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ABSTRACT

Theenergy system in Europe facgignificantchallengesThough,thetransition to renewable energy is under way,
still a significant portion of energy is supplied from fossil fuels, mainly naturallgake second half of 2021, the
supply of natural gas and consequently the ratem&nishmentf thereservesiwindled The scarcityof natural gas
has resulted inecordhigh energy prices as well anincreasaén goods pricesEspecially hit are the industry sectors
highly dependentn natural gas such #s petrochemical industry.

This research investigates thetrategies to mitigate the crisia the EuropeanUnion energy systemwhile
simultaneoushensuring low energy system cost and fulfilment of energy transition gidassystem analysis and
simulations are carried out theliner optimization model H2RES

Theresults display that theystem opts for accelerated fulfilment of energy transition goals. Therefore, the dependency
on the stable supply of natural gas is decreased. Also, the total cost of an energyratsteiiergoes transition as
compared to théusinessas usual scenario B3 % lower even when accounting for the necessary investments by
2050.

Main findings:

1. Required installation of average 400 MW of PV and 200 MW of wind power generation capacity annually.

2. In district heating systems 60 MW of heat pumps and electric heaters annually as well as 165 MW of solar
collectors.

3. Average of 85 MW of heat pumps, 132 MW of electric heaters and 1250 MW of solar thermal collectors
need to be installed annually in individual heating systems.

4. Average of 82 MW otlectrolysersand 600 MWh of hydrogen storage have to be installed annually.

5. Transition scenario is cheaper in all the years except for 2028 and 2029 due to the higher capital investments
in that period in the transition scenario.
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ABBREVIATIONS

Abbreviation Meaning Explanation

BAU Business as usual

RES Renewable energy systems

ICE Internal combustion engine

H2RES Highway to renewablenergysystems Name of the energglanning and
optimization model

CEEP Critical excess of electricity production

VRES Variable renewable energy systems

CHP Combined heat and power

CRO Croatia

ZG Zagreb

HR Croatia (Hrvatska)

HP Heat pump

HE Hydropower plant

RHE Reversable hydropower plant

mTEO Jakusevec

Small ther mal powe

Name of the landfill gas powered power
plant

PZ Osatina

Agricultural union Osatina

Name of the biomass power plant

TE Biomass HR

Biomass powered thermal power plants |
Croatia

Placeholder name of the aggregated
biomass power plants in Croatia

Biomass powered thermal power plant

Name of the biomass power plant

Bovis Bovis

TE Plominl Thermal power plant Plomin, unit 1 Name of the thermal power plant
TE Plomin2 Thermal power plant Plomin, unit 2 Name of the thermal power plant
TE-TO Osijek Thermal power plant and heat plant Osiji Name of the CHP plant

TE-TO Zagreb

Thermal power plant and heat plant Zag!

Name of the CHP plant

EL-TO Zagreb

Power plant antieating plant Zagreb

Name of the CHP plant

KTE Jertovec

Combined cycle thermal powr plant
Jertovec

Name of the thermal power plant

SolarPP Solar power plant Name of the solar power plant
SolarHigh Solar power plant Name of the solar power plant
WindPP1 Wind power plant Name of the wind power plant
WindPP2 Wind power plant Name of the wind power plant
WindPP3 Wind power plant Name of the wind power plant
WindHigh Wind power plant Name of the wind power plant
Alkaline EC Alkaline electrolizer

PEM_elec Proton exchange membrane electrolizer

SOEC elec solid oxide electrolyzer cell electrolizer

H2 storage_tank

Hydrogen storage tank

Liion_storage

Lithium ion storage

PEMFC Proton exchange membrane fuel cell
SOFC solid oxide fuel cell

CAPEX Capital expenditures

OPEX Fixed operational expenditure
Var_OPEX Variable operational expenditure




1. INTRODUCTION

The world faceslooming crisis intheform of climate changélso, EuropgEU), during 2021 and 202hasentered

a state of energy crisis witbw levels of natural gas replenishmamid storagél]. Following the low replenishment
rates, the supply of natural gas frahe Russian Federation has completely stopped for some d& thénations
such as Poland and Bulgaf#d. Finding the alternatsource of natural gas supptg replaceheimports from Russia
which accounted for 41 % ttieEU's consumptiorhasbeenchallengingOne of the methods is to increase the supply
from the remaining suppliers. These include the supplpigelinesfrom Algeria,Moroccg Norway, as well aghe

use of LNG ship$3]. In additionto Russiargas,the EU has already impodeanembargo on oil and oil produdi4].

The challengewith supply transitioninglies in the infrastructurahatis not ready to take the load. For instance,
Germany currently does not operate LNG terminals to be able to diversify its natural g&k fart of the solution

is, as proposed by the International Energy Agencyreduce the demand l@ncouragingpractices such as lower
temperatures in householdse ofpublic transportless commutingand increase of renewable energy installations

[6].

In order to accomplish such goals, alreadforceddecarbonisatiostrategies will have to be upgraded to account for
afaster transitionfForthat purposghe H2RESenergy system planningodel[7] was expanded to be ableimtegrate

policy constraints indicating the emergencylafenergy transition, especially in reducing the consumption of natural
gas.This research hypothessstateghatwhen the more aggressive transition scenario is implemented, the system
will be presented with lower total system costs in comparison to the BAU sceeagiothough big capital
investments are required@herefore, the majority of the payback of the necessary investments will come from the
reduction in fostfuelsimports

When creatingsystem withahigh share of variable renewable energy sources (VRES), the modellers may encounter
the prominent problems of curtailment or generation of excess elecfitignd problems with balancing demand

and supply The problem withthe integration of VRES is theecessityto match the temporal distributios of
generation and demandtherwise resultingn curtailment[9]. The other negative situationtise necessity to shed

load if the generation from the available sources is insufficient to meet the desnighccan have dire consequences

on the entire economfl0]. The problem can be p&ily mitigated bythe introduction of demand response
technologieasdemonstratethe case of wind power in the UK where, for example, the curtailment can be reduced
by implementing power to heat solutions such as electric heaters or heat pumps in combination with hefdtltorage
This combination will enable more efficient use of renewable electricity in residential sector and help to mitigate
curtailment. Also, the changes in the market structure are required for this to be feasible for implementation. This
includes the price dren market structurg¢l?], especially when considering the reserves markets to which the
downward reserve was proven to be more valudl8 Additionally, withouttheintegration of the new technologies,

the benefits can be obtaingtoughthegeographical dispersion of the generatignmaking the use of spatiotemporal
resource complementarijtgs it was donéor the case of offshore wind4]. Overall, to achieve complete energy
transition, the implementation of sector coupling would be requitddthe connections between the power, gas and
transport sectoffd 5]. For example, the industry sector, especially the high temperature industries can be decarbonized
throughthe use of hydrogem direct combustion or use as a feedstock where the natural gas was previously been
usedthroughsteam gas reformatidi6]. Also, the replacement of fossil fuels with hydroglkemivatives in the form

of electrofuelss a viable strategy to decarbonize industry sgé&fdr Theirgenerations coupled to the power system
throughthe use of electrolyzers that can be fliexibly or have the storage of the fuels and thus impsystem
flexibility [18]. In thiscase, thelectrolyzers together with their storage providepbssibility forenergy storage and
consequentiytthe possibility of decoupling théime of energy demand and generati@enerated hydrogen can be

used in the industrprocessestransport,or energy sector itself, but it can also be used as a feedstock to generate
varieties of electrofueld 9]. Using electrofuels adds even mbenefitsto the effort of system decarbonization. The
biggest ones the compatibility with existing equipment and machinenganing no or little adagton is required

for thefuel switch[20]. Forexamplewith theimplementation of these fuels, the use of existing pipeline infrastructure
andfuel terminals can be continu¢?il], providing the possible pathway with needto investin new infrastructure

The situation differsn the case of using pure hydrogeheresignificant investments in infrastructus@gradeare
requiredas existing pipeline infrastructure does not satisfy the technical requirements for transporting pure hydrogen



[22]. The other significant benefitf using electrofuelss the possibility taadditionallydecouple energy generation
and fuel demandontributing to the system flexibility due to already existing compatible storage ogpinmesfossil
fuel andelectrofuelvariants possess similar storage requireméydditionally, since soméndustrial sectorsequire
the supplyof heatat certaintemperature levelgshe applicable list of the technologies or fuels reduces completely
disregarding some technologies or nmakithe applicatiorprohibitively expensiveFor instanceglectricity as an
energy source in smelting processeghieiron and steel indusés is not a feasible optiodue to the very high
equipment costwhile making the hydrogeand electrofuels viable alternativas this pathway requires only the
minor changes to the equipmd@B]. Decarbonization of the sectousing hydrogen and hydrogen derived fuels
depends on the carbon footprint of the electricity used to generate hydrogen as well as to procedsdtrofteel
[24]. Therefore, aincreasing the share of renewable energy in power generatioa jgrt of the energy transition
efforts, the carbon footprint @lectrofuelswill continue to drop eventually reaching zero.

The decarbonization of the heating sector can be achievelgalogingthe composition of heating supply. The fossil
fuel-poweredheating systems can be replacedebsctricallypowered onessuch aswith the use oheat pumps or
electric heater# electricity is generated from renewable sourf@ld. Solar heatingis viable heat sour¢c@specially

if combined with seasonal solar energy storage in DH sydpeitis would need the additional heat source since this
is low temperature hed§®5]. Biomassis a viable heat source especially if useCldP plantsif it can be locally
sourced as it is possible in Croatia due to its forastsagricultural lands as a source of bionjdaé$. Geothermal
energyis also applicable for the use in district heating systems due to the possibility of centralization of all the
equipmentaround the borehol§7]. In this case, the Croatia hdg potentialin the Pannonian basiwhich
encompasses most of the continental Croatia together with Zagreb [28jioflso, the advantage of using district
heating is that these systems can more easily change the source of heat compared to the individyalusysbems
centralized generatioithey can also utilizeeat sourcethat may not be available on the level of individual heating
suchas industrial excess hef@9], seasonal solar storafz0], low-temperaturéneat sources in waterways, sewers
[31], data centref82] and others through the use of heat puf8% An additional advantage of using district heating
systems in thedecarbonisedrid with ahigh share of variable renewable energy sources isahiiy to store energy
and thus provid@exible serviceqd34].

Decarbonizatiorof the transport sector can contribute both towards the main goal of reduction of emissions as well
as the increase of flexibilitwith the smart operation of the sec{86] and curtailmenteductionwith the use of
electric vehicleg36], especially in the isolated energy systems such as islands where there is the necessity to solve
balancing problems dhe local levels and not to rely on the possibility of importing or exporting the electricity if
required[37]. The sector can be transitionechtmixture of electric vehiclesyydrogenpoweredvehicles,and internal
combustiorenginepoweredvehicles. Electric vehicles can provide flexibilitroughsmartchargingandthroughthe
possibility of storing and returning the electricity to the gyith the use ofehicleto-grid (V2G), vehicleto-home

(V2H) and vehicleto-building (V2B) technologies[38]. Implementation of these technologies provides the
opportunity for the households to benefit from the reduction of energy utility costs by shifting the demand in
accordance with the availability of generati@3]. Hydrogen fuel cell electric vehicles (HFCEV) can also provide
flexibility due to their capacity to store energy for later, asewell adCE vehicles that use electrofud].

As mentioned in the previogection flexibility optionsfrom different sectors should be combined and considered as
oneto successfullydecarbonize the system while also keeping CEEP low and minimizing the costs of thg4¥ktem

In this research, an approach to achieve rapid decarbonization is explored with the primary objective of completely
eliminating gas consumption by 2035, aligning with European energy development goals of reaching net zero
emissions by 205@s well as with the Croatian environmental group gl What sets this research apart is the
utilization of a detailed energy planning and optimization model operating at an hourldlewe the whole year

allowing the comprehensive analysis of interactions among various energy demand sectors and associated
technologiesThe novelty compared to other research asagglieviouspublications that use H2RESthe expansion

of the mode[43]. In this case, for instance, heating sector was dividel ibtit individual and district heatings

well asinto multiple geographical zones, each with its own limitations and demands. In the sector of industry, multiple
subsectors were created to model different industry brapehels with its own limitations on technology application
potential and requirement®r examplehigh temperature heat. Transport sector was expanded to include other fuels



and technologies in contrast to only electric vehicles that are modelled in previoug#johi previous works with

the use of H2RES model, it was found that the installation of flexibility technologies and demand response was crucial
in decarbonization of national energy systems on the example of Italian energy [@¥gtéBuailding upon previous

work performed for the Study @fegasification in Croatit6], the focus of this research lies in the application of the
H2RES model to compare outcomes of rapid degasification and decarbonization with a fasiisess scenario.
Additionally, in comparisorto the previoupublications this research differs by conductingpdellingon an hourly

level for the whole set of 8760 howrghout resorting to conventional time sliGgssome models like the 0SeMOSYS

do to avoid very long run timdd7]. Therefore, dispatch optimization as performed in the D&E& model48] is
combined with the longerm energy planning and optimizatidn.this manner, the structure of the model is similar

and reflects the goals of the possibility of linking different parts or the model and modelling the zones like PLEXOS
Energy Exemplaf49], but in an opersource architecture and completely customizahbleile results are presented

in 5-year intervals for clarity, the model has the capability to provide annual data across the entire planning horizon.
In this case, fyear intervals weraised withthe purpose of balancing between the detih modelling and
simplification of data visualizationto provide a focused analysis of rapid degasification and decarbonization
implications

2. METHOD

H2RES models dispatch and generation from various units in an energy system. Also, it performs capacity investments
and decommissioningf units The system modeteewhole power system sector. This section includes power plants

and energy storage capacities. Al heating system is modelled, and it differentiates between individual heating
and district heating network$urther on,both the industry sectorand the transportation sector aredelled.
Additional defining characteristics of the modettheavailability of flexibility options in the form of flexible power

plant operationyehicleto-grid system (V2G),powekrto-heat (P2H), powerto-gas (P2G) and stationary energy
storage.

The basic schematic of an H2RES maddlisplayed inFigurel. The followingsectiongdescribe the model and the
version that is used for this research work. The verssau in this researdh available for download at the model
website[7].
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Figurel. H2RES mode]7]

Modelling and optimization are performed aB0-yearplanninghorizonconsidering time intervals of 5 years (2020

to 2050) Therefore, the model sees the costs it uses for optimizatiomly these yearss it concentrates the
investments in every fifth yeaFhe operational costs are calculated for the exact years that are featured in the results,
but for the realistic interpretation in the goal functithre value®f the years in between are extrapolated.



2.1Power sector

The pwer sector is the backbone of H2R&Sit provides the electricity required to satisfy the demands and carry
out further energyransformations Eventually, wherall the sectors ardecarbonizedthey are at least pally
connected to thpower sector. The system has set up badice g e@ectsicity demand that has to be satisfied
addition to the basic electricity demand, additional electricity is added for electrified hemthglectricity in
transport and industry. Additionally, electricits required for the generation of hydrogen dhd synthesis of
electrofuels. Further electricity demand is generated when accounting for energy storage technologies and associated
energy lossesThe model considers additions of new generating capaciiesimplementation of more extensive
sector coupling will result ianincreasen electricity demangwhich will in turn require new generation capacities.
Therefore, the model enables investments into new capacities that will satisfy new demaretsrfoityelhelp in
decarbonizing the existing electricity supaynd serve asr@placement of the decommissioned capacilibe model
enables investments both into the new variable renewable energy sources wirdh @sd PV but also in fossil
technologies if suckcenario is implementedhe investingstrategy is dictated by the goal function which reduces
the total system cgdbut also byscenariedefiningvariable constraintSlo modelVRES, multiple zones of wind and

PV installations are simulategach with different characteristiospresenting different locations where the power
plant is being builtDifferent geographical locatiarin turn influence thevailability of generatiotthroughhourly
distribution functions and constraints on th&al installationand installations in individual years

2.2Heating sector

The heating sector is modell&droughdifferent geographical zones. Each zone is also divided into indivadh
district heating (DH)portions Initial data on the composition of the heating, total demand and share between the
individual and district heating is modelled in line witistoricaldata. The further years are subgzttb optimization
whereonly data on total demand and share of district heating are gkagenously

Sincethe parts othe heating system are modelled sisgle demands thamustbe supplied, there is no distinction
betweersingle househokl This could cause problems and unrealistic results if nohtedwe of. For example, if the
system has high amount of electricity availablgt a certain hour, it will opt to supplheating sectoas much as
possiblewith this technology. This is not realistic since not every householdrtesctric boiler installed. Therefore,

the restriction on the constant fugharesn the individual section of the heatimg all the hours during the year is
implementedAdditionally, for individual heating the maximum capacity factor of each unit is kepatdmum of

70 %to simulate geographical dispersion of the heating supfig reasoning for this restriction is to lintite
prevalence o single heat source in a given hour. The model does not distinguish between households and the heating
systems that eadndividual household has implemented. In the aalserethis restrictionis not implemented, single

heat source such as heat pumps or electric boberd satisfy entire demanelven though in reality not all households

have one installed’he problem is even more prevalent in the times of low heating demfhadmplication of this
limitation thus forces the model to invest in the higheaitingcapacitesin comparison to thease with no restriction.

The additional investments mimic the geographical dispersion of the demand and the practical limitations. For
example, the capacities of the heating systenits on the marketio not precisely match up with the exact heating
requirements of the individual household. further research this method will be replaced with more advanced
approachThe same restrictioria the constant shares between the boadeesotimplemented in the district heating
section becauseén most cases examined tinis research, the zone itsalferlaps with the single dominant district
heating network in the same zoriéhe operation oflistrict heatingsystems ign turn governed by the flexibility
parameters of the cogeneration power plamitsch limits quick changes between the CHP and bodeteat pumps

if required for flexibility.

The technologies that can be used in individual and district heating systems are preseaitézililPAs can be seen,

the systems differ in the ability of DH to uderived heat from CHP plants, efficiently utilize solar endfggugh

seasonal solar storage, use storage in the district heating networks and have lower limitations on the implementation
of the water source and ground source heat pumps.

Tablel. Technologies in individual and district heating systémi$ it is included and if it is not included)

| Technology | Individual | DH | Note |




CHP

Gas boiler

Oil boiler

Coal boiler

Biomass boiler
Geothermal heat

Electric heater

Air source heat pump
Water source heat pump
Ground source heat pump
Solar heating

Solar seasonal storage -
Thermal storage

++ |+ |+

Limited implementation ability in individual systems
Limited implementation ability in individual systems

+ |+ |+ |+
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2.3 Transport sector

This part of the system is tasked with ensuring that transport demand i$haadlemand is given astravelled
distance demand in each habhroughhourly distribution. With the use of efficiency parameters which define the
energy demand fdkilometresdriven for various technologies, the energy demand in the sector is calculated. The
model uses internal combustion vehicles (ICE), electric vehicles fH\gin hybridelectricvehicles (PHEV), hybrid
vehicles and fuel cell electric vehicles (FCEVghicleswith ICE engines (ICEPHEV, and hybrid) can use botil-
derivedfuelsas well aslectrofuel synthesized using electricityith theinvestmentsnto plug-in vehiclesFCEVs

the model also investis the charging infrastructurédditionally, the number of vehicles has to stay consistent
through the years. The model invests and decommissions the vélaisézson their age and requirements for meeting
CO; targets

The batteryelectric vehicles as well as energy storage systgeatly improve the flexibility of an energy systele

to the abilityto storeenergy andill or releasehe storageén line with the demands of the power systdrael cell
vehicles also can act as a flexibility option since the generation of hydcoggted withstoragecan alsdoe used.

There is no benefin using fossil liquid fuels in terms of system flexibility, but for the electrofuels, an additional
degree of flexibility is utilizedElectrofeuels, same as the hydrogen, have dedicated energy storage. The level of
energy storage dictates whether the fuel is available for consumption. Only the storadergetealefuel systems

is modelled, while thduel storage in the vehicles itself is not modelled in this version of the model. All types of
vehicles have defined costs time reference year and corresponding learning curves that modify the prices in later
years.

The investments into electric vehicles and fuel cell electric vehiclesaats@tethe investments into EV chargers
and hydrogerchargingstations. The investments into EV chargensl hydrogen chargeese correlatedwith the
investments int&eVs andFCEVs

2.4Industry sector

The ndustry sector is modelled similatiy the heating sector. It consumes the energy represented through the use of
different types of boiler®r technologiesThe sector is divided into multiple sslctors namely petrochemical,
refinery,cementand the remainder of the industBach of the industry subsectors has defined hourly energy demand
total demand, legacgapacities,and shares of the energn demand.The industry is divided into sectors as a
consequence of different distributions in the energy demand and requirements for spadificrcosuch athe high
temperature level of theequiredheat.In sectors such as petrochemical agfihery, the portion of demand consists

of nonenergydemand for ammonia and hydrogen. In the base year, the hydrogen and consequently ammonia are
produced with the processes of steam gas reformation. The model offers the possibility for the replacement of the
hydrogen generation frorthe steam gas reformation process with the hydrogen genebgtetectrolyzers.The
simplification oftheindustry models displayed ifrigure2.
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Figure2. Industry sector

2.5Fueland investmentost

Currently, the prices of the fuels and their hourly distributions are entirely exogenous and set up before the simulation
is initiated. In order to simulate the supply crunch with fossil fuels, most notably natural gas, the prices used in the
simulations have been adjusted to match historical prices recorded during the ongoing 2021/2022 fossil fuel supply
crunch in EuropeThe projections for the fuel prices up to 2050 are sourced from Energy Braifilpghile the
investment and operation cost for the technologiesourced from Technologyata[51]

3. CASE STUDY

The research is based thre Croatian energy model.

Themodelassumes that the capacities from 2020 are uskdsgyeardata The capacities of hydropower plants are
displayed inTable2. The data is acquired from the database of a BE&fph[48] model and IRENA52].

Table2. Hydropower plant capaciti¢s\W]

Dammed Capacity Pumped Capacity Run of the river Capacity
hydropower hydropower hydropower plants
plants plants
HE Zakucac 538 RHE Velebit 276 HE Varazdin 94,6
HE Senj 216 RHE Orlovac 237 HE Dubrava 79,78
HE Dubrovnik 117 RHE Vinodol 54 HE Cakovec 7744
HEVinodol 90 HE Gojak 555
HE Peruca 60 HE Kraljevac 46,4
HE Sklope 225 HE Lesce 41,2
HE Dale 40,8

HE Rijeka 36,8




mHE Hrvatska 27,393
HE Miljacka 20

Thermal power plants are divided basedusadfuel.

Table3. Thermal poweplant capacities in [MW]48]

Fuel source Power plant Capacity [MW] CHP
Biomass Bovis 1 N
mTEO Jakusevec 2 N
PZOsatina 1 N
TE BiomassHR 24,6 N
Bovis 1 N
Coal TE Plominl 110 N
TE Plomin2 192 N
Natural gas TE-TO Osijek 90 Y
TE-TO Zagreb 440 Y
EL-TO Zagreb 90 Y
KTE Jertovec 78 N

Table4. VRES capacitiefMW)] [52]

Variable Capacity Unit
renewable
Solar 85 MW
Wind onshore 646 MW

The assumptions in multiple sectors are implemeasédllows.

3.1Electricity

The case study usdistoric data on thelectricity demandn Croatia. As described in the methods section, the
electricity demand consists of multiple layers and thereéteetricity demand given to the model strippedof
demand that covers heating, indusamgd transport sectors in accordance with the historic data. Therttitzasic
electricity demand covering demandfor householddevices, lighting and public infrastructures assumed to
encompasefficiency, but alsothe increase oflevicenumber. For this reason, general demand is set to gradually
increase in totalVRES generators are modelled with the distributions obtained from the website Renewablesninja
[53] and this case study usédifferent geographicaones for modelling wind power and 2 zones for modelling solar
power plantseach with different distribution curves

3.2Heating sector

The heating sector is in this case divided Bitgeographical regions as displayedrigure 3. These are the Zagreb

region with its surroundings, the region of continental Croatia and the regioastaiCroatia. Each of these regions

is modelled both as an individual heating and as a district heating. Overall assumptions for the total heating demand
is adecrease in heating demanidl % per yeaas a consequence of the gains in eneffigiency which are in line

with the national energy efficiency provement goal§s4] and the decrease of population. Also, for the transition
scenario, th@art of the demand is transitioned from individual heating systems to the district h&a#rigcrease in

the district heating by 2035 corresponds with the 10 % of the demand that used to be covered by gas boilers in the
base yearln the base year, the composition thie heating supply and ratio between individual and district heating
differ by region.The demandsn the heating sector and distribution between the technologies ambfie sourced

from the annual report dheenergy system in CroatiaEnergija u Hrvatskdj55].



Continental CRO, without ZG Region

Coastal CRO
ZG Region
= _\!\
S

Figure3. Regions for heating demand

3.3Industry sector

Energy demand in the industry is supplied by fuglenergycarrierssuchascoal, oil, biomassnatural gaswaste,
hydrogenand electricity.The demand shares are displayedable5 and are modelled aftdristorical data from
Eurostaf56].

Table5. Fuel shares in industry sectors [%]

Unit Petrochemical Cement Refinery Rest
Gas 30 22 26 38
Biomass 0 1 0 6

Oil 0 24 70 3
Coal 0 26 0 1
Hydrogen 0 0 0 0
Electricity 7 17 4 52
Non--energy industry (H2) 63 0 0 0
Waste 0 10 0 0

3.4 Transport sector

The transport sector can use electric vehicles, hydrogen fuel cell vehicles or internal combustion vehicles. The number
of vehicles is assumed to remain the same through the years. Croatia currently has 2 312 280 registerggiryehicles
The average connection capacity of 7 kW per velsalsedas this is the most common available power output when
using type 2 home chard®8] and battery capacity of 50 kWit is anEU average for 202[59]. Also, the limitation
onthemaximum share of 90 % of electric vehicie050is implementedo account for heavy transport that cannot

easily be electrifiedespite depopulation, the average number of vehicles per person§@witerefore, no change

in total number of vehicles is consideiadhe future year'he assumption on constant demand and travelled distance

is based on the historic demand in transport sector which is mostly consistent in the last Bbyears



3.5Constraints on fuel use share of renewables, level pe{3sions, and CEEP

In order to ensure energy transition, timnimum share of renewable energy generation as a share of demand,
maximum level of emissions, CEEP, and the use of fuels are defined

3.5.1Business as usual scenario (BAU):

In this scenario, thhistoricaldata was used teet electricitygeneration from different types of power plants. Also,

the ratios in the transport, heating and industry sectors were kept constant to the ones in the base year. The only
differences from year to year are caused by the incri@aseergy efficiency and due to depopulation, which is
consistent with the transition scenario.

3.5.2Transition scenario:

The limit on CQ emissions in 2020 is set to 15 [#l] and it gradually decreases towards 2050 reaching 0 Mt. It
should be noted that the gadlO tonnes of C@emissions in the model encompasses the sectors of power generation,
heating,industry,and transportTherefore carbomegative sectors such as forestry and agriculture are not considered
in this version. The model does not use carbon removal technologies ahweetiinimum share of renewable energy

in electricity supply irnthe base year is 40 % and it steadily increases to 100 % by 2050. It should be noted that this
constraint does not limit power to be completely supplied only by domestic renewable generation, but it balances the
total sums of renewable generation andltdeanand. Thus, it allows for electricity imports and exports even in the
case of 100 % RES constraints. Another t@st is the degasification by 2035 meaning the sum of gas consumption

in 2035 must be equal to 0. The system stability constraint of CEEP is kept to the level of 5 % for all years. It should
also be noted that other constraints limit the uptake of timtdogies or decommission of the existing ones to reflect

the realworld limits and difficulties in the uptake of new technologies. For example, the uptake of heat pump
installation or PV installation should be limited if there is no sufficient instaliatapacity and available workforce

in the economy.

4. RESULTS

The next section presents the results for the power generation sector, heating, industry, transport, storage, and
hydrogen technologies. Also, the costs are displayed for both scermdoingside thecenario compassion

4.1Power generation and capacities

The results for thbusinessas usual (BAU) scenario are displayed first. In glienarigthe only prominent changes
in the generation of electricity relate to the reduction of total electricity demand as a result of depdpettatgonhe
results are displayed Figure4.



Generation (TWh)

Asit is observed in the generation data, the system just replaces the existing capacities that are being decommissioned
to keep up with the requirement for consistent generation in the BAU scenario. The results are displayed.in Table

The resultdor the scenarioof energy transition with degasification by 2035 andBlA¢J) scenario are displayed in
the following figuresThe results for the evolution of electricity generation, imports and exipdtte case of energy
transition are displayeid Figure5. It is visible that in this scenario, the modéll alreadystopusing coal and oil for
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Figure4. Summation of energy generation in the case of BAU scenario
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Table6. Investments into electricity generation capacities in the BAU scenario [MW]

Unit 2020 2025 2030 2035 2040 2045 Total
TE-TO-Zagreb 0 0 12456 51,04 1012 36,45 22217
EL-TO-Zagreb 0 0 16,53 3,36 0 5 24,89
KTE Jertovec 0 0 0 0 154 0,39 1,93
TE-TO-Osijek 0 0 0 6,16 2,07 0,45 8,68
TE-TO-Sisak 0 0 7877 45,94 911 2364 15746
BE-TO 0 4,39 0 0 0 0 4,39
TE Plomin2 17,44 109,06 17,38 5111 69,54 3504 29957

electricity generatiorin 2025 Gaswill be used till 2030, but is beingteadilyreduced inpower generation The

majority of thegasuse in this period is by cogeneration power plants which hawsehbgen replaced by renewable
heatingsolutionssuch as heat pumps, geothermal heating or solar erdsgy in the same periothere isanincrease
in the generation from wind energy followed by solar PV whidhtake overthe majority of thepowergeneration

by 2035. The total generation also increases in this period as a rethdsgstemwide introduction ofelectricity

basedsolutionsranging from heat pumps in heating, electricity in industry and transport to the generation of hydrogen
andelectro fuelsThe demand stagnates after 2040 ereh starts to slowlgecreaseThis is the result of the increase

in energy efficiencyas well as the reduction thetotal population in Croatia.
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Figure5. Summation of energy generation in the case of energy transition

As can be observed in the generafiigure, the system mostly invesits PV and wind power witta total of 11964

MW in PV and 6015 MW in wind power. The results are displayethinle7. Also, it must be noted that the model

had the opportunity to invest more into the capacities, but it opted only to install the capacities at taeomcgile
locations or zones presented with SolarHigh for PV and WindPP2 for wind power. Thesefferseithe highest
capacity factors and thus greatpstfitability of investmentThe model invested more into solar PV generation as
opposed to wind power despite the higher availability factors for wind. The reason for this ratio is the lower cost of
solar PV and the availability of energy storage and flexibility systems that dde the challenges of variable
generationTo achieve these results, the averagestments of 400 MW of solar PV and 200 MW of wind power per
year are requiredn reality, the investments are concentrated in the earlier years of the planning horizon.

Table7. Investments into electricity generatioapacities in the transition scenario [MW]

2020 2025 2030 2035 2040 2045 2050 Total
BE-TO 0 10,02 3,86 0,12 0 0,01 0,01 14,02
HR_Biogas 0 50,02 50,02 44,88 0 0 0,01 14493
HR_SolarPP 0 0 0,03 0,1 0,03 0,05 0,04 0,25
HR_SolarHigh 0 2000 4000 4000 196384 0,12 0,38 1196434
HR_WindPP 0 0 1,02 2,73 0,58 0,11 01 4,54
HR_WindPP1 0 0,02 15179 041 0,08 0,06 0,11 151858
HR_WindPP2 0 199998 19655 52307 0,03 0,09 0,07 448874
HR_WindPP3 0 0 0,03 33 0,02 0,11 0,03 349

The total hourly distribution results for te&ectricitygeneration in the case of energy transition are display€idure
6. In this figure, the evolution dlectricity supplyis prominent, both in the total summed hourly values and in the
shape of the curveBetween 2025 and 2030, the curve increases in peak values as a consequence of the installation



of VRES capacitiesThe generation from VRES is variable and therefore, the distribution displays the high peak
values.Also, the values on the negatiyeaxis displaying the export of electricity change their shape feomore
spreadoutdistribution onanannual level to the periods where the export is highly pronounced as a resutbafabs

in the generationThe generation profile is similar in all years after 208fice most changes of power generation
system were accomplished by thén the comary, theFigure 7. displaysthe results for thdusinessasusual
scenario and therefore features very similar distribution in eachMeausimilar distribution is the result of keeping

the sameonfigurationof power system throughout the years.
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Figure6. Hourly generation distribution in the case of energy transition
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4.2Heating in district heating systems

The results for the evolution of the heating demand and composition of the supply for both individual and district
heating are displayed the following figures.

Figure 8 displays the evolution of heating listrict heatingsystems in the area of the city of Zagreb and its
surroundings for the case of BAU scenatiothis case, the ggsowered CHP units and boilers continue to be used
till 2050, mostly reflecting the current composition of the heating sufptal heat demand reduces as a result of the
reduction in demand due to energy efficiency gains and depopulation.
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Figure8. Heating in the case of Zagreb region in the case of BAU scenario

The results for the case of energy transitionti@evolution of the heating in district heating systems in the area of

the city of Zagreb and its surroundingse displayedn Figure 9. As discussed in theasestudy section, district
heating takes over 10 % of the individual heating deniitielly supplied by gas in the base year. This is the reason

for the increase in the generation till 2030. From 2035, the effect of the increase in energy efficiency and the decrease
in the population starts to become more pronounced and cadsesease in the heating demand. The composition

of the heat supplgtartsto change from the system supplied entitghthe gaspoweredCHP plants and gas boilers.

The system utilizes more of the geothermal resources as well as the solar thermaheoegiwhe use of seasonal

solar energy storage. The most importzortributorto the change in the energy supply is the introductionatér
to-waterheat pumpswhich take over majorityfcheat supply by 2050Che CHP heat generation decreases since the

low carbon and more efficient technologies start to be available. Also, the heat generation in CHP is interlinked with
the power generation in CHP which also decreases due to the introduction of MiRESwater heat pumps are

highly utilized in the first yea, especially in 202as an response to the high fuel prices while at the same time
minimizing the investment cost compared to other types of heat pumps. As more of the more efficient water to water
heat pumps are installed and available in the system, the use of air to eetpuimps reduces. Also, system makes



use of the available renewable electricity during the times of overproduction by utilizing the electric heaters, especially

in 2035.
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Figure9. Heating in DH systems ithe Zagreb region in the case of energy transition

The results for the BAU scenario for DH systems in coastal Croatia are displdsigdrel0. In this region, heating
in DH systems is based on gas boilers in 202@.total generation decreases, and the ratios stay consistent throughout
the years meaning no new technologies are introdaeetigas boilers keep providing the entirety of supply.
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Figurel0. Heating in the case of coastal Croatia in the case of BAU scenario

The results for the same regifor energy transitiorscenarioare displayed ofrigure 11. Similarly, Zagreb region
experienesareductionin the use bgas, while the majority of the demand starts to be supplied byatexto-water
heat pumps. Also, the solar heatingidensivelyused In this case, it was exogenously inputted that the new CHP
capacity willbe employedetween 2020 and 2025thatis statedn the development plans of the local heating utility
but whenleft for the model to optimize the dispatch, due to the use of gas, this plant ceases operation by 2035.
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Figurell Heating in the case ebastalCroatia in the case of energy transition

Similarly, as in previous regions, in the continental Croatia region, the total demand in the BAU scenario decreases
and the ratios between the generators stay constant throughout thayeisplayed ifrigure12. In this region, the

heat is supplied by the mix ghspoweredCHP, biomass powered CHP, gas boilers and a small amount of geothermal
energy.

CHP_bio

CHP
Water_to_water_HP
Electric_heater
Ground_to_water_HP
Air_to_water_HP
Geothermal

Coal

oil

Biomass

Gas

0.8 1 - - - Seasonal_solar_storage

0.6 1

0.4 4

Generation (TWh)

0.2 1

il

00 -

2020
2025
2030

% 2035
2040
2045
2050

Figurel2 Heating in the case of continental Croatia in the case of BAU scenario

The resultof the evolution of the generation and demand in the district heating systems in continental Croatia are
displayedin Figure13. The evolution sees the increase of the geothermal energy use, solar seasonal heating use and
the application ofvaterto-waterheat pumps which take over most of the demand by 2358 result ofhetransition

towards DH, the demand rises till 2088erwhich starts to decrease as a result of energy efficiency gains and the
depopulationln this case, gas powered CHP reducessoompletely outphaskby 2035 whereas biomass powered

CHP increases the heat supply between 2025 and 2035. This increase is due to the necessity to displace the heat
generation from gas powered CHP combined with the inability of thersyt® rapidly replace the gas CHP with heat

pumps or solar heating.
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Figurel13. Heating in the case of continental Croatia in the case of energy transition

Total installations in the district heating systémgansition scenariare displayed iTable9. Total of 1791 MW
are invested into heat pumps and electric heaters, 71 MW into geothermal heat, 4935 MWh into seasonal heat
storage and 3000 MW into solar heating systems.

4.3Individual heating systems

In this section, the results for the same zonemofinental CroatiagoastalCroatia and Zagreb region are analysed,
but for the portion of the demand that is supplied by individual heating systems.

The results for the BAU scenario in the cas¢hefZagreb region are displayed Bigure14. The composition of the
supply is dominated by the gas boilers followed by the biomass boilers. Also, electric heating and air to water heat
pumps are usedhe BAU scenario presents only the reduction of demand while the ratios stay cotifli2@s0.
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Figurel4. Heating in the case of the Zagreb region in the BAU scenario in individual systems

Individual heating systermina Zagreb regiomave als@decreasén demand in the case of energy transitoenario
Thefirst cause is the switch of part of the demand towards DH andetbendone is the increase in efficiency
combined with depopulation. The results for the areéhe€ity of Zagreb and its surroundings are displaydeigure

15. It can be seen th#he majority of the demand in the base year is supplied by gas boilers. Their share rapidly



decreases as they are replaced by the combinatiain-tmfwaterheat pumps and electric heaters. Heat pumps take
over most of the demand by 20%G& opposed to the results for district heating, in this case, heat pumps are dominated
by the air to water heat pumps due to the different levels of availability for installation and use of different types of

heat pumps depending on the region. Houselfoldexample do not have the access to the water bodies as district
heating utilities do.
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Figurel5. Heating in the case of Zagreb region in the case of energy transition in individual systems

The results for the region ebastalCroatia in the BAU scenario are displayedFigure 16. Similarly as in other
regions, the shares of the supply stay consistent and the total demand reduces. The supply is dominated by biomass
boilers, but electric heaters, air to water heat pumps, solar energy and oil boilsoased.
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In the case of energy transitiseenarig region ofcoastalCroatia displays the shift from mainly biomass powered
heating towards heating supplied mostly by air source heat péotips/ed by the electric heaters. Also, solar heating

is usedbut onlyto provideadomestic hot water supply. The results are display&iurel?. In this case, the model

did not completely cover the demand with the heat pumps since the heating season in this region is shorter and



therefore the number of working hours of the equipment is lower which affects the economics of installing the heat
pump as opposed to electric heater.
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Figurel7. Heating in the case a@bastalCroatia in the case of energy transition in individual systems

The results for the continental Croatia regioBAU scenaricare displayed ofrigure18. They feature the reduction
of demand and consistent shares of supply technologies. The composition of the supply is dominated by biomass and
followed by gas boilers indicating the demand for more than 3 TWh of gas in 2050.
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Figure18. Heating in the case of continental Croatia in the BAU scenario in individual systems

The results fothe energy transitiorscenarian the individual heating ofontinentalCroatia are displayeith Figure

19. The gas is being rapidly replaced mostlydiysourceheat pumps and electric heateaadwill be completely

outphasedy 2035. Biomasshares also reduced and replacedddgctricallypoweredcheatingsolutions. Also, solar
energy is being used to supply part of the domestic hot water demand.
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Figure19. Heatingin the case of continental Croatia in the case of energy transition in individual systems

For the individual heating systems, the total installations for transition scenario are displegblid. In this case,
total of 6516 MW of heat pumps and electric heaters are installed, 661 MW of biomass boilers and 37500 MW of
solar collectors.

In the presented transition scenarios, the rapid change is present between the 2030 ,amith2th@5prominent

increase of heat pumpkare This is the result of big investments into this type of heat generation in 2035. Presented
change occurred as a consequence of the constraint to remove gas demand by 2035. Therefore, the model had the
possibility to investas late as possihland use existing systems as long as possible. Late investment reduces the
necessity to plan for equipment replacement attiteof the life during the planning horizaas well as use of the

ever decreasing prices of the equipment. In the future research, the stricter limits will be implemented on the annual
investments in order to limit rapid changes, especially near the start of the planning horizon.

4.41Industry sector

The results for the BAU scenario in the cement industry subsector are displdigdreR0, and it can be seen that
the fuelsharesstay consistenivhile the total demand decreases as the assumption of energy efficiency increase for
both scenarios.
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Figure20. Energy balances in the cement industry for the case of a BAU scenario

The resultof the transition of the industry cement subsector are displayEgjure21. In the base year, the fuels
were dominated by coaljl, and gas. By 2035 the use of these fuglsbe eliminated whenhydrogen and electricity
take over most of the demand with rest being supplied byadheenewableandnon-recyclablewaste which is used

as a fuel.
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Figure21 Energy balances in the cement industry for the case of emargpjtion

Tchnology
Biomass
Coal
Electric_heater
Gas
il
hwydrogen_boilers
non_energy_industry
waste

Energy [TWh]
SEARRNL

2020
2025
2030
2040
2045
2050

# 2035

The results for the BAU scenario of the petrochemical industry are displafgguie22. Fuel and energy demands
in the petrochemical industry considthe biggest pafor hydrogemonenergy demandavhich is used as a feedstock
in the production of fertilizers. Therefore, the ramergy demandccupies biggestharefollowed by the gas demand.
Non-energy demangresentshe demand for gassed to generate hydrogeysteam gas reformatiokurther onthe
hydrogen is used ithe nextstages ofertilizer production
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Figure22. Energy balances in the petrochemical industry for the case of a BAU scenario
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The results for the petrochemical sector in the transition scenario are dispidyigdre 23. In this scenario, the
remainder of the demandhich consistamainly of gas is converted to hydrogen while tipeoductionof hydrogen

feedstockis steadily switched from steam gas reformation to #lectrolyzerproduction.The transition of the
hydrogen generation is displayed in ffigure28.
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Figure23. Energy balances in the petrochemical industry for the case of enangition
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The results for the refineries in the BAU scenario are displayEjure24. In the base year, the supply is dominated
by the oil and gas. In this scenario, the sector keeps using the same fuelsusetmount is being reduced as a
result of gains in energy efficiency.
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The evolution of the energy demandshierefinery subsectan the case of transition scenaisgpresented ifrigure
25. Thesupply of thesectorchangewith thereduction and subsequent elimination of the demanthé&production
of oil-derivedfuels and they are steadily replacedtbydrogenbaseduelscausinghe shift in the share of used fuels.
It should be noted that the presented demand is energy demettlistry branctand not the input of crude oil for

processing.
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Figure25. Energy balances in the refineries for the case of erierggition

In the BAU scenario, the sharekthe fuels in the remainder of the industtsty the same which means that this sector
will continue using gas, oil, and coal till 2050 as displayefigure 26.
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Figure26. Energy balances in the remainder of the industry for the case of a BAU scenario

The remaindeof the industry consists mostly of processes that do not requiréemgieratureand therefore the use
of electricity in this subsector is more prevalent in the future years. As displaifeglire 27, electricity takes over
almosttheentire demand with the rest being hydrogen.
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Figure27. Energy balances in the remainder of the industry for the case of ersrgjion

In general, transition of the industry sector is carried out in two ways. This is mandated by the capabilities of different
industry branches to apply certain technologsegsh as requirements for high temperature heat. Thereforasa th
thatrequire high temperature heaydrogen prevails, while in the branches that do not require such conditions, the
model opts to use electricity since it is both cheaper and more energy efficiemeasnergy conversion steps are
required. The hydrogen is introdudein the petrochemical and cement industry in 2035, but by 2035 it greatly
increases in its share. This is the consequence of the restrictions on the end of the use of gas by 2035. Due to the
perfect foresight architecture of the model, it saw that itccouhke majority of the investments as late as possible

and still satisfy the conditions. The late investments are preferred due to the discounting which reduces the present
value of future investments as well as the ability to use as long as possibéstimg @quipment and thus save on

the possibility of having to replace the new equipment by the end of the planning horizon.



4.5 Storage technologgeelectrolysersand fuel cells

From the side oénergy storage systenis transition scenario model mostly invesietiydrogen storagélso, there

are big investments into hydrogen generatimostly using alkalineelectrolysers The investments intbydrogen
infrastructure are mandated by the necessity to decarbonize the hard to electrify sectiomslo$ttyesectarWhen
integrating hydrogen into energy system, it is crucial to enable flexible operatiosef siystemsTherefore,
hydrogen storage is used as a buffer between hydrogen generation and constimpgoabling the decoupling of
generatiortime mandated bgvailability of renewable generatidrom the consumptiortime. The investments are
displayed inTable8. In the BAU scenarig there are no investments in these technologjiese it does not require
additional hydrogen and flexibilityThe model invested very little in the battery storage systems since the system
already possesses the battery storage system through the use of electric vehicle batteries through smart charge and
V2G technologiesAs can be observed, the investments into hydrogen storage are almost constant frai2@25.

the result of thesetup boundary condition on the inviasent into hydrogen storage. The restrictions were set up in

line with theresults ofprevious works that tackled the energy transition modglliith H2RES of the Croatian energy
system[44]. The results from the previous work displayed the lower investment values than the ones that are used as
a boundary conditiorin this researchln further research, the limits should be increased to accommodate for the
possibility of expansion since the hydrogen storage was presented as a viable source of flal€bijlystep towards

the variable limits thatonsiderthe learning curves through the years instead of strict limits will be riihéenodel

invested in total o444 MW of electrolysersand 17997 MWh of H2 storageThese installed capacities allow for
flexible operation of the hydrogen generation and supply system. The maximum annual demand for H2 in the model
is 9,3 TWh meaning that in the systéimhhours oH2 storages available and that the electysérs work at an average
capacity factoof 43 %.

Table8. Investments into hydrogeachnologies and energy storage in transition scergxmressed in [MW] and [MWh]

Year 2020 2025 2030 2035 2040 2045 2050
Alkaline_EC 0 41,03 28459 194884 16833 0,04 0,01
PEM_elec 0 0 0,01 0,8 0,34 0,01 0,01
SOEC_elec 0 0 0 0,39 0,01 0 0
H2_storage_tank 0 299887 299999 299989 299947 29996 299966
Liion_storage 0 0 0,01 1,44 1,26 0,75 0,27
PEMFC 0 0,16 0 0,72 0,03 0 0,01
SOFC 0 0,06 0,04 0,44 0,05 0 0

The impact ofelectrolysersaand hydrogert e ¢ h n oidtradgcyiod,san be observed iRigure 28 as they displace
hydrogen demand that corresponds tostieam gas reformation by 2035.
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Figure28. H2 generation processes

4.6 Transport sector

In the transport sectoifor the BAU scenario, the shares stay constant, and the sector continues to use mostly fossil
fuel-powered vehicles. It should be noted tinethis casethe transport sector was modelled only as a single category

of personal vehicles. Therefore, the restrictions that were implemented in the maximum share of electrification
consider the transport sector as a whole, most notably concerningdhgsvyad transport, londistance shipping

and aviation which require these of highly energgense fuels to be economically viable. The results of the BAU
scenarioare displayed in Figure@9. The transition scenario offers the transition towards mostly electrified sector.

Although the sector is not completely electrified, it is decarbonized since the fuel ukeB-pgweredvehiclesin

2050is replaced by synthetically generated electrofuels. The results are displdyigdri@30. Investments for the

transition case are displayedTable11l. Whereas for the BAU scenario Trable 12. The total investments in both

scenarios are approximately the same with 1,33 million, but the composition differs. Therefore the 75,5 of the
investments in the transition scenario refeinhybid t he EV
vehicl es. The investments into EVds are concentrated |
investments, 98 % are into internal combustion vehicles.
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Figure29. Shares in the transport sector in the BAU scenario
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Figure30. Shares in transport sector in transition scenario

4.7 System costs

The results for the system costs are displayed in the following figlinegesults for the BAU scenario atisplayed

in Figure31. This scenario featurespitalinvestments into new capaciti@@APEX) for power generatioand other
equipment such as boilersut they are mostly replacements of the old equipniérg. investments reach a peak
between 2030 and 203&ith replacenent of decommissioned capacities. Since in this scenario there are no big
changes in thgenerationcomposition of all sectorsghe fixed operational (OPEX) portion of the costied to the
maintenance of the equipmestays almost constant throughout the yedesiable operational costs (Var_OPEX)
that are mandated by the fuel costs and tied to the dispatch of the equipxpeniencea peak during 2022 as a
consequence of the energy crisis in Europe and therefore very high gasanesil

BAU_OPEX_var
=BAU_OPEX
8000 #BAU_CAPEX

Annual cost [M€]
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Year

Figure31 Total costs for the BAU scenario

Figure 32 displays the costs for the scenario in the case of energy transition. The investments represented as capital
investments (CAPEX) reach a peak between 2025 and 2030 when majority of new capacities are installed. The
operational (OPEX) portion of the coststiisd to the installed capacities and presents ongoing maintenance of the
equipment. This part of the expenses becomes dominant in the lateryfeari this scenario, ariable operational



costs (Var_OPEX) experienag@eak during 2022 as a consequence of the energy trigisuld be noted that because
of already initiated transition, the pealasver inthis case than in the BAU scenarltis portion of the costs steadily

decreases as more of the energy generation is switched to renewablewhietygoes not require additional fuel to
run.

:
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= CAPEX
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Figure32. Total costs for the scenario of energy transition

The comparison between the scenarios is display&igure 33 It can be seen that the transition scenario features
lower costs for almostveryyear except for the slightly higher costs for 2028, 2029 and 2030. These higher costs are
caused by the intensive investments into new capacities and infrastructure in the transition scenario during this period.

20000
18000
16000

14000

8
g

w—BAU
s TRNAS

Annual cost [M€]
8
8

@
8
=]

4000

2000

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050

Yaar

Figure33. Comparison of th#tal costs in the transition and BAU scenario

When transitioned to the present value, the results featuretpeesent valueNPV) of all costs amounting t®2,6

B uin the transition scenario aid3 8 , 2 9BAB scenarig with an assumption dhe discount rate of 5 %rhis

value for the discount rate was used as it is in the usual value range for the renewable energy projects, but on lower
end since the range is between 3 and 162} Using higher discount rate would try to shift the investments into later
stages of planning horizon which is opposite to what was the goal here in conducting fast trémsitemansition
scenariowhen accounting for all the years, totalséf % of the costsorrespondo CAPEX, 27 % to OPEX and 23

% to variable OPEX. The shares in BAU are 284%or CAPEX, 26 % for OPEX and 53 % for variable OPEX. The



differences in the distribution of the costs indicate that ¢élveaghthe capital investments in the transition scenario

are much higher, they result in savings predominantly in the variable OPEX sédttonatios between theosts
components differ drastically throughout the years in both scenarios. In the first years, as a consequence of very high
fuel prices, variable OPEX took over most of the total costs. In the following years for transition scenario, CAPEX is
the biggest part of the total costac® big investments into the new generating capacities and other equipment are
required. Investments into the new capacities allowed the reduction of the variable opecattssalthe mostof

the remaining costs in 2050 are fixed operational costs related to the maintenance of the equipment. BAU scenario
also presents high investment cost, but they do not result in the decrease of opemdistighe cumulative total

costs for transition and BAU scenarios brought to present value are disipl&ygdre34. Both of the lines start steep
increase in thérst couple years since at the beginning they have the same energy system composition. The steep rise
in the first years is the result avery high var_OPEX costs during the energy crisis. In both of the scenarios the rise

is continued but at the slower pas@ce the fuel costs stabilize and now the majority of the cumulative increase is
due to the capital investments. In the case of transition scenario, the investments had an effect on reducing both fixed
and variable operation costshile this is no the case for the BAU scenario as it continues to rise even in 2050.
Tapering at the end of the planning horizon in both scenarios is the result of lack of investments in 2050 since the
model did not plan for systems development after 2050. This is thegdurther research where the method will be
modified to make the model plan for the development after the end of planning héwizbionally, since these are

the values at the present value of monetary unit, the influence of the values in distantsf much lower than the
influence of the monetary flows in the presehdditionally, the detail results for the costs by its components are
displayed in AppendixAs can be observed Higure 51, most of the CAPEX in transition scenario relates to the
installation of the newpower generatiorequipment, new types of vehicles aeléctrolysers while in BAU, the
replacements of the old units consist the majority of CAPEX as shokigune67. The fixed OPEX, adisplayedn

Figure52 for transition andrigure68. For BAU scenario are similar. The total values in the transition scenario are
higher due to the bigger total capacity of all the units installed and used while also not completely decommissioning
the old units that are not used by that time. The mosthi®difference is in the variable OPEX where the values
related to the transition scenario displayed-@ure53. reduce drastically when compared to the variable OPEX for

BAU scenario orFigure69.
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Figure34. NPV of transition and BAU scenarios



5. CONCLUSION AND POLICY IMPLICATIONS

During this research, the model was developed wpgtadedo providethe possibility of modelling and optimizing
the transition towards renewable based energy system on the hourly level with the planning horizon of Beyears.
research compardwo scenarios, one that enforced the transition towarcksrbomneutralenergy system with the
specific goal of eliminating gas consumption by 2035. The othertleeBAU scenario which served asainly an
economiccomparison t@ssesshe cost of transition.

The modekuccessfullydecarbonized the system by 2050 and eliminategjdiseise by 2035. To achieve this goal,
investments into generating capacities consisting of 11964 MW in PV and 6015 MW in wind power were required.
Also, investments into hydrogen generation, storage and transformation technaleigiascessaryo decarbonize
industry and parts ahe transport sectofTheseinclude 2444 MW ofelectrolysersand 17997 MWh of H2 storage
which is sufficient for 17 hours of operation at maximum loadthe heating sector, part of the demand was
transitioned to district heating where most of energy is supplied byakersourceheat pumpsin the individual
systems, most of the demand was taken over by the air source heat pumps which are more applicable in the
circumstances where the access to water and groundwater to extract ambient heat i traitbteve these goals,

1042 MW of heat pumps in district heating systef® MW of electric boilers, 71 MW of geothermal heating, and
3000 MW of solarcdlectorsare installedIn the individual systems, the installatiare 2558 MW of heat pumps,

3958 MW of electric heaters and 37500 MW of solar thermal colledores to the variability of the power supply in

the system, both district heating and individual heating systeawsinstalled significant quantities of electrical
heaters that are aiding in energy system flexibility.

The totalnet presentvaluedf he transition st&&,a29BAB Bcenand PheréforeBthe a n d
transition scenario displayed a significant decrease when compared to the BAU scenario resulting in the total net
present value savings i TheBAU scenarimis maret expsive fodabmos allhéyedrsy 2050 .
in the planning horizarindicating the greater profitability of the transition scenafiith that said, the hypothesis is

confirmed as the energy transition scenarichisaper evethoughthe large investments are required.

Main findings:

1. Requiredaverage annuahstallation of 400 MW of PV and 200 MW of wind power generation capacity

2. In district heating systenannual installation o060 MW of heat pumps and electric heatas well as 165
MW of solar collectors

3. Average of 85 MW of heat pumps, 132 MW of electric heaters and 1250 MW of solar thermal collectors

need to bennuallyinstalled in individual heating systems.

An average of 82 MW oélectrolyserand 600 MWh of hydrogen storage have tabeuallyinstalled.

5. Transition scenario is cheaper in all years except for 2028 and 2029 due to the higher capital investments in
the transition scenarir that period

e
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APPENDIX 1 - Additional results from transition scenario
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Figure35. Hourly distribution of heating in DH systems in Zagreb regmmtransition scenario
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Figure37. Hourly distribution of heating in DH systems in the regioraftinental Croati@n transition scenario
Table9. Investments into district heating system generation capacities
Year Zone >
s | :
)
| T b
a 3 o ]
|2 g & S
g 5 o = T &
g 5 i e ) £ <
o £ 2 | @ 2 5
213 3 g £ g 2 2 - g 3
< i 0] = o &) ] Q o) %) 0]
2020 Continental | 0 0 0 0 0 0 0 0 0 0 0
Croatia
2025 Continental | 1.3 451 0 100.02 | O 0 0 49.66 0 50.05 50
Croatia
2030 Continental | 0.01 32.37 0 25151 | O 0 0 0.01 0 100.06 | 100
Croatia
2035 Continental | 0.01 314.2 0 52.75 0 0 0 0.03 0 200.07 | 200
Croatia
2040 Continental | 0 0.09 0 0.01 0 0 0 0.01 0 300 300
Croatia
2045 Continental | 0 0.2 0 0 0 0 0 0 0 499.97 | 300
Croatia
2050 Continental | 0 0.09 0 0 0 0 0 0 0 499.72 | 50
Croatia
2020 Costal 0 0 0 0 0 0 0 0 0 0 0
Croatia
2025 Costal 0.47 2.33 0 7.09 0 0 0 0 0 49.2 50
Croatia
2030 Costal 0.46 35 0 26.11 0 0 0 0 0 98.67 99.99
Croatia
2035 Costal 0.24 0.03 0 9.24 0 0 0 0 0 198.44 | 199.98
Croatia




2040 Costal 0 0.29 0 0 297.16 | 299.89
Croatia

2045 Costal 0 0.87 0 0 497.33 | 299.49
Croatia

2050 Costal 0 0.15 0 0 494.68 | 50.4
Croatia

2020 Zagreb 0 0 0 0 0 0
region

2025 Zagreb 80.75 | 2.83 100.06 20.07 50 50
region

2030 Zagreb 0.01 4.18 297.95 1.55 100.01 | 100
region

2035 Zagreb 0.07 383.14 113.98 0 200.04 | 200
region

2040 Zagreb 0 0.08 0.01 0 299.97 | 300
region

2045 Zagreb 0 0.17 0 0 499.95 | 300
region

2050 Zagreb 0 0.09 0 0 499.7 50

region
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Figure38. SOC of solar heat storage in Zagreb region in transition scenario
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Figure39. SOC of solar heat storage in the region of costal Croatia region in transition scenario
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Figure40. SOC of solar heat storage in the region of continental Croatia in transition scenario
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Figure41. SOC of heat storage in Zagreb region DH system in transition scenario
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Figure42. SOC of heat storage in the region of costal Croatia DH system in transition scenario
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Figure43. SOC of heat storage in the region of continental Croatia DH system in transition scenario
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Figure44. Energy use in petrochemical industry subsector in transition scenario
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Figure45. Energy use in cement industry subsector in transition scenario
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Figure46. Energy use in refinery industry subsector in transisicenario
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Figure47. Energy use in the remainder of industry in transition scenario
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Figure48. Heating in individual systems in Zagreb regioiransition scenario
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Figure49. Heating in individual systems in the region of costal Craatteansition scenario
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Figure50. Heating in individual systems in the region of continental Cramtieansition scenario
Table10. Investments into individual heating system generation capacities
Year Zone o
I o
_I T
2 & 5
il g g g
9] © | 2 =
IS 2 8 | IS
= I | o 0 IS
[ 2 e ! © 2
el ° =] 2 £ K} %) IS] g
= 2 =t S o o [ 9] = 5
< ] Q = o &) Qo Q o) )
2020 Continental | 0 0 0 0 0 0 0 0 0 0
Croatia
2025 Continental | 0 0 0 44.75 0 0 0 0 0 500
Croatia
2030 Continental | 0 0 0 156.79 | O 0 0 0 0 1000
Croatia
2035 Continental | 200.04 | 200.04 | O 0.01 50.13 0 0 0 0 2000
Croatia
2040 Continental | 200 200.01 | O 0.01 50.12 0 0 0 0 3000
Croatia
2045 Continental | 200 17586 | O 0.01 50.12 0 0 0 0 3000
Croatia
2050 Continental | 158.7 49799 | 0 0 50.13 0 0 0 0 3000
Croatia
2020 Costal 499.82 | 500.05 | O 0 50.13 0 0 0 0 0
Croatia
2025 Costal 246.58 | 499.87 | O 42.75 50.12 0 0 0 0 500
Croatia
2030 Costal 0.03 116.36 | O 52.79 50.12 0 0 0 0 1000
Croatia




2035 Costal 411.77 | 1000.01 | O 0.03 50.12 0 0 2000
Croatia
2040 Costal 339.4 766.42 | 0 0.02 50.12 0 0 3000
Croatia
2045 Costal 0.03 0.04 0 0.01 49.97 0 0 3000
Croatia
2050 Costal 0.05 0.16 0 0 49.97 0 0 3000
Croatia
2020 Zagreb 0.03 0.01 0 0 50.01 0 0 0
region
2025 Zagreb 0 0.24 0 3.93 0.04 0 0 500
region
2030 Zagreb 0 0.13 0 0.35 0.05 0 0 1000
region
2035 Zagreb 0 0.12 0 0.01 0.04 0 0 2000
region
2040 Zagreb 0 0.09 0 0.03 0.02 0 0 3000
region
2045 Zagreb 0 0.07 0 0.01 0.02 0 0 3000
region
2050 Zagreb 0 0.09 0 0 0.01 0 0 3000
region
Tablell. Investments into vehicles
Year EV_car FCEV_car | HYBRID_car | ICE_car PHEV_car
2020 0 0 0 0 0
2025 51024 500 199795 0 20000
2030 499739 5000 103 0 99759
2035 452583 0 7 0 1
2040 2 0 1 8 1
2045 5 0 9 15 2
2050 0 0 0 0 0
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Figure51. CAPEX in transition scenario
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9. APPENDIX BAU - Additional results from BAU scenario
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Figure54. Hourly distribution of heating in DH systems in Zagreb regioBAt scenario
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Figure55. Hourly distribution of heating in DH systems in the region of costal CroaBalw scenario
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Figure56. Hourly distribution of heating in DH systems in the region of continental CroaBauh scenario
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Figure57. SOC of heat storage in Zagreb region DH systeBAD scenario
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Figure58. SOC of heat storage in the region of costal Croatia DH syst&Alihscenario
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Figure59. SOC of heat storage in the region of continental Croatia DH systBlnscenario
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Figure60. Energy use in petrochemical industry subsect®At) scenario
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waste
non_energy_industry
hydrogen_boilers

Qil

Gas

Electric_heater

Coal

Biomass



[Mwh]
g

Mwn)
g

(Mwh)
g

(Mwh)
g &

2000 4000 6000 8000

Period
Energy in rafinery industry

2000 4000 6000 8000
” % waste
Energy in rafinery industry == non_energy_industry
hyd;ogen_b;"ers
- Oil
s Gas
Electric_heater
A, o . o = bomess
Energy in rafinery industry

2000 4000 6000 8000

Period
Energy in rafinery industry

2000 4000 6000 8000

Period
Energy in rafinery industry

2000 4000 6000 8000

Period

Figure62. Energy use in refinery industry subsectoBi#iU scenario
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Figure63. Energy use in the remainder of industnBiAU scenario
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Figure64. Heating in individual systems in Zagreb regiomiiU scenario
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Figure65. Heating in individual systems in the region of costal CroatBAb) scenario
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Figure66. Heating in individual systems in the region of continental Croat&Aid scenario

Tablel2. Investments into vehicles in BAU scenario

Year EV_car FCEV_car HYBRID_car ICE_car PHEV_car
2020 0 0 0 0 0
2025 925 0 3700 0 0
2030 925 0 3700 0 0
2035 1387 0 5550 618099 0
2040 694 0 2775 343374 0
2045 694 0 2775 343374 0
2050 0 0 0 0 0
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Figure67. CAPEX in BAU scenario
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Figure68. Fixed OPEX in BAU scenario






