat dengivalues higher than 10
GWh/kmz, In view of the previous assumptions that 50% of heat pumps (aisourced) are used in
district heating, this results in implemented shares baveen 23% and 40%, whereby the highest
share is achieved in théirected Transitionscenario.

Results in the four scenarios DT SC TF GD
District Heating (from GENeSYS-MOD) in TWh 16.75 1538 27.20 2284
LAUs with distriet heating (from downsealing) 105 105 107 105
- of which with more than 10 GWh /km? 63 a7 62 64
- of which with less than 10 GWh/km? 42 60 45 41

LAUs with district heating {10 GWh/km?® at NUTS3) 68 66 68 68
District heating (10 GWh/km? at NUTS3) in TWh 1457 13.08 20.09 20.62

- share in distriet heating from GENeSYS-MOD in % 87 85 74 90
- share of large-scale heat pumps (air) in % 40 35 23 26
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In view of the underlying narratives of particuarly the three ambitious 1.5°C target decdyonization
scenarios (therdore excluded theGradual Devedpmentscenario), two interesting implications can
be derived from the results here:

1 In absolute terms, theTechneFriendly scenario demonstrates the highest share of district
heating with 20.09 TWh under the condition that district heating networks within the NUTS3
levels achieve the heatlensity benchmark of 10 GWh/kn%. The main driver for this is the
significant penetration of (large-scale) heat pumps (airsourced) that characterizes this
scenario.

f Nevertheless, the implemented sharef district heating in GENeSYS / $6 0 AEOOOEAO

assumptions is he highest in theDirected Trarsition scenario and reaches 87 %. Also, this
result is reflected in the fact that the share of largescale heat pumpgair-sourced) achieves
here its maximum with 40 %.

The analyses hve shown that the cost-effective heat supply at the European and national level in
2050 implies that district heating covers heat demand in 68 communities in Austria in 205Qyhich
corresponds to 6% of the total number of communities. The results demonstrate that district heating
continues to be picking cherries from beneficial areas (i.e., densely populated with high heat

densities). However, the reduction of heat densities oD AOAA O1T O1I AAUB O OAI OAO

a significant reduction of heat demands by building renovation measures and poses a challenge for
district heating in the future. Nevertheless, the localization of district heating networks in the
surrounding of urban areas indicates economic viability, too.

In view of comparing different scenarios in this work, the results indicate that the aggregate model
GENeSY®/0D is capable of handling planning approaches for decarbonization of energy systems.
Particularly, the policy push in one of the scenariogDirected Transition)is also reflected in the
determined local heat densities of district heating. This can be seen in particular by the projected
share of both district heating and largescale heat pumps in GENeS¥ / $6 O sOAOOI1 O

This study can beanticipated as a starting point for discussing the role of district heating as an
enabler for large-scale, highly efficient, and local integration of renewable heat sources such as
geothermal, synthetic gas, hydrogen, andaste in sustainable energy systems with decreasing heat
demands. Further research should follow on how obtained district heating networks and their heat
densities (incl. the generation of largescale heat pump (air) units) could be returned into more
aggegate models, such as GENeSW®D, in the sense of a feedback loop. That allows refining
assumptions in the upperlevel large-scale models, which in turn will increase the plausibility and
realism of pathways at the European level.
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Note that essential parts of the content of the study presented in this Section 4.3veealready been
published in the following journal, which acknowledges the support of th@©pen ENTRANCEroject:

[26] S. ZwickiBernhard, H. Auer: "Demystifying natural gas distribution grid decommissioning: An
open-source approach to local deep decarbonization of urban neighb® E T 1 BnérgyA3s (2022),
121805, https://doi.org/10.1016/j.energy.2021.121805

The core objective of tlke following study is to investigate the decommissioning of the local
distribution grid of natural gas (i.e., lowpressure range in the gas distribution grid up to 6 barjn
the heat supply of an urban neighborhood. This is also associated with a disconnection of the devices
at the enduser's level, which are supplied directly with natural gas. In particur, the main research
guestion is which alternative distribution grid capacities and sector coupling technologies are
required to ensure an adequate, but sustainable development in the provision of loda¢at energy
services (e.g., space heating and hot water). Two different local deep decarbonization pathwayps
tp 2050, namely, electrification of # energy services and an expansion of the district heating
network, play a key role in the analysisequally important in the study is the consideration of the
increasingly important cooling demand service needs within the neighborhood, which have reiwed
little attention to date. In terms of empirical scenario settings like Cg&price developments up to 2050
the Gradual Developmentlecarbonization scenarioin Open ENTRANCIE used, which refers to the
2.0°C climate target.

This study uses the two existing opefrsource modelsrivus [https://github.com/tum -ens/rivus] and
GUSTOIhttps://github.com/sebastianzwickl/GUSTQ]. Consequently, the approach provides a
framework that includes a complete analysis toolbox using the differefinique model strengths.
Thereby,rivus facilitates the modelling of the (local) energy system with a high spatial resolution. In
contrast, GUSTO's strength is modelling of local energy systems (i.e., small areas, such as
neighbourhoods or communities) with a high temporal resolution (e.g., hourly). Exploiting the
models' differences and strengths in a single analysis framework that arises by the coupling approach
provides a comprehensive toolset to answer this work's research question. The two opaource
models used are already applied in different scientific contributions (for details se¢?6]. For a
comprehensive description of the two modelsas well as the specific functional extensions of the
modelrivus in terms of the implementation oftheseA A1 1 AA OAAT Tiiidasdréerrtda® OA A
[26].In this work, the economies of scale of a massive district héag and cooling network expansion

are considered from the point of view of opportunity costs and penalties due to G@missions, rather
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than from the specific investment costs of energy technologies and infrastructures as a result of large
scale market peretration due to technological learning rates.

In this study, a local natural gas distribution grid decommissioning and, consequently, natural gas
phaseout in an urban neighbourhood in Vienna, Austria, is proposed. This area is located in parts of
two Viennese districts (2nd and 3rd districts). In theanalysis, special emphasis is placed on the
spatial dispersion of the distribution grid capacity needs of a multipleenergy carrier energy system
considering high shares of localrenewable energy technology utilization. In particular, this
neighbourhood is selected because it not only provides high diversity in (i) labprofiles (electricity,
heating, and cooling), (ii) building structures, and (iii) occupancy intensity but also describes a
diverse representative urban area not only restricted to Austrian settlement patterns. Moreover, the
characteristics of the testbed include a residential area, public administration buildings, special
consumers, a recreation area with selective energy service needs, a spatial separation by a river
canal, crossdistrict administrative planning responsibilities, and more. Two more aspets related to
the distribution grid analysis are important in this work. First, the local natural gas phaseut
concerns the lowpressure grid in the range of 36 bar. Second, the electricity distribution grid
capacities (in MW) consideredheglect the detiled analysis of the different voltage levels ranging in
Austria from 0.23 to 30 kV.

Scenario settings

In the following, three scenarios (including the current state of supply and two different local deep
decarbonization pathways) are describecharratively. The narratvesA OA AAOAA 11 AAAE,
EATEI x6 NOAOOEI T 08 4EA Ox1 11T AAl AAAD AAAAOAITTE
structural changes in the errgy distribution grids and, subsequently, technology supply options

feeding into these grids.

Case A- Baseline (current state of supply)

This scenario builds upon the existing distribution grid in the urban neighborhood. It
contributes to answer the question: what distribution grid capacities are available/required

to supply the current local energy demand. Note, at present, there is no comprehensive cooling
demand service available in the area. The distribution ggliincludes mainly electricity and gas
infrastructure. Furthermore, the special consumers within the area are connected to and
supplied by the district heating network only (seeFigure 4714, Figure 4715 and Figure 4z716).
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Figure 4714 Local electricity distribution network in Case Az Baseline [26]

B Specel consumer [Stadium] B Tertisry and others
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Figure 4715 Local gasdistribution network in Case Az Baseline [26]
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Case B- High electrification

In the high electrification scenario,the heat demand (previously mainly supplied by natural gas) is

AT 1 D1 AGAT U AT OAOAAA @ UO AA BAIDIOIE-Bafe®€tal¢Crizmd fudnps). KoteA 1 1
that the special consumers within the area are still supplied by the district heating network.
Furthermore, this scenario takes into account an expected increasing local cooling demand, which is
delivered by electricity-based technologies (i.e., compression cooling machines). Thereby, the
integration of high shares of locarenewable energy generatiorplays acrucial role.

Case G District heating/cooling network expansion

In this scenariothe local natural gas distribution grid/demand is replaced by the district heating
network supply. In addition, the increasectcooling demand is covered by thalistrict cooling network.
Furthermore, the electricity demand remains constant in comparison with the current state of
supply. Note that this distribution grid focused scaario places no emphasis on thenergy generation
technologies feeding into the heating/cooling grid. The technology portfolio in the district
heating/cooling generation mix does not directly hfluence the distribution grid capacities
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Case A- Baseline

At present, high shares of the local energy demand are supplied by the electricffigure 4z14) and
natural gas distribution grid (Figure 4z15). The mean electricity line @pacity in the test-bed is 1.34
MW, and the maximum is 28.48/AW. The largest electricity line capacities serve as a grid connection
capacity to the public grid and supply the three special consumersstadium University, and Fair).
The natural gasdistribution network supplies almost the entire heat demand in the neighbourhood.
In addition, the district heating network supplies heat demand of the three spéa consumer in the
district (Figure 4z16). The maximum district heating line capacity is 7.6IMW. Note thatCase A
neglects cooling servicebecause currently no district cooling network is implemented.

Figure 4z17 shows the distribution of line capacities for electricity, natural gas, and district heating
using the soecalled violin plot. For comparability, the width of the violin plots are relative to each
other, where the one of electricity is set to 1. The widethe violin plot, the more lines (indicated with
the grey points) are implemented in this capacity range. The horizontal bars indicate the mean line
capacity value for each energy carrier distribution networkFigure 4718 shows the total line length
for the three energy carriers. Almost the same line lengths are required for electricity and natural
gas, accounting for 96% of total local line lengths. Fatly, Figure 4719 shows a binary heat map for
the networks of the three energy carriers electricity (top), natural gas (middle), and district heating
(bottom). Each available distribution line is represented by a single element in the map. Note that the
location of the elanents is derived from the spatial setup in thé-igure 4z14, Figure 4z15 and Figure
4716.
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Case B- Electrification

In this scenario, the urban neighbourhood pursues deep decarbonization by electrification of its
energy supply. In addition, the natural gas phaseut in the heat supply, this scenario takes into
account the cooling demand. The latter is mainly supplied byompression cooling machines. As a
consequence, this further increases the local electricity demand. For example, the changes in the local
energy system patterns are shown ifrigure 4z20a. It shows the annual electricity duration curve for

a characteristic multiapartment building in the neighbourhood. Thereby, three different
electrification levels are compared: (i) Baseline Case A Baseling, (ii) Heat (100%) considering the
electrification of the heat demand only but neglecting the cooling demand, and (iii) a complete
electrification (Heat and Cold (100%)).Figure 4z20b compares the total energy demand ifCase &
Baselineand in Case E Electrification for the same multiapartment building. Note that this section's
further results take into account the electrification of both heating ad cooling demand (indicated by
the blue duration line in Figure 4z20a). For the sake of clarity, a fully analogous result presentation
similar to CaseA z Baselineis omitted. Instead, Figure 4z21 presents the distribution line capacities
(again by theviolin plot) for the local electricity (left) and district heating (right) distribution grid.
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Again,the mean line @pacity values aremarked bythe horizontal bars. In addition, the three figures
in the middle of Figure 4z21 highlight the differences of electricity line capacities betweerCase A
Baselineand Case B Electrification (cut out of the line capacity frequency (top), max line capacity
(middle), and mean line capacity (bottom)).Figure 4z22 shows the resulting local distribution line
lengths for electricity and district heating. The latter are unchanged compared t€ase A The
electricity distribution line lengths are split into two parts, namely, the existing share o€ase Alight
orange) and theextra share ofCase Brich orange).
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The extended (binary) heatmap in Figure 4223 shows the use of local available distribution lines for
electricity (top) and district heating (bottom). For district heating the same results occur ai Case

A-BaselneAO OEA AQGEOOEIT C
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it mainly highlights the extra distribution lines demanded inCase B Electification (rich orange)
compared with those inCase & Baseling(light orange).
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Case G District heating/cooling n  etwork expansion

Figure 4z24 shows the local distribution line capacities for district heating (left) and cooling (right).
The district heating mean line capacity (top) and max line capacity compared with thEase Az
Baselineis shown in the middle. It is evident that a significant increase for both is necessary to cover
the heat demand. In addition, a massive expansion of the district cooling distribution grid is
implemented, which is not existent inCase A Baseline
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The massive district heating and cooling network expansion is also reflected by the extended
heatmap in Figure 4z25. The latter indicates a high level of available disbution line capacity
utilization. Furthermore, it highlights available distribution line elements that are used for both
district heating and cooling. The total distribution line length of the district leating network is 34.7
and 34.9km of the district cooling network.

District heating (Dy,) and district cooling (D.) heatmap

} 01 and D
- Dy, only
- D, only
- Unused

Cost parity on building level for district  heating/cooling expansion

The analysis below emphasizes the expansion of the district heating network on a largeale in the

AT OEOA O00PDPI U AOAA T £ OEA 1 AECEAIAG®RAIOEA & 1 4ADE @ UE
the end-users to be connectedo the grid (Case G Network). In particular, the analysis emphasizes

the cost comparison between the current state of supplyGase ABaseling including its increasingly

negative implications due to increasingCQ emission costs and the deep decarbonization pathway in

Case CNetwork. Figure 4726 compares the average building costs within the neighbourhood iGase

A z Baselineand Case ¢ Network for the heat demand supply taking into account &Q price
developmentaccording to the four differentOpen ENTRANCEcenarios.

In addition, two different scenarios of the district heatingenergy generationmix are illustrated. The
first scenario includes no further decarbonizaion in the district heating fuelling energy mix and
assumes that today's specific emissions remain constant until 2050. This assumption leads to
average building cost parity betweerCase & Baselineand Case @ Network in 2046 as indicated by
the red diamond. Increasing decarbonization achievements of the district heating generation mix
(i.e., stronger convex curvature of the solid black lin€ase A Baselineas a result of halving district
heating specific emissions from 2030) achieve earlier cost paiit (green diamond in 2043).
Moreover, the yellow marked area indicates the resulting total endiser costsavings after the trade

off years.These costsavings also increase with stronger convex curvature.
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Building upon a feasibility case study in an urban neighbourhood in Vienna, Austria, the analyses in
this work not only have shown that deep decarbonization of a multiplenergy carrier system is
possible, but this is also possible by decommissioning the local natural gas distribution grid. Against
the background of the increasingly binding climate targets, it is verimportant to explore the full
range of feasible options for sustainable local energy supply at the enser's level offlimits,
especially as the future potential and economic viability of green gas are uncertain at the enger
device level. Possible straded assets must not play a decisive role, especially since the trad
analyses in this work show that alternative network infrastructures and technologies of lower
emission or zeraemission energy service provision are even more economical in the mediuto long
term. It is also important to include the consideration of the increasingly important cooling service
in the analysis.

Future work may focus, among others, on the following: (i) Detailed analyses of thenergy
generation technologyportfolio feeding into the district heating/cooling grid, focusing in particular
on cofiring with green gas, geothermal sources, solathermal, seasonal heat storageand others. (ii)
Consideration of the mobility sector and its local energy service needs (public versus private
mobility), and finally (iii) higher granularity and spatial resolution of the building stock focusing on
its efficiency, retrofitting measures, ard implications of high shares of local (buildingintegrated)
renewable generationin the context of energy community concepts.
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Note that essential parts of the content of the stly presented in this Section 4.have already been
published in the following journal, which acknowledges the support of th®©pen EN'RANCHEproject:

[27] S. Zwicki* AOT EAOAR (8 ! OAOR 18 "'11 AAd OwNOEOAAI A A
multi -apartment rental buildings: Optimal subsidy allocation between the property owner and
OAT A ErérgyCaid Buldings262 (2022), 112013, https://doi.org/10.1016/j.enbuild.2022.112013

The core objective of this study is to set up a coesiptimal and socially balanced subsidization strategy

for a multi-apartment building to trigger investments in a sustainable heat supplyn line with the

Open ENTRANCEcenario settings A public authority (governance) incentivizes the replacement of

the initial natural gas-based heating system toward a sustainable alternative along with building
renovation measures (accompanied by reduced heat demand) by monetary support to the property
owner and the tenants. Monetary support can be direct payments in the form of an investment grant

for the property owner or a subsidy payment for the tenant. Beside#he property owner can also be
indirectly financially supported by allowing a rent adjustment as the building is retrofitted. Social
balance is defined at the building level from a monetary perspective using the net present value of
OEA C1 OAOTB\A RIAKIOO @1 AMAD OEA AOGEI AET G380 1T xTAO 1O
In a more detaikd consideration, theindividual objectives of the different agents involved can be
summarisedas follows:

Governanced4 EA  CT OAOT AT AAGO 1| AET izd theErBsidénkad HeatiigGectdr] A A
Therefore, the policy is to trigger a heating system change to a sustainable alternative on the multi
apartment building level through financial support for both property owner and tenants. The avowed

aim is to find a cat-minimal and socially balanced solution. The financial support for the property
owner can be realized either or both by an investment grant (paid directly from the governance) and
adjusted rent-charge-related revenues (paid from the tenants). The tenantsfor their part, can be
financially supported directly by the governance through heating costs subsidy payments.

Property owner:The property owner of the multi-apartment building provides the heating system
for the tenants and is profitoriented. Thus, aheating system change toward a sustainable alternative
is only realised in case of theconomic viability of an investment.In this context, the property owner
can achieveprofitability of the alternative heating system by receiving an investment grant (to
reduce the overnight investment costs) fom the governance and a renthargerelated revenue cash
flow (from the tenants).

Tenant The tenant rents a dwelling/unit within the multi-apartment building from the property
owner and has rentrelated and energyrelated spending. The tenant cannot chargthe heating
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OUOOAIT 11 EOO AOOET OEOU AOO AAPATAO 11 OEA DOl b/,
Al OAO1T AGEOGA8 )1 AiT1T1AAOEIT xEOE OEA AQEOOEI C E
consideration of CQemissions and associaté CQ prices. Nevertheless, the tenant aims to limit total

costs in case of a heating system change at the level of the initial condition.

The method applied is the development of a linear optimization model. Thereby, the object

£O01 AGEIT EO O1 I ETEIiEUA OEA cCci OAOT AT AAGO TAO b
DOl PAOOU 1T x1 A0O6O AT A OAT AT 008 OOOAOAcCU O1 - ETEI
made constraints in the modding framework. The generalizedformulation of the model allows to
investigate different building types and categorization (size and number of tenants, building

efficiency, initial rent price, etc). This can be helpful to analys different building stocks.

Figure 4z27 shows a sketch illustrating the interrelations between the governance, the property
owner, and the tenants. The governance can support the property owner financially by investment
grants and by the permission of rent charge adjustments. At the same time, tenants are supported by
a heating cost subsidy payment. Thgrey bar in the middle indicates that these financial benefits
need to be socially balanced and overcome the differencesawnership within the multi -apartment
building. The rent or rent charge adjustment is the direct financiatxchange between the property
owner and the tenant. For an analytical description of this set up it is referred §@7] .

a\%(b@ - %"4
G §, - oxm — %
& SR L ) Q
S [l NG
ﬁ‘ciﬁ'" ‘// Governance \ @qg

Equitability through subsidy balance
& © &
v '

Partly renovated multi-apartment rental building

Q ;
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R — 3 <«
% Teran n

i Property owner Tenants
 Interest rate (i) * Number of tenants (n) * Interest rate (i)
* Investment and * Energy prices (p) * Heat demand (d)

construction costs ¢ Initial rent price (1), etc * Rented ares, etc
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The numerical example examined is an oldhulti-apartment building with a single property owner

and 30 units (tenants). The partially renovated building is located in an urban area (Vienna, Austria)

AT A ETEOEAIT U EAAOAA AU ET AEOEAOAI GCAO EAAOET C
heat supply can be achieved by two different investment options, namely, a connection to the district
heating network or an implementation of an airsourcedheat pumpsystemon the building level.For

a comprehensive overview of the empirical settings of the mukapartment building including the

ACAT 060 OPAAEZEA ET OAOAOO OAOAO AT R71.EOOOEAO AAT ]
Scenario settings

Four different quantitative scenarios are studied with the tailormade model presented above. Input
settings of three of themare taken from Open ENTRANCENd describe a future European energy
system development assuming to achieve the3°C or 2.0°C climate targefThese three scenarios are
Directed Transition(DT), Societal Commitmen{SC), andGradual Developmen{GD). The first two
scenarios consider the remaining C£budget of the 1.5°C climate targetn addition to the three Open
ENTRANCEscenarios, the secalled O, 1 x, DHOE AA A A QD) dcandrid is &d@mined. This
scenario neglects any remaining European G®udget and misses both the 1.5°C and 2.0°C climate
target; thus, decarbonizing the eleticity and heating sector develops only sluggishly. Therefore,
neither the CQ price nor the specific emissions of electricity and district heating significantly
AEAT CAA xEOE OF AJpticd 0 thi® gcénbrid © Betwedn BOEWR/tCO(In 2025) and
90EUR/tCQ (in 2040). No target year for achieving deep decarbonization of the European electricity
and heating sector is set. Note that thour scenarios are used to set an empirical framework at the
ACCOACAOA 1 AGAT &I O Odafed out lltidaiddy@t the Todallleved Bgaihst thisE E A E
background, European decarbonization scenarios are projected to the building level, making them
accessible in practical applications.

This section elaborates on the resultson the district heating option in the Directed Transition
scenario first. Next, the focus is on the implementation of deat pump systemin the Societal
Commitmentscenario where the model indicates feasible sotions for a retrofitted building with a
lower heat demand only (compared with the default settings)Then, acomparison of the results of
the district heating and heat pumpbased heat supply in the different scenarios quantified in this
work is conducted Finally, the results in case of varying CQpricing cost allocation between the
property owner and the tenants are presented.

District heating in the Directed Transition scenario

This section presents the results of the districheating implementation in the Directed Transition
scenario in detail.Figure 4728 shows the net present value of cash flows in general, and revenues in
particular, of the property owner and a single tenant within the time horizon of 202%2040. The top
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left presents the diferent items of the property owner consisting of the overnight investment costs,
investment grant, and rentrelated revenues. Note that the latter represent the additional rent

related revenues due to the newly installed sustainable heating systerhe bottom left shows the
AAOGAT T PIT AT O T &£ OEA DPOT PAOOU 1 xfiok avérd@mel Théebp Did OAT O
shown that the investment pays off for the property owner by zero in 2040. Thaghthand side in
Figure4z28illustratesOEA AT OOAODPIT 1 AET ¢ OAT A1 680 AAOE AT x
(bottom) until 2040.

The tenant receives subsidy payments from the governance between 2025 and 203thus, the

OAT A1 060 TAO POAOGAT O OAI OA ET ¢min I AOAEAO xEOE
considers constant remaining rent and heatelated costs for the tenant based on the initial rent, gas

based heat system parameters, and GQ@rices as of 2025. In the years 2022029, the subsidy
payments exceed the heating costs of the tenant. Note that the tenant already pays a higher rent
charge to the property owner within the same period (see the yellow barqiFigure 4228 top left).

-1 00 Ei bl OOAT O1 Uh OEA OAT AT 080 OA EdéyMNastedliné i AO DO
the Figure 4728 bottom right) shows a crucial aspect of the results and assumptions of the analysis
xEEAE OANOEOAO Al A@gbl AT AOCEITO s8OBA T HKAIAE GRAMI £dies ' MK
results also take into account theotal opportunity costs (i.e., those costs that would be incurred by

sticking to the initial gasbased heating system for the tenant due to a rising @@rice). Note that the

Open ENTRANCHecarbonization scenarios used in this work do consider both a sigfitant increase

of the CQ price and a decrease of the specific emissions of the district heating and electricity fireg

mix. The quantitative results indicate that the heating system change in this scenario is achieved with
manageable total governancsubsidies. However, a detailed discussion of the allocation of g®ice-

related opportunity costs is conducted infinal result section.
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Heat pump and building stock quality in theSocietal Commitmenscenario

Interestingly, the model indicates for the heat pump implementation in theSocietal Commitment
scenario an infeasible solution. The reason for that is, among others (investment costs of the-air
sourced heat pump and the electricity price), the high heatingemand used in the default input
settings. Therefore, in the following the focus is put on the impact of different building renovation
levels, the associated heating demand decrease, and finally the impact on filsasibility of the model.

Figure 4729 shows the results of the heat pump implementation in th&ocietal Commitmenscenario

for four different building qualities (and thus heat demand levels) in detail. Since the initial setting of

the default building in terms of total and peak heat demand &s to the infeasibility of the model, the
following three additional renovation levels are studied: 10%, 20%, and 30% reduction of both the

total and peak heat demandsniFigure 4z29 (top left), the corresponding settings of the specifibeat

load (describing building quality) are indicated. In case of a 10% reduction of the heat demand, the

PDOi PAOOU 1T x1T AO OAAAEOAOG A OECI EEZEAAT O EIT OAOOI Al
total overnight investment costs of the buildingretrofitting measures (top right). The associated
OAT AT 080 OOAOGEAU PAUI AT O OAEAO bPi AAA AAOxAAT ¢m
(bottom left). The rent charge adjustmat and related revenues remain almost constant during the

period (bottom right). In case of a 20% reduction of the heat demand, the property owner receives
iTTu A OiFAll ETOAOGOI AT O COAT O OAI AGAA O1 OEA O
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subsidy payment takes place between 2025 and 2032 with a maximum of 2 556EUR/year. The
DOT DPAOOU T -relbtdd @eFehueidciedde until 2031 and then remain constant. In case of a
30% reduction of the heat demand, the property owner receives as beforesaall investment grant
(3%). Instead, the property owner makes significant rentrelated revenues (the highest among the
three renovation levels). The tenant gets subsidy payments in most years, excluding 2026 and 2028
to 2030 (mainly as a result of the mathing of the CQ price and the specific C®emissions of the
fuelling energy mix). The maximum is 2 796EUR/year in 2040. The lower heat energglated costs

as a result of the building renovation lead to higher rent charge payments. Hence, smaller
investment grants supporting the property owner are sufficient.

"1 OAOT AT AA6O O1 6A1 OOAOEAEAO E1I OEA AEEEAOAT O O,
In the following, A AT i PAOEOI T 1T £ OEA CciI OAOT AT AAGO O1 OA1 (
pump (HP) implementation in the dfferent scenarios is conducted (see alsbigure 4z30):

A The total subsidies across the three district heating cases are relatively stable and avithin
11.2%.

A The heat pump implementation in the two decarbonization scenarioSocietal Commitment
and Gradual Developmerit infeasible for the default setting of the building quality.

A Only the low CQ price development scenario provides a solution forlie heat pump but with
a significantly higher subsidy +82.6% compared with the lowest subsidy scenario.
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