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Abstract

Thetransitionof the coatbasedenergysystemis a challengehatcanbe solvedby considering
the integrationof variable renewableenergysourcesand syrergc effects betweenelectricity,
heating,cooling, transportandindustrialsectorsThis thesisfocusesmostly on the integrationof
variablerenewablesising powerto-heattechnologiesn district heatingsystemsAs 70-80% of
totalenergyconsumptionn buildingstakestheform of heatconsumedor spaceheatingpurposes,
spatal identification is crucial for planningand desgning sustainabledistrict heatingsysems.
Hence,this thesisstudiesthe quantificationand validation of heatdemanddistributionwithin a
smallmunicipalityusinga newly developedottom-up andTop-downheatmappingmethod.The

Bottomup mappingmethodis basedon building featuressuch as surfacefloor area,building



height,building use andthe heatedareashare.In contrastthe top-down mappingmethodrelies
on energybalancesandpopulationdistributiondensitiesThe resultsareshownspatidly in grids
with high spatialrelution. Thefinding showsthatcurrentmodelsoverestimatehe heatdemand,
while with the proposedmethod the error betweenexisting and proposedmodes is negligible.
Thebottomup heatdemandmapsarefurtherimprovedby consideringlomestichotwaterbesides
spaceheatingdemand Domestichot watershouldbe takeninto accountwhenassessinglistrict
heating potential, as up to 30% of total final energyconsunption in buildings in developed
countriestakestheform of heatusedto preparedomestichot water. Hence this thess developsa
spatialtemporalmethodfor annualhot waterdemandn conjunctionwith spaceheatingdemand
while technically and economicallyassessinghe expansionpotential of the district heating
systemsThemainfindings showtha the actualdistrict heatingcanbeincreasedour timeswhen
excludingdomestichot waterandfive timeswhenconsideringooth spaceheatinganddomestic
hot waterdemand.The thesisalsoconsides the heatsavingpotentialin buildingsby developing
arobustinformationsocketof theurbanbuilding stodk. Suchinformationis usedfor assessinthe
impact of energy efficiency measureson spaceheatingdemandsavingsand CO, emission
reductionpotentialin theexistingbuildingsbasednaGeographicalnformationSystentool. The
findings show that spaceheatdemandsaving potentialfor scenarie 1 and 2 comparedto the
referencescenariovas50 % and68.5% respectivelyAs thetransporiandheatingsectos account
for the largestenergyconsumersn energysystemstheir electrification plays a major role in
decarbonisinghe saidsectorsMany solutionssupportthe decabonizationof energysystemdy
increasinghe integrationof variablerenewableenergyandutilizing the syrergc effectbetwea
electricity, transportandheatingsectorsln thatregard this thesisemphasizethe importanceof
utilizing heatpumpsfor individual heatingsolutionsand electricvehiclesin thetransporisectoras
themainsourcedor enhancinghe energysystemflexibility andemphasizingheir consequences
in thermal power plant operational capacities and efficiencies. The findings show that
electrificationof heatingandtransporsectorssignificantlyimpactsvariablerenewablaentegration
andCO; emissionrediction; hencethe sameposesnajorchallengegor the nominaloperationof
thermalpowerplants.Besidesusingpowerto-heattechrologiesfor individual heating the thesis
also concentratesn increasinghe shareof variablerenewableausingpowerto-heattechnologies
in district heatingsystems.The main goal is to identify the influence of using district heating

systemsoupledwith the powerto-heattechnologiedasedntheflexible operatiorof coatbased



thermalpowerplantsandlimited electricty systeminterconnectiongn the maximumintegration
of variablerenewablesResultsshowthat wind and PV power plant capacitiesnstalledin the
existingKosovoenergysystemwhenoperatingin anisolatedmode,are450 MW and300 MW,
respectively Additional capacitiesaround800 MW for wind and385MW for PV canbe further
integratedinto this isolatedenergysystemwith the contributionof powerto-heattechnologies
coupledwith thermalenergystoragean district heatingwith afixed capacity Finally, theprevious
findingswereusedto assesustanableenergytransitionpathwaydor coatbasedenergysystems.
The methodshowshow the scalingup in variablerenewableenergysourcesandsectorcoupling
(electricityandheating)while maintaininghigh flexibility in thermalpowerplantscanshedlight
on achievingsustainabilityin a coatbasedenergysystem.Five different scenarioshave been
created.Significant differencesin annualizedtechnologyand emissioncostscan be observed
betweerscenariosln addition,scenarichreeseemdo havethe leastcostin comparisorto other
scenariosThetotal CO, emissiongor projectedscenariod, 2, 3,4, 5in 2030accountedor 4.78,
5.28,4.48,3.97and4.95MtCO./year.In addition,thetotal annualcostsfor projectedscenariod,,
2,3,4,5in 2030accountedor 2168,1611,1993,2479and2817Mil. EUR respectively.

Keywords

Heat demand,district heating, powerto-heat, flexibility, coal thermal power plants, vanable
renewables

Nomenclature

O ,kWhT totalthermalenergy(heat)demandby residentiabuildings

E’ ,kWhTi coal energyconsumptiorby residentiabuildings

coal ?
=, kKWh' oil energyconsumptiorby residentiabuildings

s~ KWhi biomassenergyconsumptiorby residentiabuildings

iomass’

=, kKWhT eectricity energyconsumptiorby residentiabuildings

lec?

Eres

o » KWhT district heatconsumptiorby residentiabuildings

h_.. 1 theefficiencyof conversiorof chemicalenergyof coalinto heat

coal

h,, 1 theefficiencyof conversiorof chemicalenergyof oil into heat



N omassl theefficiencyof conversiorof chemicalenergyof biomassnto heat
hye wemal the efficiencyof conversiorof electricalenergyinto heat

a,, %1 isthepercentagéactorof totalfinal thermalenergyusedby residemial buildingsfor space
heatingpurposes

O |, kWhi thethermalenergydemandusedfor spaceneatingby commerciabuildings

Eoo, KWh'i coal energyconsimptionby commerciabuildings
E;", KWhT oil energyconsimptionby commerciabuildings
on ., KWhTbiomassenergyconsumptiorby commercidbuildings

iomass’

EXT, KWhT electricity energyconsimptionby commerciabuildings

elec?

Ec, KWh' district heatconsimptionby commerciabuildings

O , KWh'i thefinal thermalenergydemandoy commerciabuildings

Where:a, and a, i arethepercentagéactorsof totalfinal thermalenergydemandy commercial

endusergpublicandprivatebuildings)for spaceheatingpurposes

O , KWh i the total heatdemandfor spaceheatingaccountingfor both residentialand

commercialbuilding

Q , kWh /capitai the specificheatdemandor spaceheatingpercapita
€ , I numberof inhabitantsn arespectiveyear

I ,m? buildingfloor area

N numberof building floor

cr, % calibrationratio betweemetandgrossbuilding heatedarea

Lo, netbuilding heatedarea
g, grossbuilding heatecarea
Lo, partially heatedareaof a building

1 g, E 7 BU A A Ospaceheatingdemandperbuilding



A kWh/mPyear  annualspecificspaceheatingdemandperbuilding category
1 , FE 7 BU A A Qotal spaceneatingdemandn acell with 250m x 250m

1 4, FE 7 BU A A Qverallcity spaceneatingdemand

A ,Wh / k g especificheatcapacityat corstantpressure

—

,I/day  domestichotwaterflow rate
O ,e C hotwatersupplytemperature
O

,e C coldwatertemperature

Lo, netareaof abuilding
| 45,1  totalnetareaof thebuildingsin agrid with 250m x 250m
0 , numberof occupants numberof peoplein agrid with 250m x 250m

Agg, I T A A OD Ader@geetbuilding areaperoccupant

1 , FE 7 BA A Udomestichotwaterdemandpergrid

Ag E7H A A ODBAA Wspecifichotwaterdemandperoccupant

1, h- 7 HU A A @tal aggregatetheatdemandn agrid with 250m x 250m

$( ,EUR/year districtheatingpotential

# 65 A A A ericeof heat

LCOHM%5 AJ A A @velizedcostof heat

1 g, m/m?  specificequivaleninetworklengthwithin a grid sizewith 250m x 250m

# g, EUR/m costof distributionnetworkinstallationlengthin a grid with 250 m x 250 m for

innercities
I ¢ H  existingdistrict networklength

! H netareaof buildingsconnectedo district heating(DH)

4]
=

potentialnetbuilding areasor connectiorto expandedH, m?
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I H areaof the grounddistributednetwork

4 I # ambientdry air temperature

4 ™ # building designair temperature

O ghm? thetotal netspaceheatecdareaof abuilding

® hm? zthebuilding footprint area

ns Z the numberof floors

¢ Z thecalibrationratio betweemetandgrossareaof a particularbuilding
0 FkWh/yeari the spaceheatingdemandor thebuilding

Q FkWh/nfyearz specificspaceheatingdemand

C

rkWh/yearz the actualspaceheatingdemandn a grid with 200m x 200m

hkWh/yeari the spaceheatingdemandwith standardenergyefficiency measuresn a grid

with 200m x 200m

C

0  hkWh/yeari the spaceheatingdemandwith advancednergyefficiencymeasuresn agrid

with 200m x 200m
0  ,kWhlyeari thetotal annualspaceheatingdemancf the city
‘Oh % theshareof primaryenergysupplysourceto coverfinal energydemandn buildings

0 ,kWhlyeari theusefulspaceneatingdemandroducedrom differentprimaryenergysupply
(PES)sources

C

, KWh/yeari the usefulheatproducedrom coal
0 , kWhlyeari theusefulheatproducedrom oil
0 , kWhl/yeari theusefulheatproducedrom biomass
0 , kWhlyeari theusefulheatproducedrom electricity
0 , kWh/yeari theusefulheatproducedrom solarthermalcollectors
0 , kWhlyeari theusefulheatproducedrom district heating
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i theefficiencyof conversiorof coalinto heat

i theefficiencyof conversiorof oil into heat

- T theefficiencyof conversiorof biomassnto heat

i theefficiencyof solarthermalcollectors

- 8 T theefficiencyof conversiorof PESmix into electricity
-k i theefficiencyof district heatproduction
"Qd) r T kg/kWh carbondioxide emissiorfactor

_, W/m°CT layerthermalconductivity

"WWW/m?°C i overall heattransfercoefficient

ABBREVIATIONS
CO, CarbonDioxide

DH District Heating

IEA InternationaEnergyAgency

GHG Greenhous&asEmissions

EU  EuropearCountries

AGDH FourthGeneratiorof District Heating
GIS GeographicalnformationSystem
DHW DomesticHot Water

VRES VariableRenewabldnergySources
HDD HeatingDegreeDay

EV  ElectricVehicles

V2G  Vehicleto Grid

PH Powerto Heat
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TPP  ThermalPowerPlants

HS  HeatStorage

HP HeatPump

DHC District HeatingandCooling

PV  Photovoltaics

PP  PowerPlants

RES RenewabldnergySources
TPESTotal PrimaryEnergySupply

CCS CarbonCaptureandStorage

QGIS QuantumGeographicalnformationSystem
LCOH LevelizedCostof Heat

EEs StandarcEnergyEfficiency

EEa AdvancedEnergyEfficiency

CEEP Critical ExcessElectricity Production
RLC RelativeLoadingCapacity

CHP CombinedHeatandPowerPlants
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INTRODUCTION

Europehassetthe targetsto decreasehe CO, emissionby 40% in 2030and80% for 2050
comparedo 1990levels[1]. The heatingsectoraccouns for the largestenergysector hencethe
decarbonisatioof saidsystemis a challenge Energysystemsarethe primary pollutantsthatare
contributingto climatechangeMany countriesacrossEuropeandbeyondaredevelopingenergy
transitionroadmapghat show how to designsustainale, reliable and environmentallyfriendly
energy systems. This thesis mainly concentrateson developing methods to assessthe
decarbonisatioof coatbasedenergysystemsby consideringthe integrationof electricity and
heatingsectors.Apart from that this thesisalso focuses on road transportelectrificationas a
supportingsourceof flexibility to increasethe shareof variablerenewablesn coatbasedenergy
systemsTheheatingsectorin Kosovoaccountdor 38%of total final energyconsumptionhene
the properplanningand designof heatingsystemscanbe led to sustainablaelecarbonizationof
coalbasedenergysystemsThis thesisis composef six sectionsSectionl addresseshe heat
demandmappirg in developingcountries section2 addresseghe impact of energyefficiency
measuresn heatsavingsin buildings section3 addresss the potentialasgsmentto expand
district heating(DH) systemsn cities. Section4 showsthe impactof individual heatand road
transportelectrificationto increasethe penetrationof variablerenewablesn coalbasedenergy
systemsSection5 showstherole of powerto-heattechnologiesn DH. Finally, section6 shows
howtheelectricityandheatingsectorcouplingcanhelppaytheway for a sustainabléransitionof

coalbasedenergysystems.

1.1Literaturereview

The following sectionsshowthe literaturereview of recentscientific articles.It showsthe
articlesthat assessetieatdemandmappingusing bottomup and top-down approachesthen a
studyon DH assessmerns providedalongwith heatdemandsavingpapersTheliteraturereview
continuesfocusingon papersthat showthe contributionof powerto heattechnologiedor both
individualandDH aswell astransporilectrification to increaseéhe shareof variablerenewables.

Finally, areviewon sustainabléransitionin coatbasedenergysystemss provided.
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1.1.1 Heatdemandmapping

Thereare manytools availablethat are usedfor modellingand analysisof energysystems.
Spaceheatingin buildings in cold climates playsasignificantrole as31% of theprimaryenergy
supplyworldwideis convertednto thermalenergyrespectivelyheat[1] accordingo International
EnergyAgency(IEA). Thefinal energyendusefor residentialenergyconsumptiorin Kosovois
31%,and10% for servicesicommercialand public consumers)ln addition,the shareof energy
consumedor spaceheatingin total final countryenergyendusefor thereferenceyear2015was
33%[2].

The decarlpnization of heatingsystens is a curtail stepfor designinglow carbonenergy
systemsSpatialmappingof spaceheatingdemandn buildingscancontributeto betterplanning
anddesignstrategieshatacceleratéhe decarbonizatiowf the heatingsector.Figurel showsthe
existingandproposedeatdemandnappingmodels.Thetop-downmodel(referencescenario)s
usedto assesnappingattheregionallevel, while bottomup mappingassessesappingatalocal
level (scenaris 1 & 2). Theinput datafor the top-down mappingareenergybalance population
densitymapsand land use, while input datafor bottomup mappingare building featuresand
building thermalperformanceThe outputsfrom the top-down mappingare heatdemandmaps
with limited spatial resolution,while the resuts from bottomup mappingare heat mapswith
adjustablespatialresolution.Top-downmappingcanbe usedfor assessingegionalheatmapping
for all countrieswhile bottomupis high dataintensive henceijt is appliedonly locally. Thetime

andresourcesisedto evaluatehebottomup modelaremoreintensivein comparisorio top-down

mapping.
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Reference Scemario

Input:

1 Specificspaceheating
demand per capita,

1 Population densities maps,

9 Land use maps

1 Energy consumption data

Scenario 1 Scenario 2
Output: Output:
1 Spatialaggregatedheat 1 Spatialaggregatedheat
demand demand

1 Adjustable spatial resolution
maps
1 Localapplication

1 Adjustable spatial
resolution maps
1 Localapplication

Top-down
Heat
demand
approach

Output:

1 Spatialaggregatedheat
demand

1 Limited spatial resolution maps

1 Localand regional application

Bottom -up Bottom -up
Heat Heat
demand demand
approach approach
Input: Input:
1 Building geometrical 1 Building geometrical
features, features,
1 Energy performance of 1 Energyperformance of
buildings, buildings,
1 Building topography, 1 Building topography,
1 Net heatedbuilding area 1 Partially heatedbuilding area

Figure 1 Top-down and Bottom-up approacheghat are usedfor modelling spatially spaceheating

demand

Furthermorethetime consumedor datacollectionandproceedingakesa quitelongtime; for

thatpurposethebottomupappioachis mostlyusedocally. Bottomupis amoreutilized approach
in studiesresearchingthe expansionof DH systems][3], [4], thermal energy planning and
modeling [5], [6] analyzingdifferent configurationsof DH andits distribution heatlosses[7],
utilization of wasteheatresource$8], [9], [10] integrationof renewabldechnologiesn DH [11],
[12]. In contrastthetop-downapproachs generallyusedfor heatmappingin largeareaocations
The resolutionsof mapsobtainedfrom top-down approachesare dependenbon other spatial
provideddatasetswhich is notthe casewith bottomup mapping thatallows adjustingmapswith
desiredresolution.

Differentmappingapproacheandbottomup moddling methoddor differentbuilding stocks
arereviewedto identify the energyconsumptionn the residentialsector[13]. A noveltop-down
methodologyfor determiningheatdemandor spaceneatingasafunctionof usageandtime using

aggregatedoad dataon heatdemandfocusingon residentialspaceheating is providedin [14].
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Resultsobtaineddentifiedthe aggregatetheatdemandcurvesuitablefor usagein energysystem
moddling. The energydemandfor spaceheatingand hot water is spatially consideredn the
residentiabndcommerciakectoraisingatop-downapproachbasednthe USA'shigh-resolution
populationdistribution and land use data[15]. Similarly, a top-down methodfor quantifying
countryspecificheatdemandDH potentialsfor differentheatdemandevelsacrossEuropewas

developedn [16].

A bottomup approachfor estimatingthe heatdemandof residentialbuildings spatially is
providedin [17]. Thefindingsdemonstratéhe gecreferencingf residentiaheatdemandandthe
developmentof a replicable methodologyat different scales. The authorsconcludedthat the
presentednethodoverestimateshe heatingdemand hencenew datacanimprovethe quality of
theresults.Researchl8] developsa modelthatcharacterizethe energyperformancef the built
environmentat a territorial scale The model took into account:data availablein the Energy
Certificate of Buildings databasegataaboutthe ageof the buildings and the energyreference
surfacesavailablein the official statisticsdatabaseA bottomup approachor calculatinguseful
heatdemandor spaceheatingandhot waterwasdevelopedor thecity of Krakow[19]. Theheat
demandwvasaggregatedn a grid with 200m x 100 m spatialresolutionto delivera mapfor 21
buildings. Resultsdemonstratehat the residentialbuildings, respectivelyone and multifamily
houses havethe highestshareof overall spaceheatingdemandcomparedwith other building
categoriesA similar studybasedon a bottomup approachs providedin ref. [20]. The outcomes
providedarasteraggregatedayergrid with 200m x 200 m of the annualheatdemandor space
heatingand hot water. The following sectionshowsthe heat demandsaving potential when

consideringypical building refurbishmenmeasure# buildings.

1.1.2 Spacéheatingdemandsavings

Spaceheatingdemandn buildingsaccountdor thelargestsharein final energyconsunption
[1]. Whenconsideringdifferent countrieswith differentclimates, it is foundthatbuildingscause
19% of total greenhousgasemissionfGHG) worldwide[21]. At the sametime, half of thefinal
energydemands consumedor heatingandcoolingin the Europeartnion (EU) [22]. About 25
30% of thefinal energydemandof EU countriesis consumedor coveringspaceheatingdemand

in buildings[22]. In termsof Kosovq thisnumberis evenhigher, accountingfor 33%shareFigure
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2 illustratesthe final energydemandmix in Kosovo.Comparedo othersectos, spaceheatingin

buildings accountdor thelargestshare.

Final energy demand by sector

Other services 12 %

Spacéheating 33 %

mBuildings BEIndustry mBETransport @EAgriculture @ Other

Figure 2 Final energydemandby sector[1]

The Europeanheatingand cooling strategy[23] showsthat heatingand cooling in Europe
accountdor morethan 50% of total final energydemand24]. Research25] showsthatmodern
district heating systemsare the leading technologiesfor decarbonisingthe heating sectors
4"Generatiorof District Heating(4GDH) will supplyexisting,renovatecandnewbuildingswith
low-temperaturelistrict heatfor spaceheatinganddomestichot waterdemanddistributeheatin
networks with very low heat losses,recycle heat from low-temperéure sources,integrate
renewableheat,aid in the integrationof variablerenewablesensuresuitableplanningcostand
effectivestructuredor atransformatiortowardsustainablenergysystemg25].

Energyefficiencyandrenewabléneatingsupplysolutionsareconsideredhe main optionsfor
decarborsingheatng systemsandreducingbuilding spaceneatingdemand Themainfocusis on
the thermal performanceimprovement of buildings through deep renovationsand replacing
buildingswith netzeroenergybuildings[26]. However,modelsthatconsiderthe spatialanalysis
of spaceheatsavingpotentialarelacking. BesidesDenmarkwith a detal ed geospatiabuilding
datasetptherEU countriesarenot ableto assedieatmappingusing a bottom-up approachat the
nationallevel. In addition,othercountriesmayhavedetal ed datafor a particularcity but not for
theentirecountry.A thermalatlaswasdevelopedn [27] to improvethe geospatiaknowledgefor
heatingand cooling acltossEurope.The main objectiveswereto createa comprehensivenodel

thatquantifiesheatdemandgroupscoherent@areasnto supplyzonesandproducs supplycurves
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for respective zones.Both top-down and bottomup modek were used.The researchconcludes
thatit is far-fetchedyet to expectdatabasefor otherEuropearcountries which would allow for
bottomup modellingof the heatingsector.In addition,[28] developsa methodfor assesingheat
demandmappinganddistrict heatingpotentialin datascareareasThe modelconsides publically
available datato assegshe aggregatedheatdemand pottomup mappirg for validationpurposes

andtop-downmappirg for theentireobservedarea.

Geometreal building featuresandenergybalanceareconsideredor assssing spaceheating
demandin buildings. In general,bottomup and top-down models evaluatethe heat demand
spatiallyin buildingsusinga GeographicalnformationSystem(GI1S) tool atthelocal andregional
levels. The heatdemandof buildings was estimatedspatially using availablebuilding dataand
energy audits for building samples[29]. The researchconcludes that integrating building
topographyand energydatain a GIS platform allows for a more comprehensivéramework of
heatingperformancein buildings.A modelfor assesingthe heatdemandof building stockin the
NewcastleUpon Tyne was developedin [30]. The researchconcludesthat the future energy
planninginfrastructurewould not be adequateunlessspatial heat mappingis availableat an
appropriatelevel. The spaceheatingdemandof heritagebuildings was estimatedspatially by
consideringgeometricalbuilding featuresand ages[31]. The resultsshow the spaceheating
demandspatially and hencesuggesta zone energyindicator. A simplified model for spatially
characterisinghe built environment'sfieatdemandwas providedin [18]. The modeltakesinto
accountthe energyreferencedata,energycertificate of building andbuilding age.A high spatial
resolution model is desigred to estimatethe thermal energy performance gap of Portuguese
residentialbuilding stock [32]. Both theoretical and actualheatingdemang of buildings were

estimated.

In mostEU countries buildingsarebuilt between1950and1975,andthey needrenovation
[33]. Many researchstudiesconsiderthe renovationand retrofitting processin buildings. For
instance,research[34] estimatesthe societal and economic challenges of renovating and
retrofitting strateges for multi-family dwellingsin GothenburgA heatatlasis generatdfor 2.5
million buildingsin Denmarkto determineheatdemandpossibleheatsavingandassociatedosts
[35]. Themodelwasusedasacontinerfor storingdataaboutthe physicalpropetiesof theDanish

building stock.
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A bottomup statisticalmethodologypbasedn GIS to estimateheheatdemandandthe saving
potentialof residentialbuilding stockacrossthe entirecity of Rotterdanmwasdevelopedn [36].
The heatdemandwasapportionedo differentendusesandcorrectedfor the weather Thenthe
heat savings potential was estimated by accounting for the implementation of typical
refurbishmentmeasuresA bottomup model is developedto model the heating demandof
residentiabuildingsfor Kragujevad37]. Different thicknessesf polystyrenethermalinsulation
in externalwalls andinstallationof newwindowswereconsideredor identifying the reductions
of the total annualspaceheatingdemand.The researchconcludesthat potentialheatsaving in
buildingsvariesbasedon the yearof constructionTwo bottomup modelswereusedto estimate
the spatial heatingdemandof the Swissbuilding stock [38]. The main finding showsthat for
applyingthe heatdemandmodel,arealisticsavingpotentialis calcultedfor the existingbuilding
stock andthis potentialcouldbe achievedhrougha deepretrofit program.

Besideghesignificantrole of energyefficiencymeasure$o reduceGHG enissions theycan
also integraterenewableenergysources An optimizationplatform was developedo analy® a
Swissvillage'srenewableenergyintegrationandbuilding renovatior{39]. Theresearcltoncludes
thatretrofitting all buildingsaccordingto the Minergie standard40] reduceghe spaceheating
demandby 70-85% and reducesthe fluctuationsin energy demand,thereby allowing more

renevableenergyintegration.

Thesubsequergectionshowsthe DH system'otentialassessmerthatconsiderdothspace
heatinganddomestichot waterdemandof buildings.

1.1.3 Districtheatingpotentialanalyss

Around40% of thetotal final energydemandn buildingsis consumedor spaceheatingand
domestichot water(DHW) [1]. Domestichot waterin buildings accountdor the secondargest
energyconsunption after spaceheatingin mostcountriesworldwide. In Europe DHW aacounts
for 14%of total final energydemandyhile in the US, the sames evenhigher, accountingor up
to 18%sharg41]. In thefuture DHW demands expectedo increaseasopposedo spaceheating
in buildingswhich is likely to decreaséecauseof the building refurbishmentmeasureg42].
Renewabldneatingsolutionscanimprovethe performancef DHW productionaccordingo [43],
[44], [45].
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Research46] showsthat13.1EJin 2010wasthe heatdemandof residentialkndcommercial
buildingsin Europe.Fossils fuels cover66%of total heatdemandn the EU, while district heating
coves 12% [46]. The building sectoraccountsfor 44% of total energydemandin Kosovo[2].
80% of the total final energydemandn buildings coversspaceheatingand DHW demand47].
Additionally, 1/3 of thetotal final energydemandn a building takesthe form of heatconsumed
for DHW and spaceheding purposesin Kosovg the DH shareis lower thanin EU countries
accounting for 8.5% [2], and the sameis usedonly for coveringthe spaceheatingdemandof
buildingsexcludingDHW.

In general,DH systemssupplythe spaceheatingdemandof buildings without considering
domestichot water, however future district heatingsystemsasthe 4GDH will supplybuildings
with DHW besidesspaceheating.The sametechnologyis critical for a sustanabletransitionof
heatingsystemg48], [49] aimingtowardssmartenergysystemsin addition,the4GDH will meet
thechallengeof supplyingwith spaceheathgandDHW increasingnergy-efficientbuildings[25].
As future DH systemswill play a critical role in sugainableenergytransition,they shouldbe
expandedip to the economicdly feasilde level. The majority of district heatingasgsmentsdo
notconsideHW whenassessin@®H potential.As DH is goingtowardslow supplytemperature
arounds5°C or evenultralow-temperatursupply(35- 45°C),thereareincreasingtudiesonhow
to produceDHW for suchcased50], [51]. Both top-down andbottomup heatdemandmapping
methodsassesshe DH potentialboth locally andregionally. DH potentialasgsmentconsides
heatsupplycosts,networkdistribution costsanddistrict heatingprices amongothess. Reseath
[24] sugyeststhatDH potentialassessmenghouldconsidetheir critical role in thedecarbonising

energysystenbesideghe consideratioomentionedabove

Theasesmentfor expandinghe DH systemin the EU betweenl990and2050is conducted
in [24]. Theresultsshowedhatwith DH, theEU energysystemwould achievehesamereductions
in primary energysupply and CO, emissionsas the existing alternativesproposed,but with

reducedcostby approximatelyl5%.

Spatialanalysiswith GeographicalnformationSystem(GIS) tools arecritical for modelling,
planninganddesigningenewableDH systemsA heatatlasthatcontainsdetailedinformationfor
morethan2.5million buildingsin Denmarkis developedn [52]. Theresearcltoncludeghatheat

atlaseswill be critical tools for planningthe expansionof DH networksand introducing heat
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savingmeasures.The DH potentialassessmerior Denmarkis elaboratedn [53]. Theresearch
concludeghat DH cancoverup to 57% of total Danishheatdemand Anotherinvestigationfor
Denmark{59] concludeghatthe Danishdistrict heatingsystemcanbeincreasedip to 70%while
therestof the heatis to be coveredby individual heatpumps.A methodfor analysingthe role of
district heatingto increasehe shareof variablerenewabless providedin [54], [55]. Thefinding
showsthattherole of DH to increasehe shareof variableRenewabld&nergySourcegvRES is

significant.

Heatpumpsin DH cansignificantlyincreaseheintegrationof VRES.Besidesspatialanalysis,
temporalanalysisof DHW andspaceheatingin DH is critical for comprelensiveanalysisof DH
coupledwith energysystemsDifferent factorsthatinfluence DHW demandn differentbuildings
were analyzedin [56]. In addition, [57] presentsthe monthly and hourly DHW demandfor
residentialbuildingsin Finland,while [58] and[59] investigatethe DHW demandor residential
buildingsin Canadaand Switzerland regpectively. An innovative methodfor displayinghourly
reattime spaceneatingdemandrofileswasdevelopedn [60]. Themethodshows the calculation
procedurdor displayingthereattime hourly heatdemandor eachbuildingin adistrict basecon
thebasiccartographycadasterandheatingdegreeday (HDD) values.

Thefollowing sectionshowstheindividual heatandroadtransportelectrificationto increase

theshareof variablerenewable$n coatbasedenergysystems.

1.1.4 Heatandtransportelectrification

Heating and transportaccountfor the largest energy sectorsin energy systems hence
decarbonizationis a curtail step for achieving sustainability. The technical and affordable
decarbonizatioof saidsectorscanbeachievedyy consideringanintegratedholistic inclusionof
electricity, heating, and transportsector that can transform coatbasedenergy systemsinto
sustainableenergy systems[48], [49]. Accordingto IEA, the heat and transportsectorsare
responsiblefor over 55-60% of total CO, emissiors from energysystemsworldwide [1]. Oil
productsarethe mainenergysourcesusedin the transportsector,while biomassnaturalgas,oil
products and electricity arein the heatingsector In termsof Kosovo, thesenumbersare even
higher. The transportsectorcompose®7% of total final energyconsumptionwhile the heating

sectoraccountdor 38.2%]2]. Additionally, the transportsectoris entirdy basedonimportedoil
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products mainly diesel, petrol, LPG and keroseng accountingfor 69%, 24%, 6% and 1%,
respectivelyThemainenergysourcesisedfor the heatingsectorarebiomasselectricity,coaland
oil productsaccountingor 48%, 33%, 11% and 9%, respectivelyin final heatconsumptior{2],
[61].

Electrification of thesesectorshasa significantrole in decarbonisingossil fuel-dependent
energysystemsSustainablelectrificationof the transportand heatingsectorrequiresa massive
penetrationof renewableelectricity productionin energysystemsWind and solar PV arethe
cheapesavailablepowerproductiontechnologiesn the market. Theimpactof electrificationof
privatetransportandspaceheatingfor the Italian energysystemin termsof critical environmental
and techneeconomicindicators,was developedfor evaluatingto what extentincreasingthe
electricity demandsupportsthe developmentof variable renewableqd62]. The main findings
confirm thattransportandheatingelectrificationcan significantlyreduceCO, emissionsaround
25%- 30%, if pursuedndependently.

Different approachestechnologies,and strategiesare reviewed to managelargescale
scheme®f variablerenewableelectricity suchas solarandwind powerin energysystemg63],
[64]. Researcli65] compars differenttechnologieso facilitatetheintegrationof VRESin energy
systems.The study highlights that largescale heat pumps prove to be the most promising
technologyfor effectively reducing excessrenewableelectricity production. Furthermore the
study showsthatflexible electricity demandand electricboilersarelow-costsolutions,but their
fuel efficiency improvements somewhatimited. Batteryelectricvehicles( E V 6osslitutethe
mostpromisingtransportintegrationtechnologycomparedvith hydrogenfuel cell vehicles.

Theeffectsof theavailability of electricboilersin theGermarcontrolpowermarketon overall
systemwide costsandCO, emissionf the powersupplyusinga modetbasedanalysisfor 2012
and 2025 wereinvestgaed in [66]. Powerto-heatplantscan dissolvethe conflict of mustrun
generatiorof baseloagpowerplantsfor control powerprovision.Thereforetheycanenhancehe
integrationof fluctuating renewableenergysourcesyeducingthe overall CO, emissionsof the

powersupply.

Therole of heatpump systemsn termsof economicalternativesfor recoveringheatfrom
different sourcesand usingit in variousindustrial, commercialand residentialapplicationsis
reviewedin [67], while theapplicationandcontrolapproachesf heatpumpsystemsn smartgrids

in [68] respectivelyIndividual heatpumpsalsohavea significantimpacton vRESintegrationand
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especiallywind integration.A modelthatshowshow heatpumpscaninfluencethe integrationof

wind power by optimizing both investmentsand operationand coveing various heat storage
options[69]. Resultsindicatethat the heatpumpscan substantiallyfacilitate largerwind power
integrationandreducesystemcosts,fuel consumptionand CO, emissions The Danishenergy
systemin 2020 with 50% wind poweris modelledto showthat individual heatpumpsand heat
storagecancontributeto theintegrationof wind power[70]. Heataccumulatiortanksandpassive
heatstoragavereinvestigatedsalternativestorageoptionsto increasevind powerutilizationand
providecosteffectivefuel savings Resultsshowthat passiveheatstoragecanenableequivalent

to largerreductionsn excesslectricity productionandfuel consumptiorthanheatstoragetanks.

Researclji71] analyzedheintegrationof solarphotovoltaicsgemand responséechnologies
(powerto-heatand vehicleto-grid concepts)neededto balancethe Croatianenergysystemin
2030.Thefindingsshowthatwith theintroductionof E V 0asdheatstoragan combinedthermal
power plantswhile maintainingthe flexible operationof power plants up to 2000 MW solar
photovoltaiccapacitycanbeintegratednto the Croatianpowersystem.Theinterconnectionsf a
group of islandsto integratethe productionfrom locally availablerenewablesnergysourcess
investigatedn [72]. Scenariowith differentintegrationdynamic of VRESandelectricvehicles
weremodelledwith the EnergyPLANmModel,while the interconnectioranalysiswas carriedout
with the MultiNode tool expansionThe resultsindicatedthat the interconnectionsncreasedhe
shareof energyfrom renewablesnergysourcesn thefinal energyconsumptiorand declinedthe
total critical excesselectricity production, while vehicleto-grid (V2G) technologyenabled
exploitationof synergiedetweersectorsA studythatshowsto whatextenttheelectricitystorage
cancontributeto a significantrenewablegenetation by absorbingotherwisecurtailedrenewable
surplusand quantitativelydefinesthe associateatostsis developedn [73]. A variety of future
scenariosiredefinedfor theltalian casebasednaprogressivelyncreasingenewableandstorage
capacityfeedingan everlarger electrifieddemandmostlymadeup of E V éasd,to someextent,
heat pumps and powerto-gas/liquid technologies.The findings show the remarkablerole of
electricity storagein increasingsystemflexibility andreducing,in the rangeof 241 44%, the
renewablecapacityrequiredto meeta given sustainabilitytarget. The decarbonizatiorof the
Nicaraguatransport sector and hencethe adoption of E V 6 and a shift to electrofuelsis
investigatedn [74]. Thefindingsshowthatthe adoptionof EVs and electrofuelscreatesynergies

betweenthe two sectors making them suitable optionsto integratehigher sharesof variable
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renewableenergyin the generatiormix. Furthermorethe sameincreasesheoverallefficiencyof
the systemandreduceoperatingcostsandCO, emissionsResearcli75] analyzeghe impactsof
future scenario®f E V @i the Germanpowersystemdrawingon differentassumptionsn the
charging mode. The results show that only in additional model runs, in which we link the
introductionof EVsto arespectivedeploymentof additionalvariablerenewablesk V dscome
largely COp-neutral.Similar researclwasdevelopedn [76] to analyseheimpactof differentEV
chargingstrateges on the Germanpower systemin 2030 by explicitly including neighbouring
countries. The findings show that the curtailment of renewableenergy sourcesis reduced
independentlypf thechargingstrategyHence concerningystenmcostandemissionsthechaging

strategyV G provesto bethe mostbeneficial.

Therearenumerougechnologiesvailablein the marketfor costeffectivedecarbonizatioof
thesesectorsIn the transportsector,threemain optionsto integratecleanenergysourcesxist
electrification of the transportsector,liquid biofuels and biogasor biomethane The shareof
biofuelsandbiogasin transportfuel consumptiorata globallevelis relativelylow, accountingor
3% and3.6% respectivel{77]. In addition,transportcanbe electrifieddirectly with batteriesor
with the useof electrolysis.Trains, tramsare examplesof direct electrification,which requirea
cableall the time. In Kosovo, this form of electrification would not significantly impact the
transportsectorwith trainsandtrams.E V Gsebatteriedo storeelectricitywhile eliminatingthe
roadrestriction,asthey do not requirecablesasdirect electrification.NowadaysthereareE V 0 s
commerciallyavailable that can replace passengerand light-duty internal combustionengine
vehiclesIn Kosovo,87%is theshareof individual passengerehiclesin thetransportsector,10%
is the shareof light-duty vehicles,and 3% is for heavyvehicleslike trucks,bussestractorsetc.
This meansthat 97% of the Kosovo transportsector can be electrified using commercially
availableE V 6 The electrificationof transportcan contributeto the integrationof VRES hence
increasingheflexibility of energysystemghatwill maintaina balancebetweerelectricitysupply
and demand.The VG is also a promisingtechnologythat can use EVs as distributed power
generatiorsourcesattimesof high peakenergydemandTheelectrificationof thetransporisector
will faceincreasingcostsfor E V 6charginginfrastructureandreliableandcleanpowersupply,

especiallyin developingcountries

Theuseof heatpumpsfor providingbuildingswith spaceheatinganddomestichot watercan

alsoincreaseheflexibility of energysystemsanddecreaetheexcesgpowerproductionallowing
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moreintegrationof variablerenewablevhile redudng thetotal CO, emissionsSpaceheatingand
domestichot waterdemandaccountfor 30% of total final energyconsumptionn Europe,while
in Kosovq this numberis evenhigherat 38.2%(2]. The shareof DH in Europeis 12% of total
heatdemandwhile in Kosovaq this shareis lower, accountingor 8.5% [78].

Final energy consumption by sector
Other services 6.75 %

27%
Heating38.25 %

EBuildings BEIndustry @Transport OAgriculture @ Other

Figure 3 Final energyconsumptionby sector[2]

The mainoptionsfor decarbonizatiof the heatingsectorarethe expansiorof smartdistrict
heatingsystemsin urban areasreferredto in the literature as 4"GenerationDistrict Heating
(4GDH) [25] and integration of centralizedand decentralizedheat pumpsin both DH and
individual heatingsolutions[79]. The following section showsthe literature review of PH

technologiesn DH systemso increasdhe shareof variablerenewables.

1.1.5 Powerto heattechnologiesn districtheating

Researl showsthatrenewableenergysourcesarebecomimg amorecosteffectivesolutionfor
electricity production than conventonal technologies.Espeially wind and PV are ganing
increasingttentiorworldwideascleanenergyproductiontechnologiesHowever becausef their
variallity, they needadditionalenergystorageaechnologie$o maintainthe securityof supplyand
balanceenergydemancandsupplyrequirements.Thereis researclthatshowshowto increasehe
flexibility of energysystemsFlexibility refers to the ability of an energysystemto integratea

significantshareof VRES

Theflexibility of energysystemsanbeincreasedn differentways.Forinstancehydro-based

energysystemsanusedammecdydroreservoirsor othersystemsanuseflexible thermalpower
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plants(TPP, combinedheatand power plants,different energystorageoptions,grid-connected
electricvehicles hydrogenationetc. Countrieswith cold climates canusepowerto-heat(PH) and
thermalenergystorageto capturethe excesselectricity productionand prove enoughflexibility
throughthesynergetieffectbetweertheelectricityandheatingsectord80]. As thethesisfocuses
on PH to increasethe shareof variablerenewablesthe following showscloserelatedresearch
articles.Traditionally,the conversiorof electricityinto heatwasnot a goodoption (astheenergy
wasproducedhroughthe Rankinecycle),but theflexible useof renewableenergysourcegRES
electricity for heatingpurposessombinedwith heatstorage(HS) hasrecentlygainedincreasing
attentionas an additionalsourcefor providing higher flexibility of energysystemshatwill be
capableof integratingmore variablerenewableq481]. A comparativeanalysisbetweenenergy
conversiortechnologiesike hea pumps(HPSs),electricboilers,batteryelectricvehicleshydrogen
fuel cell vehicleswith the main aim to integratethe fluctuating renewableenergysourcesinto
energysystensis givenin [65]. It wasprovedthatlargescaleHPsarevery promisingtechnologies
for effectively reducingexcesselectricity production.In additionto that, the scopeof the PH
technologieswill be turning electricity into heatwith the aim of compressiorHPs, or electric
heates coupledwith thermalenergystorage.

In someindustrialized countries,decarbonizatiorof the heating sectoris a preconditionfor
achievingclimatepolicy targes. In 2007,48% of thefinal energyconsumptiorin EU 27 took the
form of heat.That meansthat the heatwas the mostsignificart final energyconsumedwhich
attractedheintentionof scientistgo puttheir researcleffortsinto DH. Different primaryenergy
resourcesntegrationinto district heatingand cooling (DHC) showedthat theseheatingand
cooling systemswill be part of future energysystemscalled the fourth generationof DH [82].
Integrationof large HPs into DH is a frequently mentionedsolution as a flexible demandfor
electricityandanenergyefficientheatproduce83]. Themainideawasto makean HP usealow-
temperaturewaste or ambient heat source. The latest literature review in renewableenergy
integrationinto energysystemsshowedthat PiH technologiesan costeffectively contributeto
fossil fuel substitution,renewablesntegrationand decarbonizatiorj84]. The literature review
shows thatthe centralrole standsor HPs,to be decentralizear connectedo DH grids. Electric
boilers are identified as a relevantoption too. Moreover, casestudiesfocusedon combined
analyseof PiH andotheroptionsreferredto as powerto-x, for instance electrolytic hydrogen

generationmayshedlight onthe comparativeattractivenessf PH.
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Themodeling andoptimizationtoolsarereviewedto showtherole of DH andthermalstorageor

integratinga high shareof variablerenewablesn energysystemg85]. In addition,the potential
useof PH technologiesn GermanDH grids for theyear20152030wasanalyzedn [86]. It was
foundthatthe maximumtheoreticapotentialuseof PH technologiesn Germanyis 32 GWel. The
future potentialof decentralized®H (integrationof electricboilersin conventionaloil and gas
boiler systems)asan additionaldemandside flexibility option for the Germanelectricity sector
wasinvestigatedn [87]. A modelthatrepresentshe systemperformancef the HP connectedn

DH distribution and transmissionnetworks is given in [88]. Results have shown better

performanceavasfor HP thatareconnectedn DH distribution.

The potential synergiesof variable wind power and flexible electrified heatingsystems(heat
pumpsandelectricthermalstoragefor Beijing overthe period20032020is elaboratedn [89]. It
was found that significantwind penetratiorand CO, emissionreductioncan be obtainedwhen
usingHPsandelectricthermalstoragecomparedvith the BAU scenarioResearch90] makesa
comparativeanalysisbetweerelectricboilersandHPsusedfor capturingthe intermittencyof an
energysystempoweredmostly by wind plans andcogenerationlt wasfoundthatwell-designed
HP conceptsaaremorecosteffectivethanelectricboilers Accordingto [91] significantelectricity
grid andstoragesavingscanbeachievedf choosingDH ratherthantelectricheatingor individual
heatpumps A similar studywas conductedby [92] to quantify the enhancedlexibility by the
thermalstorageof building stock equippedwith HPs, to power systemswith significant wind
powe penetration A similar study for assessinghe contribution of large scalewind power
integrationwith HPsfor New York City waselaboratedn [93]. | hasshownsignificantincreases
in wind-generatecklectricity utilization with the increaseduse of HPs, allowing for a higher

installedcapacityof wind power.

Thefollowing sectionshowshowthecouplingof heatingandelectricitysectorscanshedlight

onachkeving sustainablenergytargetsn coatbasedenergysystems.

1.1.6 Energytransitionpathwaysn coatbasedenergysystems

Mitigation of climate changeis gaining increasingattention.CO, emissionsfrom energy
sydemsareoneof the mainthreatsthatarecontributingto climatechange Thus,manycountries

aredevelopingenergytransitionroadmapsgowardsmoresustainable,eliableandenvironmentally

33



friendly energysystemsGovernmentsvorldwide areimplementingenergypoliciessetin Paris
Agreementregardingthe targetsto decreaseCO, emissionsto the levels that would keepthe
surfaceearthtemperaturaindera 1.5-degredimit [94]. The decreasingostin VRES,especially
wind andphotovoltaic§PV), is oneof themaindriversfor developingenergypoliciesto decrease
CO; emissionsThe Europearpowerreportin [95] showsthatrenewableseached 35% shareof
EU electricitydemandn 2019.In addition,renewableelectricity productionfrom wind and PV

surpassetbr thefirst time the electricity productionfrom coatfired thermalpowerplants(PP).

Moreover,the electricity productionfrom coalin the EU droppedby 32% andin particular,
lignite coalfired P P @reppedby 16% respectively{95]. This evolutionof coal phasingout is
attributedto the CO, emissionprice increaseand the significantdecreasen variablerenewable
technologiescoss. Thus, the power generationfrom coal is expectedto decreasesince many
countriesn the EU haveannouncedheir commitmento phaseout Coalin 2019.However,some
EU memberstatedike Bulgaria,Croatia,Poland RomaniaSloveniaandotherenergycommunity
contractingpartiesfrom WesterrBalkan(Kosovo, MontenegroBosniaHercegovinaandSerbia)
haveto developstrategiesfor phasingout coal [95]. Countriesof WesternBalkan, have not
approvedthe carbon price mechanismyet, except North Macedonia.However, the energy
communitysecretariaannouncedhatthe sameis underdiscussiorandlikely to beintroducedn

othercontractingparties.

In this framework, current researchfocuseson developinga methodto show technical,
economic and environmental implications of lignite-fired thermal PP, renewable energy
integration, sectorcoupling and introduction of the carbon price mechanismfor a coatbased
energysystemKosovo,acountrylocatedin the SouthEasterrpartof Europe hasnotadoptedhe
cleanenergypackagdor 2030nor 2050like EU countriesyet; however,it is in the development
phase Lignite coal is the main fuel that powersthe Kosovo energysystem,especiallyin the
electricity sectoraccountingfor 97% shareof its electricity production[1]. Kosovo hastwo
thermalP P dvish total operationakapacitiesbetween750- 1050 MW, which arequite old and
operatingwith very low efficiencies.Recently Kosovois looking into building the newthermal
PP Kosovae Re with 450 MW basedon coal [96]. However Word Bank doesnot supportthe
samebecausethey found out more environmentallyfriendly and costeffective solutions for
electricityproductionin Kosovo[97]. Researclfo8] developsananalyticalplatformfor analyzing

the economicviability of electricity productionfrom fossil fuel and clean energyproduction
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technologiegor 20152025in Kosovo.The resultsshowalternativego producingelectricitywith

lower costsratherthanconstructinga newthermalPP (the mostexpensivgpathwayto meetfuture
electricity demand)exist. Thesealternativesinclude a mix of solar PV, wind, hydropower,
biomassand naturalgasfor electricity productionin the primaryenergysupplymix. A dynamic
model using scenarioapproachanalysiswas developedto investigategreenhouseyas and air

pollution reductionfrom the electricity andtransportsectorfor the period 2000-2025in Kosovo
[99]. The resultsindicate that energypolicies and introducing new renewabletechnologiesn

electricity productioncanensuresustainablelevelopmenin Kosovo.

Energy efficiency and renewableenergyare consideredthe main pillars for transitioning
existingenergysystemgowardlow carbonandsmartenergysystemg48]. SmartEnergySystem
conceptrepresents scientific shift in paradigmsawayfrom single-sectorthinking to a coherent
energysystemunderstandingpn how to beneit from integratingall sectorsandinfrastructures.
This conceptis the foundationfor developinglow carbonenergysystemsThe energytransition
towardszero carbonemissionby 2050 for SoutheasEuropearcountriesis researchedh [100].
Comparedo otherresearchwith similar goals their modelling was basedon sustainablaise of
biomasswithout excealing its assessegotential and scaleup in RES technologies.They
concludedthat a mix of power generationtechnologieqWind, PV, Hydro, Concentratedsolar
Power,biomassCombinedHeatandPower Plant(CHP)andGeothermalheedto be utilized with
no morethan30%sharefor a singletechnologyandthe productionof syntheticfuelsis neededn
thetransportsectorfor keepingthe biomassconsumptiorin sustainabldimits. A transitionfrom
a 50% RESbasedscenarioto a 100% RES scenariofor Europein 2050is presentedn [101].
Thesescenariosonsideredechnicalandpolitical certaintylike decommissiorof the nuclearPP,
utilization of largescaleheatpump([54], heatsaving.electriccars[102], providingrural areaswvith
heatpumps,urbanareaswith DH [103], convertingheavyfuel vehicleswith renewableelectro
fuels and replacingnaturalgaswith methane.They statedthat using a smartenergyapproach
makesa 100% RES energy systemfor Europe technically possible without consumingan
unsustainablamountof bioenergy.This wasdueto the additional flexibility thatwascreatedoy
connectingthe electricity, heating, cooling, and transport sectors, which enablesvariable
renewablgenetratiorof over80%in theelectricitysector Researciil04] analysesheflexibility
in energysystems flexibility optionsthat are categorisedalong with existing literature and a

methodis explainedo approactthe estimationof flexibility potentialusingtwo exampleregions.
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Theresultsdemonstrate practicdle, transferablanethodto quantifyandcomparethe technical
potentialsof theflexibility optionsatahighregionallevel. Researchl105] appliesthe DispaSET
model that couplessix countries'energysystens in the WesternBalkansregion. The results
indicatethat the integrationof additionalwind and solar capacitiescomparedo the shortand
long-termnationalstrategiegor the years2020and2030,canbe achievedwvithout compromising

the system'sstahlity .

As currentresearchocuseson sustainablelecarbonisationf coatbasedenergysystemsthe
following researchpapersreview methodsusedfor similar studies.For instanceyesearct{106]
demonstratesustanabletransitionpathwaysy 2050for decarbonizinga 100%
energysystembasedon fossil fuel. It considersthe large scaleintegrationof RES for Jiangsu
province.Theresultsshowthe primarytechnologymix for powergenerationRESsharein final
energyconsumption socioeconomicostsand CO, emissionsas valuableinputs for designing
Jiangsu'sfuture energy policies. A model for analysingthe CO, emissionsfrom fossil fuel
combustionand estimatng the nationalcarbonintensitytargetby 2050, using Polandas a case
study,wasdeveloped107]. It wasconcludedhatfor meeting80% emissionreductionby 2050,
thePolishenergysystemwould requiresignificantstructuralchangedbecausehe energysectoris
basedon coalandthe patentialfor harvestingenewabless very limited. It wasassertedhatcoal
couldremainonly if CarbonCaptureandStorage(CCS)is appliedto all coalfired thermalP P 6 s
and coalbasedindustrial processesFurthermore the study showsthat besidesbiomass,other
renewablesandoptionally nuclearenergymustbe significantly increasedandthe samewill be
both costly and technologicallychallenging.ln addition, the study suggestghe deploymentof
carbonnegativebioenergyand CO, recyclingaspromisirg energydecarbonisatiomptions.The
influence of the wind energysectoron thermal power plantsin the Polish energysystemwas
analyzedin [108]. A conclusionis that the currentshareof wind energyat the level of 10% s
enoughto havean adverseeffect on the coal powerplants,but dependingon the structureof the
power system it may increaseits overall efficiency. ResearcH{109] presentsa comprehensive
hourly-resolutionscenariofor the Indian electricity systemwith the main aim to investigatethe
transitionfrom fossil to renewableenergybasedpowergeneration76% of powergenerationn
India is basedon coal. The researchconcludes that it is possibleto designa renewablebased

scenaridoyincreasinghepowerproductioncapacitiegwWind, PV andHydro, biomassandnuclear

36



power),andimproving PV andWind powercapacitiego 21%and27% respectivelyTheresults

alsoshowthatbiomassandnucleampowerutilisationcouldavoidthecountryimportdependencies.

1.1 Objectives

Themainobjectivesof this thesisarethefollowing:

1.

To developa methodfor assessinglistrict heatingpotentialwhenconsideringooth space
heatinganddomestichot waterdemandn developingnations

To identify the spaceheatdemandsavingpotentialspatiallyconsideringa novel bottom
up approach

To identify themaximalintegrationof variableRESusingthe modellingof powersystems
thatarebasedon theflexible operationof coalbasedbowerplants

To determinethe maximal penetrationof variablerenewablesvhen different powerto-
heat capacitiesthat are implementedinto DH systemscoupledwith coatbasedpower
systemswith andwithout interconnectiasof electricitytransmissionsines

To demonstratéheimpactof transporiandheatingsectorelectrificationto integratevRES
in coalbasedenergysystemswhile highlighting decreasingefficienciesand additional
increasingemissiondueto thermalpowerplantcycling

To define a technically feasible, environmentallyfriendly and economicallyrealistic
roadmapfor a sustainabléransitionof coatbasedenergysystemsn line with EU climate
andenergytargetswhile usinglocally availablesaurces

The hypothesiof this researchs that the coupling of the powersystemwith modernDH with

powerto-heattechnologiesansignificantlyincreaseheintegrationof variablerenewable@to a

coalbasedenergysystemin aneconomicallyandecologicdly acceptablavay.
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2. METHODS

Different methodsveredevelopedo showthe contributionof PiH technologiesn coalbased
energysystens to increasdhe shareof VRES The methodsarebasedon spatialmappingof heat
demandandstatisticalanalysisof PH in coalbasedenergysystens. Two approachesvereused
for local andregionalmappingof spaceheatingand domestichot waterdemand top-down and
bottam-up. Besidesthe thesisalsoconcentrate®n spatialmappingof domestichot waterand
space heat savings basedon locally available data. Furthermore,the thesis highlights the
contributionof PH technologiedor bothindividual anddistrict heatingto increasethe shareof
renewablesn coaldependat energysystems.Finally, the thesispresentshow the targetsto
decreas€ 0O, emissionby 2030canbe achievedrom atechnical,economic,andenvironmental

perspectivdy implementingdifferentproposednethods

2.1 Heatdemandmappingmethod

Cities respectivelyurbanareasare placeswith high populationdensities.About 70% of the
Europeanpopulationis basedon cities making them sutable areasfor implemening energy
efficiency measuresiming to decreas@nergyconsunption. As alreadymentionedabout25 to
30% of total final energydemandtakesthe form of heatin European countries,hence proper
planningof heatdemandand supply can significantly redue CO, emissios from the heating
sector.Spaial mappingof spaceneatdemandn urbanareasaims the sustainablglanningof DH
systemsiemporalmodellingof spaceheatingdemandcurvesthat canbe usedfor energysystem
analysis.The spatialmappingresultsare essentiafor identifying heatsourcesand sinks, waste

heatresourcesandsustainablg@lanningof renewableenergysupply, amongothers.

Basedon availabledata,therearetwo commory usedmethodsfor spatialmappingof heat
demand top-down and bottomup. The top-down approachrequiresless datacomparedo the
bottom-up approachwhich is highly dependentn data.For the samereasontop-downis used
regiondly while bottom-up is usedlocally. Both methodsrequiredatathattakesinto accounthe
energy consunption, climate, and building features.A desciption of said method and the
validationprocedures describedn thefollowing section. Theprocesof mappingassesseih this
thesisconsistf two parts,first the quantificationof heatdemandwith atop-downapproachtand

thenthevalidationof bottomup mappingapproacheswvith the aim of two estimatedscenariosA
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detaileddescriptionof the discussednethodsandthe datausedfor establishe@cenariogregiven

in thesubsequergection
2.1.1 Top-downheatdemandmapping

The top-down mappingis usedfor quartifying the spaceheatingdemandof residentialand
commercialendusers The methodconsides both statistical and spatial populationdistribution
datasetsThe modelconsidersonly spaceheatingof buildings by excludingdomestichot water,
industrial and processheaing demand Annual final energy demandwas taken from the
InternationaEnergyAgencyfor thereferenceyear2015[1]. Theprimaryenergysupplymix used
to producespaceheatiry is available for somecountrieswhile spatialpopulationdensitymapsare
available for anycountry[110]. Forthesamereasonthetop-downapproacktanbeappliedto any

countryif thecountryenergybalancds known.

Thetotal heatdemandoy residentiabuildingsis calculatedwith:
roetS = rgz Qoal Elc_;ﬁs /Zil O Ebirc?;_gss Qomasg E I’:ISec _I-geemhnal OEDIr-ie (1)

E*, kWh i Coal energy consumptionby residential buildings E**, kWh 1 Oil energy

coal ? il !

consumptiorby residentiabuildings E> _, kWh1 Biomassenergyconsumptiorby residential

iomass’

buildings E* , kWh'i Electricenergyconsumptiorby residentiabuildings Ef; , KWh District

elec? DH ?

heatconsumptiorby residentiabuildings /., - Theefficiencyof conversiorof chemicalenergy
of coalinto heat /1, - The efficiency of conversionof chemicalenergyof oil into heat /.-

The efficiency of conversionof chemicalenergyof biomassinto heat /.. ..o~ The efficiency

of conversiorof electical energyinto heat
The final heat demandused for spaceheating by residential buildings is obtained by

multiplying a factorof the percentagef final energyconsumedor spaceheatingwith theoverall

energyconsumptiorfrom theresidentiakendusergq1]:

rheesrmal = troetS @ (2)
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Where: &, - is the percentagéactor of total final thermalenergyusedby residentiabuildingsfor
spaceheatingpurpose$47].

Similarly, the heatdemandusedfor spaceheatingby commerciabuildingsis givenby:

((:)ct)m = ((:)C;T Qoal Elé?lom /gil O Ebi(c:)cr)’r:%ss Qomas@ E Z(I)en(: _hgeemtmal O E)I—ti:( (3)

Eo', kWh 1 Coal energy consumptionby commercialbuildings E;™, kWh i Oil energy

coal ?

consumptionby commercial buildings E;." ., KWh T Biomass energy consumption by

commerciabuildings Egr, KWhT Electricity energyconsumptiorby commerciabuildings;

Ec KWhi District heatconsumptiorby commerciabuildings

Theconversiorefficienciespresenteih equation3) arethesameasthosedescribedor residential
buildings.

Thefinal heatdemandoy commerciabuildingsis written as

com _ [com 3 +
hermal — tot EM (4)

2

Where:a, and a, - arethepercentagéactorsof total final thermalenergydemandy commercial
endusergpublic andprivatebuildings)for spaceheatingpurpose$47].

Then, the total heatdemandfor spaceheatingaccountingfor both residentialand commercial
buildings is calculatedwith:

thermal _— res com (5)
ot — “hermal hermal

In addition, the specific heatdemandfor spaceheatingper capitawas obtainedby dividing the
overallcountryspaceheatingdemandconsumedy residentiandcommerciabuildingswith its
inhabitantsn arespectiveyear

thermal

capita — otal
Qhermal - (6)

ncapitals

To acquirea heatdensitymap,the percapitaspecificspaceneatingdemandvaluesobtainedirom

equation(6) haveto be multiplied with a grid with 250 m x 250 m representindghe distribution
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populationdensityof residentiakndcommerciakendusers. The processs carriedout in afredy
availableQuantumGeographicalnformation SystemQGIS tool [111]. Dataon the distributed
populationdensitiesn theresolutionof 250m x 250 m weretakenfrom thereferencg110] and
multiplied with the specificspaceheaing demandper capitaestimatedoy following the above
describedprocedureg(1-6). In addtion, the heatdemandmapfor any country can be developed

usingthistop-downapproach.

2.1.2 Bottomup heatdemandmapping

Bottom-up maping is quite dataintensive thereforethis methodis usedmostly for mapping
of urbanareadocationsrespectivelycities. The methodconsiderghe building feature,building
form of use,and climate of a respectivelocation. The neededdatafor bottom-up mappingis
speific spaceheatingdemandper differentbuilding categoriesand the topographyof buildings.
This methodcreatesa heatmatrix with a high 100mx 100mresolutionto quantify heatdemar.
The sameis usedfor assessinghe heat demandmapping processusing QGIS and EXCEL

calculationtools
Thebottomup heatdemandmnappingconsistedf the mainthreesteps:

Mappingof building arealocation
Mappingof building floors
Mappingof building categories

Dependingpnthesenformationlayers,agrossareamatrix is created Suchamatrixis usedto
createghe heatdemandnapwhenmultiplying thenetbuilding areaswith the specificheatdemand
of buildings.In thatway, the heatdemandby buildingsspatialy hasbeenestimatedAfterwards,
the heatdemandconsumedy residential commercial public buildingswasaggregatedpatially
in 100m x 100m grids. The modelconsideredlifferent building categoriedike houseshouses
without thermalinsulationin externalwalls, apartmentsoffices, public andindustrialbuildings

Becausduildingsin developingareaocationsarenotheatedupto their netareastwo bottom
up scenariohavebeencreatecandcomparedvith thetop-downapproach.

In the first scenarioall building categoriesare heatedup to their net area,while in the second

scenarighouseswith andwithout thermalinsulationin externalwalls areheatedpartially (Figure
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4). In addition to that, this scenarioassumeshat expect housesall other building categories
including apartmenbuildings, offices, public andindustrialbuildings,are heatedup to their net

area.

Figure4 Housedeingheatedto their net arealeft side(Scenariol) and housegartially heatedright
side(Scenario2)

2.2 Spatiabndtemporalmappingof spaceheatingand domestichot water demand

Spatialquantificationof spaceheatingdemandis a highly reseachedfield. The majoiity of
modelsconsideronly spaceheatingwhen assesing the potentialof the DH system.As already
ellaboratedn the Introductionsection the DH systemdasthe potentialto play a significantrole
in decarbonisingexisting energysystems.The DH systens havea vital role in the transition
towardssmartenergysystemsThe existing modek excludedomestichot waterwhenassessing
future DH potential. Hence this thess concentrateson developinga spatialmethodthatconsides
domestichot water in addition to spaceheating. Moreover, it also developsa method for
investigatingtemporalspaceheatingand domestc hot water demandover a year. It considers
houly, daily, weeklyandseasonalpaternsof domestichot waterandspaceheatingdemand.

Spatial quantificationof heatdemandis essentiaffor analyzingthe expansionpoterial of DH
systens within the city, while temporalanalysisaimsto estimatethe comprelensive analysisof
energysystemsThe combinedspatialandtemporalmappingresultsareimportantfor assesing
the transition of seasonalto the annualoperationof the DH system.This thesisprovidesthe
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asesmentof future DH systemsconsideringooth spaceheatinganddomestichot waterdemand

Thespatialtemporalmethoddevelopedn this thesisconsistf themainsteps

Spaceheatingdemandof the city usinga bottomup approach

Annualmodellingof DHW demandn DH systemsn hourlyintervals
Spatialquantificationof DHW demandusingatop-downapproach

Spatialquantificationof total aggregate@paceheatingandDHW demandn 250mx250mgrid

An assessmeriibr quantifyingeconomicallyfeasibleexpansiorpotentialof the DH system

=A =4 =4 4 =4 =4

Annualmodellingof spaceneatingdemandn hourlyintervalsusingHDD method

2.2.1 Bottomup andtop-down hot waterandspaceheatng demandmapping

Thebottomup approachs usedfor assessinghe spaceheatingdemandof buildingsin urban
arealocationsspatially The samedependsn building featuresandweatherdependencies:or a
comprehensivee-presentatiorof buildingsin the model,sevendifferent building categoriesare
consideredinddividedaccordingo their purposeof useandconstructiormaterials For instance,
house(singlefamily house= insulated),nhouse(singlefamily house= non thermalinsulated),
apartmentcommercialpublic, office andindustrialbuildings.Thebuilding categoryis considered

in themodel,asdifferentbuildingshavedifferentenergyneeds.

Moreover,as somebuildingsin the city are partially heatedtwo bottomup scenarioshave
beendevelopedn themodelto considerthatbuildingsareheatedupto their netheatedarea(fully
heatedandpartially heatedThe mathematicatlescriptionusedfor spatialquantificationof space
heatingdemandis providedin the upcoming section The comparisonand model calibration
betweerbottomup andtop-down spaceheatingdemandnmethodss describedeforethis chapter

andcarriedoutin moredetailin [112].

Spaceheatingdemand

For replicatng the methodin both developedand developinglocations,two scenarioghat
considerthe net spaceareasof buildingspartally andfully heatedwereinvestigatedThe space
heatingdemandof buildingsdependsn climatic conditionsandrural andurbansettings.Based
on developedor developingregiors, partial heatingof buildings can also be consideredn the

model.
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Fully heatedbuildings

Thetotal netspaceheatedareaof a buildingis calculatedwith:
bg 6 & O )
where: 0 - is thebuilding floor area ns - is the numberof building floor [-], c: - is thecalibration

ratio betweemetandgrossbuilding heatedareaandis calculatedwith:

~

0 g isthenetbuildingheatedaread g - isthegrossbuilding heatecarea3

Data regardingthe building floor areas(building topography)is availablein some countries
throughvariousagenciedike Eurostaf113] and if needed¢analsobecreatednanuallyusingan
openlayerpluginin QGIS, whichis consideredn this researchThedatafor the numberof floors

canbe given by cadastreor identified by visual inspectionof buildingsusingtools like Google
EarthPro[114]. Dataregardingbuilding categoriess alsocountryspecificandfor example in

EU, it is providedby Eurostat andfor the missingdata,it canalso be visually collectedusing
GoogleEarthPro. This datais essentiafor the spatialspaceheatdemandmappingprocessn a
QGIStool [115] asalreadyexplainedn [112].

Partially heatedbuildings

In generalnotall buildingsin developingcountriesarefully heatedBuildingsheatedartially
areespeciallyencounteredn individual housesand nhousé categoriesamongothers.The only
differencebetweerhouses andnhouss is the applicationof thermalinsulationin externalwalls,
influencing their thermalperformanceThe shareof heatedroomsin individual housesand the
averagesurfaceheatedareaperroomis representeth equation(9) throughcorrectionfactorfs [ -

]. In addition,thetotal heatedareaof a building partially heateds calculatedwith:
bg 05 Q 9)
where: /\g.h is the partially heatedareaof a building, n is thenumberof building floors [-]

Thetotal spaceheatingdemandperbuildingis calculatedwith:

! nhouse houses without any layer in external walls. These houses are made of blocks with 25cm width and plastered
with gypsum on inner wall side

44



~

0g 65 Qandbg 64 Q (10)

where:0 g isthespacenheatingdemandoerbuilding,Q is annualspecificspaceheatingdemand

perbuilding category.

Specificspaceneatingdemandor differentbuilding categoriesanbetakenfrom local energy
auditing reportsand other building energycertificates.The quality of the spaceheatmapping
resultscanbefurtherincreasedvith additionaldataregardingheageof thebuildingandtheactual
thermalenergyperformancef eachparticula building. In the proposednethodologythe ageof
thebuilding is neglectedasit is difficult to obtainsuchdetaileddata.To accountfor the majority
of city building categoriesn the model,dataregardinghethermalenergyperformancef sample
buildingsareconsiderecandsummarizedn Tablel.

Table 1 Building categoriesand their specificspaceheatingdemand[116]

CATEGORY | SpecificheatingdemandkWh/nméyear
Apartment 161
Commercial 160
House 153
Industry 94
Nhouse 272
Office 135
Public 272

Oncethe spaceheatingdemandf eachparticularbuildingin thecity is estimateda grid with

adjustableesolutioncanbeaddedo quantifythe spatialdistributionof the spaceheatingdemand.

Total aggregatedpaceheatingdemandn a cell with 250m x 250m (grid) 0 g Wasthesumof

Z" buildingsintersectinghe boundarycell:

~ ~

0, 0, (12)

By summingup the total spaceheatingdemandof all buildingsin the city, the overall city space

heatingdemand) , is calculated:
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2.2.2 Tenporalmodellingof domestichot water

Hot waterdemandper occupantependn standardslefinedby the countryand the type of
usein thebuilding. Researcltonductedn [56] investigatedHW profilesin residentiabuildings
for EU memberstatesCanadandthe USA andtheirresultsareshownin Figureb. It canbeseen
that thereis a significant differencebetweendaily DHW demandsn different countries.For
instancejn Canadaveragedaily DHW demands 941/day/occupantwhile in othercountriedike
Spainthisvalueis significantlylower 30 l/day/occupantBesidesDHW demandperoccupantthe
increasein the water temperaturedifference is anothercritical parameterwhen quantifying
spatiallyandmodellingthe DHW temporally Forinstancehotwatersupplytemperaturén EU is
55°C,in Canadas 57.3°C,Japaris lessthan65°C andthe USA is 57.3°C [56].

Kosovo ] 50

Portugal ] 40

Spain ] 30

France ] 69.6

Germany ] 64
UK ] 39
Finland ] 43

Switzeland ] 55
USA ] 40

Canada ] 94

Domestic hot water demand [l/occupant/day]

Figure 5 Daily hot water demandper residential occupantby country [56],[117]

Hourly modelling of DHW demandprofiles in a DH can contributein developingcontrol
strategieswheredemandfollows supply, hencein-depthknowledgeof the featuresof demand
profiles on an hourly basiswill allow the energymodellersand plannersto designsustainable
heatingsolutions.ThehourlyDHW demandrofile changesn differentbuilding categoriesDHW

demandprofile is complicatedandstronglyfluctuatesovertime. Amongothers lifestyle, weather
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conditions, occupantbehaviourtoward DHW usagesoccupantnumber,socal and economic
conditionwerefoundthemostsignificantvariablesn DHW consumptionA comparisorbetween
daily DHW profiles for different building categorieds shownin Figure 6. It can be seenthat
restauranbuildingshavethe highestpeakloaddemand duringthe mid-day, whichis notthe case
with residentiabuildingswherethe peakloadsappeain the morningandevening.The samecan
beusedfor spatialquantificationandhourly modellingof DHW demandn DH systemausingthis

thesis'spatialandtemporalheatdemandmappingapproach
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Figure 6 Comparisorof averagedaily DHW profilesfor different building types[56] [118] [119] [120]
[121]

As over 95% of the assessedity? is occupiedwith residentialbuildings, only residentiaDHW
profile is consideredor further analysis Figure 7 showsthe relative distribution of the DHW
demandprofile for a residentialconsumerRelative valuesof this profile were consideredor
modelling the hourly DHW demandprofile for residentialconsumersThe reasonfor suchan
assumptions thatthe DHW demandprofile is approximatelysimilar for residentialconsumers,

andit is sparselydependentn geographicalocations[56].

2The city assessed for theoposed method is Prishtina in Kosovo.
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Figure 7 Relativedistribution of DHWdemandprofile for residentialend-userin the winter season
[56], [121]

Different seasonslso affect the DHW profile, shownin Figure 8, asthe DHW needsof the
residentialconsumerchangebasedon activities during a particularseasonBasedon this, the
hourly demandprofiles betweenfour seasonsare consideredin the proposedapproach.it is
observedthat DHW demandduring the spring seasonis the smallestand the most significant

demands observedor thewinter season.
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Figure 8 Relativeseasonalnfluenceon the daily DHW profile for residential buildings[121]
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Researchhas also shownweekly DHW demandprofiles variationsbesideshourly, daily and
seasonalariations.Figure 9 showsDHW for the residentialconsumersestimatedoy different

researcherd’heweeklyDHW relativeprofile by Krippelovaetal. wasconsideredn thisresearch.

E Krippelova OGeorgedMassielo
50.00 o —

40.00

30.00

[I/day/occupant]

20.00

Domestric hot water demand

10.00

0.00
Monday Tuesday Wednesday Thursday Friday Saturday  Sunday

Day of the week

Figure 9 Daily averageDHWdemandper occupantaccordingto different studieson residential
buildingsfor a week[122],[123],[124]

Usingtheresultsof DHW modellingperdayandthe hourly DHW profilesin thefour seasonghe
hourlyhotwaterflow rate O ., = in [I/h] duringoneyearis calculated.Then,theincreaseof DHW
watertemperaturalifference(the differencebetweerhot and cold watertemperaturejs needed.
Thehotwatersupplytemperature 4. is consideredhesameasin EU countrieswhichis5 5 ¢ C.
The cold watertemperature 4 ) during the heatingseasor(betweenl5 Octoberi 15 April) is
consideredas5 e @hile for the remainingtime of the yearit is consideredo be1 5 eSpecific

waterheatcapacityatconstanpressur J}__;}) is1.1667Wh/kge CThenusingtheequdion number

(13), thehourly DHW heatingdemands estimated:

0 a 3 20 o (13)

2.2.3 Spatiaimappingof domestichot water

For the spatialdistributionof DHW, a relationbetweemetareasof buildingsandoccupants

wasfound.As residentiaconsumersireconsideredn themodel,it is foundthatthedaily heating
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demands 2.10kWh/year/occupanaccordingto standarcdEN 16147:2011This approactcanbe

usedfor calculatinghourly heatdemandcurves.

Thetotal netaread g4 in agrid sizewith 250m x 250m is calculatedasthe sumof z™ building

netareadntersectinghe boundaryof thegrid:

Thenumberof peoplein agrid0  , is determinedisingtheapproactor anaveragenetbuilding
areaperoccupanto g g d,
0 0 g5 TN g8 (15

In this way, the DHW heatingdemandpergrid 0 g Is calculatedoy multiplying the numberof
occupantf the correspondingell with specifichot waterdemandper occupantQ g hwhich is
calculatedaccordingo standarcEN 16147:2011

0, O Qg (16)

2.2.4 Totalaggregatedheatdemand

Spaceheatingand DHW heatingdemandsare summedup for defining the total aggregatecheat

demandf a correspondingell |Ifl‘;|>;;§VVith 250m x 250m usingequation(17).
0g U4 Oy (17)
where: Q2" is annualDHW heatingdemandand Q2;¢ is theannualspaceheatingdemand.

The total aggregatecheatdemandresultsin a grid with 250 m x 250 m are further usedfor

analysingeconomicallyiable DH expansiorpotential.

2.2.5 Districtheatingexpansiorpotential

Feasibilityanalysidor expansiorof DH up to theeconomicallyiablelevel wascarriedoutin
250m x 250 m aggregatedotal annualheatdemandgrid with equation(18). The sametakesinto
accountthe actualspecificprice of heatfor final endusers.The price of district heatis paid both
in [EUR/MWh] and[EUR/m?] andit includesthe price of the connectionfee. Apart from that,

equation(18) includesthe costof installationand operationof heatingtechnologieseflectedby
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LevelizedCostof Heat(LCOH) aswell asthe costof expansiorof the DH network.Grid areas
with DHp O 0 were consideredas economicallyfeasiblearealocationsfor expansiorof the DH
system[125]:

00 0, ® 0g 060 OCPuUgmiEty Oy (18)

where:0 g Isthetotalaggregatetieatdemandn asinglegrid with 250mx 250m, 6 isthe
price of heat,LCOH is the levelizedcostof heat,& g is the specific equivalentnetworklength
within a grid sizewith 250m x 250m, 0 g is the costof distributionnetworkinstallationlength

in agrid with 250m x 250m for innercities[126].

Thelevelizedcostof heatwascalculatedusingdatafrom [127] for aDH basednalargescale
heatpump. Data regardingthe capital expenditurediscountrate, tax rate and presentvalue of
deprecatiorareconsideredrom [127], while otherremainingdataregardinghe capital,fixed and
variablecostof technologiesndlifetime of investmenfor largescaleheatpumpsin DH aretaken
from Danishtechnologyreport[128].

The specificequivalentiengthof the DH networkwithin a grid with 250 m x 250 m is calculated

by:
Og Qg JOg XTag jO (19)
where:0 g yis the existingdistrict networklength, o is the netareaof buildingsconnected

toDH, 0 g isthepotentialnetbuilding areasor connectiorto expandedH, 0 isthearea

of thegrounddistributednetwork.

2.2.6 HeatingDegreeDayMethod

Heating degreedays are usedto quantify the spaceheatingdemandof buildingsin DH
temporally HDD is dependedn outdoorair temperatureandcanbeexpresseth daily andhourly
intervalsby showingthe amountof heatneededo heatthe buildingsup to thecomfortlevel. The
moredetailedtherecordedutdoorair temperaturelatathemoreaccurates theHDD calculation.
Weatherdatawastakenfrom the Meteororm softwarefor thecity [129]. HDD variessignificantly

in thegeographicalocationof buildings,but sincetheapplicationof the currentmethodis applied
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at a city level, the outdoorair temperatures assumedo be the samefor all the buildings. The
definition of H D Dsds basedonthe GermamormDIN 4701[117].
Y p¢andyY ¢ms3 (20

Daily dry air temperatureverthe yearis consideredor the model,while the internaldesign
air temperaturen buildingsis consideredo be2 0 ea@lthe HDD thresholdiobel 2 eHIDD 0 s
are calculatedbetweenl5 Octoberard 15 April. Degreedayscountedout of this interval equal

zero.Theresultof the sampleHDD calculationis describedn Table2.

Table2 Heating degreeday evaluation

Day of the Daily meanoutsideair HDD threshold HDD
month temperature[130] 12eC
15 November 5 12 15
15 January -3 12 23
15March 7 12 13

Accordingto equation(21) the spaceheatingdemands linearto ambientdry air temperaturd am
aswell asindoorair temperaturdin. Thetotal (grid) hourly spaceneatingdemand) isthena

sumof spaceheatingdemandannuallyd overall the buildingscontainedn a boundarygrid

dividedby all B "O'0 ‘© duringtheyeartimeshourly heatingdegreesO'CD:

~

Dgg Uy OOWB OO0 (22)

DHW demands not dependenbn outsideair temperaturevariationsasin H D D éesenthough
during the summermonthsthereis a slightly low or little demandfor DHW [56], which was

consideredvhile modellingDHW temporallyin subsectior2.2.2

2.3 Energyefficiencyandspaceheatingdemandreduction

This sectionassesesthe contribution of energyefficiency measurego decreaséhe CO

emissionfrom the residentialand commercialsectors.The methodis basedon four main steps:
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data collection and cleaning,bottomup mappingof heatng demand,mappingof heatsaving
potentialand CO, emissionsThe proposedmethodis relevantfor developingarealocationsthat
lack topographydatafrom fredy available sourcesTheresultsareimportantfor local authorties
that developpolicies that are relatedto CO, emissionreductionfrom the resdential sector.A
detaileddescriptionof eachundertakerstepis explainedin thefollowing subsectiongrom 2.3.1
t02.3.7.

2.3.1 Data

Dataneededo developa methodfor bottomup mappingof the buildings'actualandreduced
spaceheatingdemandvascollecedfrom spatialandstatisticalenergydatasetsThedataavailable
from onlinedatasourcesvasnot enoughfor the proposednethodologythereforeadditionaldata
wascreatednanually.A systematiadescriptionof datacollectionandpostprocessings provided

in thefollowing section.

2.3.2 Spatiadata

Datasourcesike Eurostaf131] andOpenStreetMap [132] provideinformationregardinghe
topographyof buildings.Suchtype of availabledatais limited to developingnationsbut available
mainly for thedevelopedctountriesResearch27] concludedhatevenfor developedountriesn
the EU suchdataprovidedby OpenStreetMap deliveranincompleteandoccasionallyerroneous
cartographicarepresentatiorof building footprints. They concludedthat apartfrom statistical
sourceson nationallevels, no dataexist, which containconcise,local information on physical
building propertiessuchasfloor areanumberof floors, height,ageetc. However it is far-fetched
yetto expectdatabase®r otherEuropearcountrieswhich would allow for bottomup modelling

of theheatingsector.

In contast,for the consideredcasestudy shownin Figure 10, suchdata (building polygon

areas)wasavailablepartially, thereforethe missingdatawascreatedmanually
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Heat demand distribution

0.5- 331.6 MWh

331.6 - 662.7 MWh
662.7 - 993.8 MWh
993.8- 1324.9 MWh
1324.9- 1656 MWh

Figure 19 Heatdemanddistribution in Gllogoccity usingtop-down mapping.

It canbeseenthatthetop-downapproachusedfor assessingeatdemandallocationin small
cities would not be suitableenough,becausehe methoditself doesnot take into account
building featuresandclimateimpacts.Furthermoresomegrids haveindicatedrelatively high
thermalenergydemandby residentiaendcommerciakendusers(darkred grids),eventhough
therewas no built-up area in thosegrids. This strengthenghe conclusionthat this way of
assednsg heatdemandmappingis notappropriatdor smallcities,butit maywork for counties
andlargeurbanarealocations.In contrast,a bottomup mappingapproachs usedfor better

allocationof heatdemanddistributionin smallcities

A heatdemandmapfor Kosovofor thereferenceyear2015is presentedn Figure20. The
grid has250m x 250m spatialresolution andeachcell containgheinformation,which canbe
viewed as the heatdemandusedfor spaceheatingin MWh per year. The resultsdisplayed
within-countryadministrativaunitsarehelpful informationfor thelocal stakeholderso identify
the hot spots of heatdemandor a particularlocation.With this information the costsof heat
aswell asemissiondata,canbe estimated Furthermorethe mapscanbe usedto assesPH

systemseconomicviability to find outwhich areascanbe connectedo DH grids
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Figure 20 Heatdemanddistribution map for spaceheating. Caseof study,Kosovo

Thefollowing mapsin Figure21 and22 showthe actualheatdemandor spaceheatingfor
two different municipalities in Kosovo. These maps are created using municipality

administrativebordersandthe extractecheatdemandrom the Kosovomap.
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In the first bottomup heatmappingscenaricassesse@ll the buildingswereheatedup to
their netareaslIn Figure 23, the obtainedresultsof heatdemandconsumedy buildingsand
the heatdemandaggregatean 100 m x 100 m grids for scenariol aredisplayed.In sucha
way, anoverallheatdemandl52.9GWh/yearby threedistrictsof Gllogoc city wasestimated.

The resuts of the first bottomup scenariorevealedto be threetimes higher than the heat
demandassessedith thetop-downapproach.

8 Legend

Building heat demand
[ 59-258 MWh
[ 258 - 310 MWh
[7 310 - 360 MWh
[ 360 - 460 MWh
[ 460 - 19872 MWh

§ Heat demand distribution

0 - 59 MWh
59 - 111 MWh
[ 111-172 MWh

172 - 307 MWh
[0 307 - 3305 MWh

Figure 23 Heatdemanddistribution in Gllogoccity usingbottom-up mapping (scenariol).

Otherbottomup approachepresentedn the literaturereview sectionhavebeenusingthe
first scenarianethodologyfor their validation,which wasnot the casewith the currentstudy.
In Scenariol, higherheatdemand(dark red colour coding)is obtainedfor apartmentsvhen
compareawith otherbuilding categorieswhichrevealssimilar conclusiongointedoutin other
researclstudied55], [19]. Furthermorein thefirst scenariohousesvithoutthermalinsulation
in externalwalls were found to be the main heat consumersaccounting59.5 GWh/year,
followed by houseswith 49.4 GWh/year,apartment25.8 GWh/year,public 10.5 GWh/year,
industrial7.18 GWh/yearand0.29 GWh/yearoffice buildings respectively.
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In the secondbottomup Scenario2, the shareof heatedoomsin houseswith andwithout
thermalinsulationin externalwalls was considered Consequentlythe overall heatdemand
consumedy entirelyassesseduildingswasestimatedo be 50.6 GWh/year which wasquite
nearthe resultsobtainedfrom top-down mapping.In contrastwhen consideringhe shareof
heatedroomsin the secondbottomup scenariothe heatconsumedy houseshaschanged
drasticallycomparedwith previousscenariol. It wasfound thatthe apartmentsarethe main
heat consumersn the small city assessedccounting25.8 GWh/year,followed by public
buildings with 10.5 GWh/year, industrial 7.18 GWh/year, houses3.5 GWh/year, houses
without thermalinsulation 3.2 GWh/year,and office buildings 0.3 GWh/year,regpectively.
This leadsto the conclusionthat when assessingheat demandmappingwith a bottomup
approachn underdevelopedrealocations aparticularfocusshouldbegivento apartmenand
publicbuildings,while lessattentionshouldbe paidto houseshatarepartiallyheatedIn Figure
24, map grids showing higher dark red colours, are indicated by the arealocation of the
apartmenandpublic buildings,respectivelyThereforethe heatdemands alsolocatedmostly

in arealocationswith a high shareof apartments.

Building heat demand
1-526.6 MWh
526.6- 1088.6 MWh
1088.6 - 1541.4 MWh

[ 1541.4- 2106.4 MWh

[ 2106.4- 14590 MWh

Heat demand distribution
0-5Mwh
5-9 MWh
9- 14 MWh

[ 14 - 27 MWh

[ 27 - 3504 MWh

Figure 24 Heatdemanddistribution in Gllogoccity usingbottom-up mapping (Scenario2).
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In additionto that, the building heightdoesnot impactfinal heatdemandmappingresults
for suchhouse. For thatreasonwhenassessingnotherbottomup mappingfor buildingsthat
experiencesimilar physicaland behaviaral conditions,househeightscanbe neglected The
assumptiorthat can be adoptedis that all the housesare heatedpartially up to an average
surface.Forhouseswith insulation,suchaveragesurfaceresultedn 53 m?, while for thehouses

without thermalinsulation 45 m?.

Anotherassumptiommadein the secondscenariads the neglectof identified houseswhich
areheatedpartiallyto one,two, threeor evenmoreroomsdueto thelack of availableprovided
data. On the other hand, since houses'overall heat demandconsumedannually is small
comparedwith the apartmenandpublic buildings suchan assumptiordoesnot significantly

impactfinal bottom-up heatdemandlistributionmaps.

Similar bottomup mappingmethodologycanbe usedto assesstherheatdemandmapsin
othercitieswith similar physicalandbehaviourakexperiencesf buildings,respectivelySince
the other municipalitiesin Kosovo haveshownalmostan equalshareof heatingrooms,the
methodologyandassumptiompresentedh thisresearcltanbeusedfor assessintheotherheat
demandmapsrespectivelyfor analyzingthe utilization potentialof future DH in this andother

cities.

3.2 Assessmerntf futuredistrict heatingsystens

This sectionintroducesa DH asgsmentthat consides spaceheatingand domesic hot
waterdemandof buildings.It showsspatiallyandtempordly the heatdemandof buildingsin
existingandexpandedH systems

3.2.1 District heatingsystemof Prightina

As a casestudyfor testingthe method,existingDH systemof Prishtina wasselectedThe
city hasalreadyestablishe@DH systensince2014,whichis basedncogeneratiooatbased
thermalpowerplant KosovaB [150]. However,only a small part of the city, around19% of
total heatdemand is alreadyconnectedto DH. Figure 25 showsthe actual DH network
respectivelybuildingsthat arebeingsuppliedwith district heat. The modelcontairs detailed
information for 23384 buildings regardingtheir thermal energy performanceand building

topography.For validation of the bottomup spaceheat demandmapping approachwith
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recordedannualDH datafrom the local heatdistribution company,two factors have been
consideredthenetareaof buildingsalreadyconnectedo DH andthespaceneatingdemanaf
thesebuildings.The calibrationratio ¢, araund 0.7 - 0.8 for differentbuilding categorieswas
consideredo estimatehenetareaof buildingsin theGIS model.Apartfrom this, thelocal DH
distribution companyprovided dataregardingthe net building areasof consumersalready
connectedto existing DH. Similar numbersof net heatedareasfor identified buildings
connectedo DH wereobtainedwhenrunningcalculationsn the GIS modelandthe resultsof
modelling are summarizedn Table 4. In additionto usingthe datafor net heatedareasof
buildings and specific heat demandfor building category,the spaceheating demandof
buildings already connectedto DH was also calculated. The comparativeresults between
building spaceheatdemandrecordedand modelledwith GIS show a good agreementThe
differencebetweenmodelledand recordeddatais lessthan 5%, which indicatesthe model's
accuracyTheGIS modelusedor validationconsider®nly thespacéheatdemandf buildings,
excludingDHW, becausexistingDH is usedonly for coveringthe spaceheatingdemandof
buildings.Thespaceheatdemandf buildingsreportedrom the DH distributioncompanyand
calculatedn GIS were230and235GWh/year respectivelyln contrastthevalidationresults
canbefurtherimprovedusingdifferentcalibrationratios (ratio betweemetanda grossareaof
thebuilding), theshareof heaedareasn buildings,thespaceheatingdemandf buildings,and

hotwaterdemand

Table4 Validation of the GISmodelwith recordeddata from existingDH[150]

GIS model | Actual DH | The differencein
[%]
Surfacenetheatedareaof buildings
. . 2
connectedo existingDH, m 641005 620798 32
Spaceheatdemandf buildings
connectedo existingDH, GWh/year 235 230 22

Polygonareaswith redcolour,shownin Figure 25, arebuildingsthatarebeingsuppliedby
theexistingDH system.Theanalysisshowsthatnotall buildingsthatarecloseto the DH grid
areconnectedWhenclassifyingthe building categorieghat areconnectedo the DH system,
it wasfoundtha themainheatconsumersareapartmentpublicandcommerciabuildings,with
only a few housesln total, 411 thermalsubstationsn existingDH are usedfor exchanging

heat.Plateheatexchangersrethe mostwidely usedin thesethermalsubstation$150].
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Figure 25 Buildingsbeingsuppliedby the actual district heating network in Prishtina

The actualinstalledthermalcapacityof the cogeneratiorsystemin Prishtinais 140 MW .
Annual thermal energy productionrecordedin 2018 was 250 GWhwn/year The maximum
utilized capacitywas70 MWth, which meanghatthereis a significantpotentialto expandthe
existing DH systemusing actual thermal capacities.There are plans for increasingthe
cogeneratiorcapacitiesrom actualand new thermalpower plants(if built) up to 280 MWi.
The main objectivesof DH Companyare the maximumutilization of availableheatsupply
capacitiesincreasinghereliability of heatingsupply,planthe expansiorof DH andintegrate
renewabléneatingsoluions. For integratingrenewabldechnologiesandexpansioranalysisof

DH systemspatialandtemporalnalysisof spaceheatingandDHW demandarecrucial.Figure
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26 showstheambientair temperaturéductuationsandactualspaceneatingdemandf buildings
Qsnthatareconnectedo existingDH distributedon hourlyintervalsduringoneyearusingthe
HDD method.Thetotalannualaggregatetieatdemandf buildingsin DH was230GWh/year.
Theheatsuppliedby existingDH is usedonly for coveringthe spaceheatingof buildings.The
heatingseasonn Kosovois betweenl5 Octoberand15 April, becausen this interval the air
temperaturas lower thanthe HDD thresholdof 12°C. Annual HDD in Prightina accountfor

2830degreadays/year.
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Figure 26 QSHActual spaceheating demandcurve of Prishtina DHfor one-hour resolution (in
black), local Prishtinaambientdry air temperature (in blue)

3.2.2 Spacéheatinganddomestichotwaterheatingdemandn existingdistrictheatingsydem

Usinga bottomup heatdemandmappingapproachdescribedn methodsection2.2.], the
spaceheatingdemandspatiallydistributedover a grid with 250m x 250m in existingDH is

guantified.Theresultsof spaceheatingdemandspatiallyareshownin Figure 27.
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Figure 27 Actual spaceheating demandfor the buildings connectedo DH

As theexistingDH suppliesonly thespaceheatingdemandf buildings,thespatialanalysis
proposedn this researcHor quantifyingDHW focusedirst on buildingsalreadyconnectedo
DH. Thedescriptiorof themethods givenin subsectior2.2.3. Theaverageetareaof building
peroccupanin Prishtina variesfrom 20-80 m? occupantso a netareaof 60 m? peroccupant
wasassume@ndusedfor theanalysisof DHW demandnappingspatially.Usingtheattributes
for buildingsdistributedin a grid (250 m x 250 m) respectivelyby dividing the net build-up
areadn agrid with assumedhet surfacebuilding areaper occupanta densitypopulationgrid
was estimatedthenvalidatedusingthe actualnumberof consumersonnectedo DH. A hot
water temperaturancreaseof 4 0 ead a hot water demandof 50 I/d/occupantduring the
heatingseasomwereconsideredo estimateDHW heatingdemandoeroccupantDHW heating
demandduringthe winter is the largestin comparisorto otherseasonshenceit is considered
in spatialmapping.

In contrast,daily DHW demandduring the summermonthsis slightly smallerthanother
months.anddifferentcountriesapplydifferent hotwatertemperaturefs6]. Also, the profile of
hot waterdemands differentfor differentbuilding categoriesHowever,asmorethan95% of
the consumersare residentialfor the consideredcasestudy, their distribution profile was

considered.
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The calculatedDHW demandper occupantwas multiplied by the numberof peoplein a
respectivecell. In this way, the DHW heatingdemandspatiallywasestimatedandthe results
of modellingareshownin Figure28. It wasestimatedhatthetotal DHW heatingdemandor
existing buildings that are already connectedto the DH of Prishtina would be 57.67
MWhw/year.In this regard,the spaceheatingand DHW demandwould accountfor 97.7 and

2.3%of total heatdemandn theexistingDH.

Legend

Hot water heating demand
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Figure 28 Spatial distribution of DHWheating demandfor building already connectedo DH

Besidesedimating DHW heatingdemandspatially, its hourly demandprofile is another
critical parametethatshouldbetakeninto accountwhenplanningandmodellingmodernDH
systemsFigure 29 showsthe modelling of spaceheatingand DHW demandfor the existing
DH of Prishtinaovertheyearin hourly intervals.Hot watermodellingwasbasedn theactual

numberof residentiabuildingsconnectedo DH.

Figure30 showsthe resultsof DHW modeling for oneweekduringfour seasonsA week
in January,April, July and Septembemwas consideredfor comparativeanalysisof DHW
demandprofiles in DH. Significant differencesin DHW demandprofiles can be observed

especiallypbetweerthespringandwinter seasonsl helargesteatingdemandor DHW account
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for winter, then autumn,summerand spring respectively.lt revealsthat the hourly DHW
demandprofile for actual residentialendusersthat are connectedo DH would changein
hourly, daily, and seasaoal intervals.For instance the maximum DHW demandduring the

winter andspringseasonsvould be 93 m3h and50 m¥h, respectively.

Moreover significantdifferencesn hotwaterheatingdemandduringthe daysof theweek
in a particularseasorcanbe observed.Theresultsshowthatweekend$avea higherdemand
thanweekdaysand the sametrend was observedn four seasonsMoreover,the maximum
DHW heatingdemandof around5.2 MWh/h was observedduring the winter seasonon
Sundays.This meansthat the heat distribution companywould needan additional5.2 MW

capaciy in Prishtinato coverbothspaceandDHW heatingdemand.

TheexistingDH systemin Prishtinais not operatingannually hencethe DHW demandbf
buildingsis entirelybeingsuppliedby electic heatersvhich electricity productionis basedn
lignite coal. This study would be beneficialfor assessinghe feasibility of DH to switch to
annualoperation.In addition,the operationof DH annuallymay leadto substantiabenefits
suchasb u i | sdsupplgwith spaceheatingand DHW, recycle heatfrom wastesources,
integraterenewableheat, ensuresustainableransformationtowards clean energy systems

amongother[25].
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Figure 30 Hourly hot water demandin [m3] and residential hot water heating demandQHWin existingDH[MW]
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3.2.3 Spaceheatinganddomestichot waterheatingdemandn expandedlistrict heatingsystem

Thefollowing sectionshowsthe spatialresultsof spaceheatingdemandDHW heatingdemandandthe spatialanalysisfor the expansiorof
DH in Prishtina.Furthermorejs alsoshowsthe temporalmodellingof spaceheatingandDHW demandn potentialDH systens. The resultsof
thespaceheatdemandf buildingsdistributedspatiallyin agrid with 250m x 250m arepresentedn Figure31.In thisscenariojt wasconsidered

thatthe housesarebeingheatedo their netarea,which is not reflectingthe actualscenariofor assessedrealocations.Anotherscenariowvhere
housesareheatedartially wasconsideredn this researctandtheresultsareshownin Figure35.

Legend

Buikding net areas

= 0.0 - 10981 m2

0981 - 21962 m2

3 21962 - 32944 m2
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Step 5: Distribution building space heating demand spatially

Step 2: Mapping the number of floor Step 4: Mapping buicing caigories

Figure 31 Bottom-up mappingapproachfor estimation of actual building spaceheating demand
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Usingthe sameapproachpresentegchematicallyn Figure28,the DHW demandor the entirecity spatiallywasestimatedFigure32). The
first step(left top picture)showsthe netbuilding area,the secondstep(left bottom picture) showsthe numberof populationin a corresponding
cell andthethird step(right picture) showsthe aggregatedHW heatingdemandannually.It canbe seenthat grids with higherDHW heating
demandmatchspatiallywith high spaceheatingdensitygridsin Figure31.

Figure 32 Top-down mappingapproachfor estimation of DHWheating demandspatially
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