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Abstract

Decarbonizing th&lectricity Sector in Qatar

Ibraheam Ali Y M AlAali

Limiting global warmingo 1.8 requirestransitioningto low-carbon electricity grigl In
Qatar,high and predictable insolation synergetic witmandmnakesexploiting solarenergy
particularly attractiveo decarbonize the electricity sectdfith ahotdesert climatespace
coolingdrives demandaccountingor neaty half of annualelectricity use This dissertatin
analyzesa decarbonization pathwdny exploiting solar P\generation combined with ictorage
for cooling load shiftingand batterystoragdor electricload shiftingin atop-down approachy
(i) assessinthe potential forlarge scale deploymentii) examiningthe subsequenproblem of
distributedenergy resourcapacity sizingand(iii) proposng a solution ¢ thearisingdemand
side managememptroblem A carbontaxis examined to opposmeapand plentifulnaturalgas

Theanalysisoutcomesusing alinear progranshowastrong potential fodecarbonizing
using PVfenabled solutiondVhile they cannotdisplacegas generationgheir roleis reducedo
aid in meetingsgummerdemand. Although huildings are well suited fadistributedPV, Qatar is
abetterfit for utility -scale implementatiobecause ofeducedcoss andhigher output fronsolar
tracking technologyand accessibilitjor cleaningassoilingon PVis a mncern

Under the current gas price of $3.3/MMBRV with ice storageouldreduceemissions
by 43% while cuttingannualcostsby 20%.Carbon pricing at $60/ton of C@educe emissins
by 60%.Furtherreductionis difficult due to the misalignment tiie summer electricity demand
peak withthe solar insolation pealkand ice storage cannot outcompete existing gas generation
for aseasonal cooling loatte storage ifit to utilize the large idle chiller capacity the

shoulder sason particularly in less efficient systentsecause an equal tank volume corresponds



to a greater electric load shiftinBattery storagbecomesconomicalvith acarbontax above
$100/ton of CQ to manage nowooling load andis unsuitabldor seasonalbads. Withouta
feedin tariff, battery storages better suitedor utility -scale applications due &xreliable
aggregateon-cooling load Supportedyy batterystorageemissionsould bereducedoy 92% at
$140/tonof CO, carbontax. However,peakgasgeneratiordemandwas onlyloweredby 66%.
Linear modelsare usefuto describdargesystemsbuttheycannot be applied tan
individual systen. Instead, brid modelscombiningmodek from first principles with data
driven parameterare developedrhedistributedscalecapacity sizing problens formulated in
a bilevel optimization The uppettevel decidecequipmentapacities using particle swarm are
passed down teolvethe scheduling problem to estimate electricity chargesnixad-integer
linear program with piecewise linézation Thedistributedscaleanalysisaffirmedthe
suitability of the decarbonization pathwauildings with dominant dayime demand, such as
commercial buildings, are well positioned to benefit from exploiting distributed PV generation.
Demandside managemenmor cooling systembecoms essential in transitioning to lew
carbon power grids since intermittent renewable generations cannot be dispajudréelatly
predicted An optimization strategy is developtmischedule and dispatchiller systemsvith
ice sbrage The strategylecomposgthe probleninto a bilevel formulationsolved using the
genetic algorithm. The upper level decides the storage dispatch amount, and the lower level
solves the scheduling problem at each time §tee.penalty function methdaandleghe
scheduling problem's constraingdwith penalty factotuning premature convergence
eliminated Comparedo commonly usedheuristic strategie®ptimal controlreducel cost by 11

33%. The gains are augmentedtlwa morecomplextariff structurelike demand charge
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time 0 and scenarig, [MW]

Maximumaggregatelectric load from direct expansion cooling systems, [MW
Maximumaggregatelectric load from aicooled chilled water systems, [MW
Maximumaggregatelectric load from watecooled chilled water systems, [MW
Ice storagenaximum charge power to energy rafio]

Ice storage maximum discharge power to energy ratiy, [h

Logistic curve heat index midpoint at tihand scenariq, [3 ]

Heat index at tim¢and scenariq, [3 ]

Hourly solar insolationwith a solar tracking technolodyat timeo and scenario
nhdimensionless by peak sun hour, [MW/MW

Interest ratedimensionless

Logistic curve slope at timeand scenarid, [3 ]

Logistic curvepeak demandt timeoand scenarig, [MW]

Ambient drybulb temperature at tinteand scenariq, [3 ]

Ambient wetbulb temperature at tinteand scenariq, [3 ]
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Wi Service life of PV, ice chillers, and ice storage, [yrs.]

€
€

Battery service life, [yr$.

5¢

— Ice storage selflischarge efficiencydimensionless

5¢

- Batterycharge efficiencydimensionless

- Batterydischarge efficiengydimensionless

- Batteryself-discharge efficiengydimensionless

- Inverter efficiency dimensionless

r Depressed chiller pacity factor in icemaking mode, dimensionless

. Depressed chiller performance factor in-rneking mode, dimensionless
Deciwirammabl es

Symbol Meaning

B Battery dischargrate at timedand scenarig, [MW]
i R Battery chargrate at timedand scenari@, [MW]
b Stored electric energy at timieand scenarig, [MWh]
0 Installed electric battery capacifjyiwh]
0 Installed PV capacityith solar tracking technology, [MWp 4d]
0 Installed ice storage thermal capacity for cooling sys¢iM\Wh]
0 Additionally installed ice chiller capacity f@ooling systeniQ) MWx]
0% Electricity generated fromapattime 0 and scenariq, [MW]
oy Peak gas generation demapdW]
0w, Curtailed PV generation at tinteand scenari®, [MW]
“Yin Ice storage discharge rate for cooling syst@mtimeo and scenari@), [MWi]
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"YHE Ice storagecharge rate using aaooled chillerdor cooling systentat timeoand
scenaria), [MW]

"Yﬁg‘ Ice storagecharge rate using wateooled chillersor cooling systeniat timeo
and scenarig), [MW ]

“Yi Stored thermal energy in ice stordge cooling systentat timedand scenariq,
[MWhr]

| ndse s

Symbol Meaning

Q Cooling system type index set {1, 2, 3} denoted by

n Scenario index set {1, 2, 3, 4} denotedby

i PV orientation and tracking technology index set {1, 2, 3} denoteul by
o] Time step index set {91, 2, 3, ¢é, 8760}
Chapter3

Par amet er s

Symbol Meaning

o) Area,[m?]

& Specific heat[E FE OF]

600 Coefficient of Performance, dimensionless
O Rate of change of energkWw]

Q Fraction, dimensionless

(@] Rate of change of enthalgkWw]

Q Specific enthalpyjkJ/kg]
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Q Pumps/fans constarjkW]

a Flowrate,[kg/d

0 Number ofrowsin coils, dimensionless

0 Y'Y Number of transfer unitglimensionless
0 Power,[KW]

n PressurelkPq

00y Partload ratio, dimensionless

0 Heat transfer ratgkW]

Y Chiller effectivethermal resistan¢@kK/kW]
Y'Y Entropy generation ratgkW/K]

"Y€ O State of charge, dimensionless

Y Temperature]3 |

® Fluid face velocity[m/g]

w"YO Angular speed% of maximum spedd

W Evaporator refrigerant quality, dimensionless
@ Cooling tower heighf,m]

- Effectiveness, dimensionless
- Efficiency, dimensionless

" Density,[kg/m?]
Superscripts

Symbol Meaning

W Air

wQ Coil leavingair

XX



e 2 Ex Ex
e %‘ o- o)
c-

€1 Er Er Er Er Egr Er B Er

- = o~ -~ b [o%! [o%! IR ! IR !

c ™- - —_ —_ c- o
S c o

€
C

QO Q

Q¢ o

Coil enteringair

Cooling tower air

Chiller

Cooling caoll

Cooling coll air

Cooling coil water
Cooling coll return water
Cooling coil supply water
Coil fan

Compressor

Condenser

Condenser pump
Leaving condenser water
Entering condenser water
Chiller condenser water
Design conditions
Dew-point

Dry section of the coil
Evaporator

External

Latent heat of evaporation
Ice

Internal
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Q0
00
Qi 0
"0"YO"Y
aQoQ

a Qa

hn

1 'QQQ

0 QO

0OV

Ice storage water

Ice storage return water
Ice storage supply water
Ice storage

Leak

Limit

Motor

Maximum

Primary pump
Reference

Refrigerant

Return water

Saturated

Sensible

Latent heat of fusion

Secondary pump

Chiller evaporator leaving water

Cooling Tower
Variable speed drive
Water

Ambient airwet-bulb
Wet section of the coill

Cooling tower water
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Par ameters

Symbol

&

€

€ € € € € € € € € €

€

h

¢

5¢
=

Meaning

Storage heat rate curgipe forpiecewise linear segmeiflandmode of
operationd , [KWin]

Chiller power curveslope forpiecewise linear segmeiflandmode of operation
&, [KWin]

Storage heat rate curyentercept forpiecewise linear segmeiflandmode of
operationd , [KWin]

Chiller power curvey-intercept forpiecewise linearegmentQandmode of
operationd , [KWin]

Capital cost of installed battery capacity, [$/kWh]

Capital cost of installed fixetllt PV capacity, [$/kW,qd

Capital ost of installed ice storage capacit$/KWhn]

Capital ost of installed chiller capacity with compressor technolagys/kWin]
Capital cost of installed chiller pumps, [$/kW]

Capital cost of installed secondary pump, [$/kW]

Capital cost of installedooling tower, [$/kW]

Operating cost of installed fixeilt PV capacity, [$/kW ddyr.]

Cost of electricity from the power ghf$/kwh]

Demand chard§$/kWp]

Usablecapacity ofmodularice storageank (83TR-hr nominal) [kWh]
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fl Hourly dectric load, [kW]

a Flowrate,[kg/d

0 Arbitrarily large numbergig M)

0 Number of chillersdimensionless

0 Numberof modular ice tanksdimensionless

0 Number of days represented by scengridimensionless
0 Number of months represented by scengridimensionless
0 Power, [KW]

00y Partload ratio, dimensionless

0 f Building cooling demandt timed and scenarid), [KWin]

o h Upper limit for design chillecooling capacity [kKWin]

o h Lower limit for design chillecooling capacity [KWin]

"Y€ O State of chargedimensionless

Wi Service life of PV, ice chillers, and ice storage, [yrs.]
Wi w0 Battery service life, [yr$.

- Batterycharge efficiencydimensionless

- Batterydischarge efficiengydimensionless

- Batteryself-discharge efficiengydimensionless
- Inverterefficiency, dimensionless
Superscripts

Symbol Meaning

©wQQ Adjusted
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Auxiliary

Base

Chiller

Coil fan
Condenser pump
Entering condenser water
Condenser water
Demand

Design conditions
Evaporator
Ice-making

Ice storage

Ice storage water
Limit

Lower-limit
Maximum
Primary pump
Reference
Refrigerant
Return water
Secondary pump
Supply water

Cooling Tower
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o0«

w YO

Uppekrlimit

Variable speed drive

Deciwiroambl es

Symbol

i

Meaning

Battery charging rate at timteand scenari@, [KW]

Battery discharging rate at tinend scenari@, [KW]

Stored electric energy at timeand scenarig, [KWh]

Binary variable todggle onchiller power curve piecewise linear segmeirt
operation modé for chiller 'Qvith compressor technologyat timeo and
scenaria), binary

Binary variable tactivateice-making modeat timeo and scenari@, binary
Binary variable todggle onice storagdneatrate curve piecewise linear segment
"Qin operation modé& at timedand scenarig, binary

Installed BESS capacitjkwh]

Installed onsite fixedtilt PV capacity [kKWp,dd

Installed chiller pumps capacijtikW]

Installed secondary pump capacitWV]

Installed cooling tower capacijtjkWin]

Installednominal cooling capacity afhiller ‘Qvith compressor technologiy
[KWin]

Peak gas generation demafidyV]

Power delivered by the electricity grad timeo and scenarig), [KW]
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C:

C
5¢
>5¢
>5¢

Number of modular ice storage tanks, N 4

Loadfor chiller Qith compressor technologyat timed and scenarid), [KWin]
Ice storagecharge ratat timedand scenariq, [KWin]

Ice storage discharge rate at tiocnend scenari@, [KWin]

Stored thermal energy &tne 0 and scenarig, [KWhin]

Power switch for chillefvith compressor technologyat timedand scenarid,
binary

Curtailed PV generation at tinteand scenari®, [kKW]

Designchillers condenser temperature differential ]

Design chilles evaporator temperature differentig ]

Meaning

Chiller piecewise linear segment index set {1, 2} denoted by

Storage piecewise linear segment index set {1, 2, 3, 4} denoted by

Chiller index se{1, 2, 3, }&uch thafQ =

Operation mode index set {1, 2} denoted'by

Scenario index set {1, 2, 3, 4, 5} denotedMby

Time step index set{2,3, 4, e, 234} denoted by

Chiller compressor technology index set {1, 2, 3} denotefh by
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Par amet er s

Symbol Meaning

&) Time-of-use electricity rates

Q Fraction, dimensionless

Q Specific enthalpyjkJ/kg]

a Flowrate,[kg/d

a Mass, [kg]

0 Power,[KW]

00Y Partload ratio, dimensionless
"Y€ O State of charge, dimensionless
Y Temperaturel3 |

0 Heat transfer ratékWin]

w"YO Angular speedormalized to maximum spegtimensionless

Superscripts

Symbol Meaning

0'Q Coil exit air

0Q Coail inlet air

WO Ui Cooling tower air

AYAYY Blended chillersondenser water
Wi 0 Blended chillerevaporator water
X Chiller

W00 Cooling coil air
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Cooling colil return water

Cooling coil supply water

Cooling coil water

Coil fan

Condenser pump
Blendedleavingchillers condenser water
Blendedenteringchillers condenser water
Chiller condenser water

Demand

Design conditions

Dry section of the coil

Ice storage

Ice storage supply water

Ice storage return water

Ice storage water

Latent

Maximum

Minimum

Primary pump

Blended chillergvaporator returning water
Saturated

Sensible

Secondary pump
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i 0 Chiller evaporator water

YW i System

00 Cooling Tower
®"YO Variable speed drive
DOUI Cooling tower water

Deciwirombl es

Symbol Meaning

a Storage water flowrate at tinge[kg/g

Y Leaving chilled water temperatusetpointfor chiller Cat timet, [3 ]

Y Entering condenser water temperature for chideismet, [3 ]

Y'Yé Ice thermal storage dispatch amount at tn@imensionless

00 Power switchfor chiller 'Cat timet, binary

00 f Power switch for goling tower¢ at timet, binary

W'Y Cooling coil fan motor speetbrmalized tathe maximum speedt timet,

dimensionless

W'Y Secondary pump motor speeormalized tadhe maximum speedt timet,
dimensionless

W'Y Cooling towerfan motor speedormalized tdahe maximum speedt timet,

dimensonless
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Symbol Meaning

Q Secondary pump index set {1, 2} denoted: by

Q Chiller index se{1, 2, 3} denoted by

€ Cooling tower index set {1, 2} denoted by

0 Time stepindexsgt1, 2, 3, 4, 2é, 24} denoted by
a Training data indpdenoeeebyy {1, 2, 3, 4, ¢&,
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Chapter 1. Introduction

The world'suse offossil fuelsas an ordemandenergysourceis increasing the
concentration ofreenhouse gasmissionsn our atmospherfl], [2] that continusto accelerate
as many parts of the worttevelopand industrializ¢3], [4]. It became eviderihat
anthropogenic greenhouse gasissiors, primarily CO. (carbon dioxidg drive climate change
by trapping heain the atmospherandincreasing the global temperaty&gi [8]. If not
mitigated, climate changareatensising sea levelscoastal floodingfood andreshwater
shortagesandhigher frequency and intensity ektreme wetnereventg9]i [11]. The
International Panel on Climate Chatsgpecial reportinds thatthe risk of irreversible
ecological damages can be reduced by limiting global wartoifids abovethe pre-industrial
era[12]. World energyuse is responsibler two-thirds of yearly anthropogenicarbon
emissiong13], which canbe classified into three endse sectors: transportation, industraald
buildings Building energy use accourfts 30% of total energy enduseand 55% of electricity
useworldwide[14], dominatedoy spacecoolingandheating and domestiwt water need§lL5]i
[17].

Qataris asmall countryalong the Arabian Gulvith apopulation of 2.7 million and
total land area of 1600 kn¥. The climate can be describeddag-arid with mild winter months
(averagedaily temperature of 2@53 ) andhotsummer month&veragedaily temperature of
35403 ). Qatarrankshighestfor per capitacarbon engsiong18]. Althoughlargely propelled
by carbon emissions froproducing and exportiniguefied natural gasit displacedirtier and
more emissiofproduang fuelselsewhereStill, the electricity sectais responsibléor one

fourth of total carbon emissions, of whibhildingsaccount for 60% of total electricityse[18],



[19]. The high electricity demasah buildingsaredominated byhear yearoundenergy
intensive spaceooling[20], [21].

Qat ar 6 sty andwaterdemiands ameetby gasfired integratedvater and power
plants, combining electity production and water desalinatidn.2016, he total electricity and
desalinated water consumption were 42 TWh and 560 mititymespectivelyproducedusing
452 million MMBtu of natural gas at an average thermal efficiency of 3#tting24 Mt of
CO:2[19].

Electiicity is subsidized based on secamdconsumption brackg22]. Fornon-bulk
consumersvith a peak demanaf less than 5 MW and monthly consumption bracket of less
than 4 MWh, the rate is flat aB&#MWh. For bulk customensith a peak demand greater than 5
MW, the tariff is $8&MWh during thdow-demand seasormd rises to $MWh during peak
hours in théhottermonths (May to October) from 12 to 6 HRR]. The onpeak pricing is
motivated by the greing peak demand, which grew at an average rate giéi%earsince
2010to 7.33 GW in 2016Thisled to expandinggas generationapacityonly to supplement the
yearly marginal increase in demand in lmttersummemmonths.Also, the high ambient
tempeatures in the summer significantly depress their power capacity and thermal efficiency
relative to their design conditiolgading tofurtherupsizing them.

Figure 1.1 showQatar's 2016 daily electitg demand and ambient temperatures for
three days ithe winter(Jan 57), spring(April 10-12), and summefSept 24), whereHour 0
corresponds to 12 AM in all subsequent figuMsteaological and solar insolation data were
collected froma station inDohg wheremostof the population liveDaily demandvariations
are minor relative to seasonal variatianiven byhigh electricity demand from spaceoling In

the summer, diurnalemandrom spacecoolingis synergetic with dribulb temperature and m



the winter theelectricity demandks largelyfrom non-cooling loadsAveragedaily dry-bulb

temperature variations can be as high as tbmpared to® for wetbulb temperature.
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Threatened by rising sea levels and extremhespitable temperaturdsie to climate

changg23], Qatar, alongsidéhe world needto acdbpt more sustainable approasio meet

increasing energy and cooling demavthile consierations are mader renewabe-based



energy sourceand demandide managemefi24]i [28], which could reduce emissions by-20
25% by 2035Qatardoes not havanetzero or adeep decarbonizatigslan Pathways to
decarbonizing the electricity sector in Qdtave beeninvestigatedy scholargor largescale
renewables deployme[f29]i [33] andfrom adistributed buildingscale perspectiweith an
emphasi®ndemand sidenanagemen4]i [41].

In acomprehensive examinatiaf renewable energy sourcesQatar, Okonkwo et al.
[32] explored wind turbines, P{photovoltaic) concentrated solar power, and biofuels combined
with energy storage technologies, including thermal and paydpo storage. Okonkwo
identified several potential decarbonization pathways with PV and wind generation. However,
energy storage systems suclpasp hydro were determined to be essential for deep
decarbonizationbut Qatar's geographgcks favorable topographBohra and Shaf80] and
MartinezPlaza et al[31] analyzedhe longterm potential of solar energy in Qatéihe studies
agree on the large potential for gadale PV generatioMartinezPlaza also identified
concentrated solar power with large thermal storaga adternativesolution.An investigation
of wind turbine potentiaby Marafia and AshoUB3] reveals promisingvind speedseaching
6.5 m/s at @ m above groundlhe researchinds off-shore wind energy suitable for ajfid
connection for islands in Qatandpromising fora grid-connected generatioklowever, unlike
solar insolation, wind speesl highly spatially sensitivd=urthermorepbtainedmeteorological
datademonstrateorrelated wind speed with iatannualand diurnaPV generationwhich
makes windurbineslessable toredue the requirednergy storageapacity

Alrawi et al.[36] andElbeheiryet al.[35] examnedtheeconomic viability of
distributed-scalerooftop PV generatiowith batteryenergy storage systems in Qafdre studies

find the examined systestonomically infeasibleconstrained by subsidized tariffs and a lack of



economic incentivedn another workAlrawi et al.[36] investigatedactors influencing
residential rooftop PV adoptiarsing surveysThey estaltish subsidized electricityariffs as a
challenge to PV adoptionandpropose lifting subsidies and promotiegergyconservation
awarenessleshnizi et al[37] analyzed grieconnected househektale wind turbingin Qatar,
and theiranalysisfoundlimited suitability andemissiongeductionpotentialin certainareas.

Demandside managemermian be ategorizednto energy efficiency andemand
responseEnergy efficiency reduces energy use from higdfficiency building standards,
appliances, and cooling technologies. Conversely, demand response exploits electricity tariffs to
motivate demand adjustments to match supply, which is essential for intetmatiewable
generationBayram and Ko¢38] investigatedlemandside managemeipiracticesn Qatar. he
study finds energy efficiency to be most explor&tthough thedemand responss gaining
attention, the currenariff structuredoesnot motivaie demand adjustmentheypropose
adjusting the aiconditioning set pointor unoccupieduildingsto redue peakelectricity
demand irsummetthroughdemand load control programé&rarti et al.[39] analyzedhe
macroeconomic benefit ¢tdrge-scale buildig energy efficiency progranis Qatar They find
thathigherbuildings energy efficiency standards can significantly reduce energy consumption
and peak energy demand even when retroactively implemétdathl et al[41] recommend a
policy pathway of building codes and standards to retuding energy consumption with
special emphasis on new constructions considering Qatar's unique rapid urbanngenelop
pace. However, the analysistermineghatsubsidized electricityariffs do not encourage
energy savings.

Prior worksin the literaturadentified thatthe subsidized electricity sectisrchallenging

to decarbonizdut affirm Qatar's particulaattractivenesgor exploiting solaiPV. Qatar has a



high and predictable solar insolatiaith aglobal horizontalirradianceof 2200 kWh/n/yr. with
few rainy or cloudy daythataresynergetic with electricity demandhis is further
complemented by access to linterest capital and abundant suitable land area. FigRire 1
illustrates the synergistic relationship betwéseweekly averageelectric load solar output,
mean heaindex and ambient drpulb temperaturen degrees Celsiughe heat index ia
metric for the human perception of the ambient temperaturéiningthe ambientdry-bulb
temperatureand thehumidity level. High humidity between July and September is resjida

for the increased electricity demand from space cooling.
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In the past, a high fraction of airborne dust hindéaegie scalePV deploymentn Qatar
However,ongoing researcmvestigateprocedureso evaluate and reduce the degradation due
to soiling. Abdallah et a[42] found that fouling can drop paneleld by 15% if not cleaned
monthly. A study by MartinePlaza et al[43] determinedanti-soiling coatingo beineffective
in limiting yield drop but allowed for easier cleaning of the panktir et al[44] theoretically
analyzed the impact of climate change on mono affiddml PVpanelsn Qatar. The study
predicts rising air temp in the years 2050 and 2080 with a reduction in solar insolati@¥dby 5
Bi-facial panels are detmined to be better suited due to their high energy output and reduced
cell temperaturdn early 2020, a deavas signedo build an 800 MW solar PV plaimt Qatar
with arecordlevelized cosbf electricity of$15/MWh[45], which was commissioned in Ober
2022 Another deal was signea August 20220 build two additional solar PV plants with a
combined capacity of 875 M\M6].

Still, cooling demand that continues through the night cannot be met with diurnal solar
PV generation.-TES (ice thermal energy storage) is examined as &t@imeans, as opposed
to current BESS (battery energy storage system) technologi¢srd@zcess PV generation for
subsequent cooling-TES requires a chiller to produce coolitogconvertiquid water into ice.

It allows as much as 0.4 MJ/kg of cooling compared to 0.04 MJ/kg for cold water storage since it
takes advantage of both the siahe and latent heat from the phase change of liquid water to ice.

Carbon pricing is examined as a state pdiany to accelerate the adoption of energy
storageand renewable energy resources as a viable competitor with cheap natural gas in Qatar.
Carb pricing is an instrument to increase the cost of generations from daabed energy
sources to reflect better the environmental damage cause@tmmissions. By shifting the

burden back to the energy consumers, carbon pricing enables renewable energy to compete with



carbonbased energy sources and mobilize investnidiils [48]. While there are many forms of
carbon pricing, the examined carbon pricing tool is the carbon tax, which adds a cost to gas
generation per ton of G@mitted.

Moving to low-carbon electricity grids while satisfyinge world'sgrowingenergy needs
remains humanity's gatesthallenge. This work is a subsetaofarge body oliteraturethat
attemps to examing analyze and develop alternativdecarbonization pathwayghis
dissertation aims texamineand analyze a decarbonization pathvicythe cooling-driven
electricity sector in Qatarsing PV generation combined witTESfor cooling load shifting
andBESSfor electric load shiftindrom multiple perspectives in a tepown approachlhe
dissertation is organized into the following chapters:

Chapter 2: Assessindarge-scale deploymenfrom a utility -scaleperspective

PV generation already cabmpetes gas generation at curgamntes. However, large
scale deployment of PV generaticannot be supported withothie widespread adoption of
costly energy storage. This chapter assesses the potential ofagatilieyPV generation combined
with I-TESandBESS.The problem is formulatein a twastage stochastic linear program
solved at a given gas pridagnear programming isxtensivelyused for largescale energy
problemswhendescribing aggregate systems' performance and beh&tatistical tools are
applied to estimate electrieohand from space coolinfjo combat low energy prices in Qatar,
carbon pricing is examined agalicy tool in order toboost the adoption of energyorageand
facilitate the transition to sustainable renewable energy sources.

Chapter 3gModeling of WC CWS with |-TES
The conventional waio cool medium to large buildings Qataris usingaWC CWS

(watercooledchilled water systejnUsingwater to transport heat oviargedistances reduces



energy lossem air distributionand refrigeration systems. However, the behavior and control of
CWSs(chilled water systemggnd to be more complex than cooling systems used inesmall
buildings.While simpler models can describe tggregatdehavior of the systemas ane in
Chapter 2, they cannot be applied to individual systé@ims. chaptedewelopshybrid models
combining first principles with datdrivenparameterso capture the complex behavimfrthe
major powerconsumingcomponergin CWS with FTESused forbuilding-scaleanalysis in
Chapterst and>.
Chapter 4dPesign ofan integrated WC CWS with |-TES, BESS and on-site PV
The decarbonization pathwayxaminedor largescale deploymenh Chapter2 must
eventuallybe applied to individual buildings wittistinctenvelopeconstruction anelectricity
andcoolingneedsThis chapteexamineghe desigrandequipmentapacity sizingproblemof
CWSwith I-TES and BES$or better integration with esite PVgenerationA problem
confronted whenleciding equipmertapacityis estimating their energyvhich requires solving
the scheduling and dispatch problem thdtigghly nortlinear and involves many decision
variables at each time stef bi-level optimizatiorformulationis developed to decouple the
capacity sizingrom the scheduling andispatch problem. Reupper leveminimizes yearly
total system costs and decides thstalledcapaciies and design parametersingparticle
swarm optimizationThedecided parameterare passed down tmlve the shedulingand
dispatch problem iamixedinteger linear programwith piecewise linearizatiorand returrthe
estimated yeady electricity chargesT'wo buildings arexaminedwith dissimilar demand
profiles aresidential building with dominant niglime electricity needs and a commercial
building with diurnal cooling and electricity needis chapter restresses trae of carbon

pricing in adoptingenergy storage and highlightse impact of demandide management.



Chapter 5: Optimal equipment scheduling anddispatch of WC CWS with I-TES

Intermittent renewable generations cannot be dispatched or perfectly predicted- A low
carbon power grid must be accompanied by dersatel managemethroughload shifting
using energy storage and demand adjustneamsnunicated by the central grid vigr@cing
signd. Cooling is responsible for nearly half of the electricity demand in Qaenebymaking
cooling systems a crucial target for demandk managemertiowever, operatin@WSto
maximize savingcan be challengingrhischallengearisesfrom operating the system outside its
design conditionswhich requiregareful consideration of chillers' pdaad performances and
the performances of associated auxiliary equipmiéns chapter developsiaptimization
strategy for optimal scheduling angplatchof WC CWS with I-TESto reduce operating costs
A bi-level optimization formulatioms developedhat minimizeghedaily electricity charge
which is solved using the genetic algorithtrboth levelsTheupperlevel decideshe FTES
dispatch amontfed to thelower-level optimizer to solve th&/C CWSequipment scheduling
problem sequentiallgt eachhourandreturrs the correspondingystem power consumptidoo
update the guess for the next iteratibhis approach negates the need for simplistic system
models for complex space cooling and heating applicatidresdereloped strategy isontrasted
againstwo commonly used heuristic strategiesiller priority and storage pridy control.
Chapter 6: Conclusions and recommendations for future works

Theproposed decarbonization pathwanalyzed frondifferent perspectiv@in a top
down approacim the earlier chapter3his chaptetiesin the different perspectives build a
complete picture aihe challengesandprospect®f the consideregathway Recommendations
are made taddress current and future urban developmentsnkast future research questions

are providedo expandhescope of thetudy.

10



Chapter 2. Assessindarge-scale deploymenfrom a utility -scale

perspective

2.11Introduction

Thesolutionto sustainably meet thveorld's growingenergydemand will not be
universal Instead, each region must tailor a plan specific to its energy needs, climate, and
geology Nevertheless, any approach vetimbinerenewable energy sourcegh energy storage
technologiesaand demandide managemenindividuak' actiongo reducesnergyconsumption
or consider alternative energy sources can only héivéted impact orthe overall electricity
sectols carbonemissionsand ay far-reachingmpactrequires government intervention via
direct actions opolicy enactments

This chapterassesesthe potential forlargescale deployment of utilitgcale PV
generation combined withTES andBESSfor decarbonizingooling and electric load$he
planning problenis solvedto estimate the requireygregateapacitiesand annual systeoost
In addition to the literaturemore sophisticated models are developed to exalmiiEeS for
cooling load shiftingThe developed models account for the impact of ambient conditions on the
performance of cooling systems aadhluateexistingidle chillers' cooling capacity that could be
used for 4TES charging.

The utility-scale perspectiverovides insighinto therenewable penetration potential,
overallemissiors reduction and the impacon power grid operatiarLinear programmings
extensivelyemployed in utilityscale analyssbecausét cansolvelarge problemsvith
thousands ofontinuous and binawariablescommonly confronted in largecale deployment of
renewables witkenergystorage [49]i [51]. It is alsouseful for describing thaggregatdehavior

and performancef its constituensystemswhich tend to exhibit simpler behavior.
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In the literature, thermal energy storage has been examined to increase the flexibility of
the power grid byesponding to the electricity demand and intermittenewables generations
[52]i [55]. More commonlyin regions with variable electricity rates or demand charges, thermal
storage iexaminel to reduce the required chiller cooling capacity, demand charges, and
electricity use charges from load shiftifp]i [59]. For that mode of operation, the storage is
charged during the offeak period, typically at night, and discharged during thpeak period
typically in the afternoon, making it suitable for use in schools, offices, and other buildings with
dominant diurnal cooling needs. Deetjen ef@)] considered thenal storage for griavide
efficiency improvements by taking advantage of the higher cooling efficiency achieved when
running chillers at capacity, countering the narrative of thermal storage as net energy consumers.
Ruan et al[56] performed a linear programming analysis to improve the efficiency and
economics of building combeéd cooling, heating, and power usiRgES. They found that gas
and electricity charges are the main factors in determining the economic feasibHti 8f

The roles and use &ESSin decarbonization are extensively studiéd]i [69]. Unlike
I-TES, BESScan be used to decarbonize all electric loadsit lsuiffers from capacity
degradation, high cost of capacity, and shorter service life. However, the rate at which the cost is
falling [70] enableBESSto be costompetitive with other energy storage technologies. Several
studies have stressed the role of utiitaleBESSwith PV in reducing carbon emissions and
carbon abatement costs compared to PV d@2je [64]. Arbabzadeh et al65] examned
various energy technologiesreducethe curtailment ofariablerenewablesnergy sources and
carbon emissions in California and Tex&lse results showed thBESSs have a limited roleat
the currentapacity costHowever, a modest decrease in cégamst can make BESS

economically viable.
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Chapter 2 is organizeas follows the methodologys presented isection2.2. First, the
performance of cooling systems as a function of the ambient tempeiatastisnatedrom
genericchillers performance dataecondstatistical tools are applied to determiheaggregate
cooling load from hourly electric demand; third, the probfermulation is laid outSection2.3
first presend and discuses the cosbptimal system under current cosustures and then
examines theole of carbon pricing as a state policy to reduce carbon emissions.a\tedply
decarbonized systerealizedwith acarbon pricingpolicyis analyzedn more detailLast,the
impact of declining BESS costs on the eogimal system isnvestigated Thechaptelis

concludedn Section2.4.

2.2 Methodology

The overall frameworkitilizescentral grid PV and gas generation to distribute electricity
via the grid, which can be used for all loads, includfgsScharging The centralizedBESS
deliverspower to the electric grid when neededHSis installed on the customer side as an
addition to an already existing cooling systandcan be charged using existing idle chillers
andor additional ice chillers for a cost. Additional ice chillers are particularly important due to
the overlap ofolar insolatiorwith daytimecooling loads, redunig i dl e chi l |l ersdé <c
could be used for storage charging. Solutions are sought that minimize overall annual system
costsfrom Capex (capital expenditures) and OpEx (operation expenditures) at a given gas price.
In accounting for emissions reduti from cooling, the electric cooling load is assumed to be
met in the following order using: (i) PV generation, (ii)) BESS, and (iii) gas generation.

Cooling systems can be classified into three types: DXS (direct expansion system), AC
CWS (aircooled chiled water system), and WC CWS. BXvhich include rooftop units, split

and ductless mirsplit systems, and window units, provide cooling directly from the expansion
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of the refrigerant. In CWS (chilled water system), water is used as an intermediary fluid to
transport heat over larger distances and in large buildings. An illustration of the analyzed

problem is showmelowin Figure 2.1.

BLIIldI with WC CWS Supply Coolant

n-' Cooling Tower Return Coolant
[—__72 Proposed Addition
Power Line

Building with AC CWS

|

|

== o"ﬁ |
i |

AC Icel

AC cmuer:I -TES Chiller |

et

Outdoor
unit

Building with DXS

Figure 2.1: An illustration of the considered power grid. Central grid PV and gas
generation can be used for all loads, includinBESScharging. Buildings are classified
based on their cooling system type: DE, AC CWS, and WC CWS.To account for
emissions reduction from cooling, theoolingload is assumed to be met in the following
order using: (i) PV generation,(ii) BESS and (iii) gas generation.

I-TES stores thermal energy mainly in the form of latent Adet.consideredTES type
in this study is internal melt, a modularized tank favored fqurieslictable charge and discharge
rates. Inside the tank, multiple parallel loops of tubes are submerged inanatesecondary
waterglycol mixture is circulated through the inneofis to freeze or melt the water inside the
tank.The heat rate of internal melTES is a function of th8oC(State of Chargegnd inlet

waterglycol mixture temperature and flowrdi#L]i [73]. The charge rate is highest during
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sensible charging due to a greater temperature difference between the enterugdyaaiter
mixture and the tank water temperature. Oneetdink is brought to freezing temperature, the
charge rate reduces as the thermal resistance increases due to ice formations. Similarly,
discharging of {TES is initially higher when the water in the tank is completely froaed he
rate reduces as thesi around the tube melts.

DXSand AC CWS are AC (aitooled) systems, and their COP (coefficient of
performance) is associated with the ambientlrip temperature. WC CWS utilizes WC
(watercooled) condensers, and their COP is associated with tHeuletemperature as heat is
ultimately rejected using evaporative coolingiicooling tower. WC systems run more
efficiently, benefiting from lower condensing temperatures, especially in dry seasons. The
current approach to meet the cooling demand in Qatar, which lacks thermal sieesganix
of DXS, AC CWS, and WC CWS.he considered pathway of load shifting usifitESfor each

cooling system type is illustrated in Figlr&.

|
DXS R S‘E_t'im 00 Demand
|
|
Ice Chillers I-TES
2&5 AC ctillers 00 ——
|
Ice Chillers I-TES
wc ‘;NC Chillers O O —
CWsS =

Ice Chillers I-TES

Figure 2.2: Pathways to satisfying the cooling demand in the threeooling systens
types. While AC and WC CWS can make iceadditional AC ice chillers can be installed.
Additional ice chillers must be installed with thel-TES for the DXS.
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The DXS61-TES can only be charged using additionally installed ice chillersiesntly
installedstandardsystemsare incompatible with icenaking For AC and WC CWS;TEScan
be charged using idle and additionally installed chillers capacities. All additional ice chillers are
lower-cost AC chillers, provided they utilize lewost excess generation el ES charging.

The analysis is performed with four scenarios, each avithyear of hourly solar
insolation(private stationn Dohg, electric demand, and meteorological datalected from
Doha International Airport Statiofijlom 2013 to 2016. However, as the demand has been
growing yearly, the demasdrom 2013 to 201%re normalizedo the peak demand of 2016. The
aggregate cooling load is determined using the normalized hourly electric demand and its
respective year6s meteorological data set. Th

in all produced figures.

2.2 Cool syrsdsenper f cersthamctaet i on
The COP of cooling systems is affected by
influenced by tsheTlbblikeynt e opeardat uroe i nfl uence:
condensing temperature as they depEma on dry
condensing WeEmpeshemsei 9fi wfull beneengpebptiuhe w\wes:
evaporativd unadalmemg .a tbTujiebl ¢ veemrp eweatt ur e reduces
temperature and i mproves system performance.
The COP of AC and WC systems as a function
behavior sgét genp mantad rogzonedejtteon I[.6 OW oA K[t hd]Ju g h
|l ess silgemigercfaoon mance of cooling sy€hembersobal
perfor mamee tchkteam from the | ibrarydefighilvhees

supply tempaentdied@al 0&d7r atTihoe odfat80 % r e extract
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with &gr doodel to predict khoddheamgepeorfrf ambaeaoe
t emper atpuerrearsb ytt heatin@ DWOBH e | in Ener gneRlhwd.ol Degtyai |

usade explainedeghmapbect iB3on 3. 2.1

Two AC whthppesnforama&ncel ected: Carrier 19X
and two WC chillers: TAaxiel RIHB aquadihCaesnivarnr el
and t oweorn sfuamess, on the order of 10% of total s

in WC[OWHhe entering condenser temperature for
above -bbhlhmpvwertah wroewer curvestemicE®O®Drt ACt he

syst ensf riinpenrdantiaika@nfd&ES c hanogwemiggdh ar:e given by

6y pBTY; , 3 “Yp T3 (21)

6 6wy o 3 Yy T3 (22

anfdor WC systems:

6y C& VY , 3 Y; T3 (23

6 W 6Wq o 3 Y; T3 (24)

where the subscrigt) is the scenario index seplc foft} denoted bw and refers tyears
20132016 andois the time step index sephchof8 hy X ¢ denoted by that refers to the hour
of the yeaye  is thedepressed chiller performance fadtorce-making modeandis 0.8 and

Yy and”Yy are the dry and wedulb temperatures, respectively, in degrees celBiusning the
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chillers in icemaking mode reduces the COP due to decreased refrigerant vapor [@6#lity
[78]. Figure 2.3 visualizes the developed relation between system COP and-thdlwet
temperature for WC systems and-thylb temperatures for the AC systems in refrigeration and

ice-making mode.

(a) Water-Cooled System (b) Air-CpoIed System

5.5

System COP
System COP

. 1.5—— : :
15 20 25 30 35 20 30 40 50

T (°C) % (°C)

Ice-Making‘

|

Figure 23: Sy s tC®mfor (a) WC systems vwet-bulb temperature and (b) AC
CWS v.dry-bulb temperature in refrigeration and ice-making modes. ACsystems include
AC CWS and DXS.

Refrigeration

An exponential improvement in COP is realized with reduced temperaDesign
system COP, which dictates the installed nominal cooling capacities and perforfoaWe,
systems of.2 is evaluated at the standard desigetbulb temperature df53 hand for theAC
system oR.4 is evaluated at the standard degigyrbulb temperature @53 in refrigeration
mode The developed COP relation allows for the conversion between electtiveainahl loads

necessary for thermal energy storage analysis.
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Ambient conditions also impact the cooling capacity of cooling systéhe cooling
capacity of a cooling system iafrigeration modés associated with the COP. In io®king
mode, the coolig capacity is associated with both tb®P and evaporator refrigerant saturation
density captured in the depressed chiller capacity factor, Thefactor accounts for the loss in
refrigerant thermal capacity in the evaporator dugremuced refrigerant vapor saturatiand
is 0.75 Running the chillers in icenaking mode can depressitheooling capacity by 3@0%
relative totheir nominal capaties[79]. For AC chillers, the cooling capacity relatiomboth

modes is given hy

6 8065 (Refrigeratiormode) (25)

I (Ice-making mode) (2.6)

and forWcC chillers:

6 88 (Refrigeration mode) (2.7)
5 hes®m " (Icemaking mode) (2.8)

22 . 2Cool lomgsti mati on

Qat a&lectiisdemand variasith meteorological conditions arndetime of day
influenced by daily social routines and building occupaiityere areseveraimethodgo
estimae theaggregatelectric demand from spaceoling The methods can be classified into

bottomup and topdown approachg80]. In the bottorrup approach, simulation tools are used

19



to predictthe cooling demanaf building stock they require knowledge of building
construction, orientation, and use and are computatiodaityandingStatistical analysis
aggregates the estimated cooling demand for the entire building lstdog-down approaches,
statistical methods are used solate demand from space cooling froratotal electric demand.
A way to solat the cooling loads by subtracting the total electric demand from the e
(dayswith no cooling needsThis method assumdsat allintra-annualvariationsin electric
demand fronthereference base load are due to sgax#ing. Bayram et a[21] employed this
method toestimate Qatas cooling loadAnother topdown approaclestimateshe electric
demandbased on correlation with meteorological paramesgersh adinearregression of
demandwvith ambient temperature. This method was used by Saffouri[@Dato estimate
Qatats cooling load which producedh similar estimaé to theformerapproach used by Bayram
A slightly more sophisticated method is considered in this widrk cooling loadis
estimatecdhsthe change in electric demand due to the changarnhientconditionsat everyhour
of the d& using leassquares regressiom Qatarthetime of the day and ambient conditions
are found to be excellent predictors of electric dembmndontrast, wind speed was poorly
correlated with electric demand, with a correlation coefficient of 4%. Furtirertheday ofthe
week hadaninsignificant effect on the estimated cooling l@adiwasnot considezd Three
ambient conditions metriasere considereddry-bulb temperature, wdiulb temperature, and
heat index. The heat indexhich isthe human perception of ambient conditions, was found to
be a better indicataf demandwith a correlation coefficient of 96% compared to 93% with dry
bulb temperature arB% with wetbulb temperatureA plot of the metrics against the electric

demands in Figure2.4.
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(b) v. Wet-bulb Temperature (c) v. Heat Index
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Figure24: Qat ar 6s 2016 el e-bubrtemperadre, tbawetbully s .
temperature, and (c) heat index. Data points highlighted in red are warm and humid hours
with a humidity ratio (7 49 0.02, and in yellow are warm and dry hourswith 5 9

0.02 anc{ = 403 .

The use of dnbulb temperature as a metric underpredictddhd on warm and humid

dayswith ahumidity ratio('O’Y};) greater tha®.02in July-August whereas the use of witlb

temperatures underpredicts the load on dry and warm @25 ( 18t @nd”Y;, T Tt 3in
JuneJuly. On the other handising the heat index wefiredicted the demand under both dry and
humid conditions. This can be observed with higher electric demands associated with a higher
heat index compared to lower dry and Wwatb temperatureg.he higherprediction power is
attributed to the compounding effect of humidity level andHolnlb temperature on the heat

index, which drive cooling loadsA sigmoid functionis fitted to the exhibited sigmoid relation
between electricity demand and the heat iretesach hour of the daas illustrated in Figure

2.5 Theaggregatelectric cooling loadrom thesigmoid functiorfit is as follows

r I (2.9)
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where'Q;, is theslope 6 |, is the norcooling loadD j is the peak load, af®'Q is the heat
index midpoint, all shown in Figure 2.6 at each héuf. peaks in the evening and troughs in the
morning suggestive of correlation with buildings occupancy;peaks middawndis driven by
cooling needsQ; is theslope ¢ u r swstegpne3sind is timeinsensitive’0'Q is influenced by

the yearly temperature rangeesathhour of the dayThe noncooling portion of the electric
demand is determined by deducting the estimated electric cooling load from the total electric

demand”™ f, as follows

i FoT Tk (2.10
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Figure 25: Q a t 20i66lectric demand v. heat index at every hour of the day
starting from 00:00 (12 AM) to 23:00 (11 PM). A sigmoid function is fitted with 4 data
points: peak and base demandslopg and heat index midpoint.
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airports cannot be distinguished from the 4tonling baseload usingatistical methodand thus

wasnot unaccountedor in the cooling loadThis method estimates thegdacecooling in Qatar

was responsible for 42% of electric demand in 2016, slightly higherSh#ouri et al[20] and

Bayram et al[21] estimateof approximatel\85% The difference i€redital to a more accurate

estimate of the cooling load in the low coolipgriods The estimated aggregate cooling load is

divided proportionally to the installed cooling capacitie®#fS, AC CWS, and WC C\W and
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is converted to thermal cooling demand using the developed COP relaSeation 2.2.1 as

follows:

iy —LIt—0 85 (2.12)
NYAND h

i — 1 0 §; (2.12)
NnyhAND h

i — " 0 50 (2.13
NyhAND h

whereO , 0O ,andO are the maximum electric load of existing DXS, AC CWS, and WC
CWS, respectively. As reported by the utility, theximum electric loads from AC CWS and

WC CWSwere 2 and 1.1 GWih 2016 respectively81]. DXS is responsible for the remaining
cooling loads with an estimated maximum aggreghdetric load of 1.3 GWBecausef data
deficiency it is reasonablyassumed thahe three cooling systems are similarly represented in
di fferent sectors. It should be noted that
to be perfectly comlated asthe estimatedggregateooling demand suggestincetheir
performances affected by two differeréitmospheric parametetbewetand drybulb

temperature Nevertheless, the ambient evylb and webulb temperatures agenerallywell-
correlatedwith correlation coefficients d.72, 0.81, and 0.85 for average hourly, daily, and

weekly temperatures, respectivaeihich areunlikely to producesignificanterrors.
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The electric demand, f, estimated electric demand from roooling and cooling loads, f

L

'+, and the hourly estimated aggregate cooling foag, are shown in Figur®.7 for three

consecutive days ithewinter, spring, and summe
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Figure 2.7: Actual electric load W _g4 estimated electric Ioad||_gN A 50N the left
axis andelectric cooling load™ 0N the right y-axis from the logistic curve regression for
the 2016 scenario. The estimated loagenerally agreeswith the actual load, with an

average percent difference of 3.5%.
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The estimated demargknerally agrees with the actual electric demaitd an average percent
difference of 3.5%ln the warmer seasons, the cooling load peaks in the afternoon between 11 AM
and 3 PM, and troughs in the early morning between 3 and 6 AM, as expected, -amrelited
with the electric demand and ambient heat index. During the peak cooling demand season, the
contribution to electric load from space cooling can be as high athivds of the electric demand.
In the winter, counter to expected trends, thera Bgher cooling load in the evening, mostly
attributed to higher building occupancy and cooling footprint.
22 . 3Pr ob Ifeermmul at i on

The problems modeledn a twostage stochastic linear programming that minimizes the
expected annual systetnstacrosdour scenarios of demand, ambient dry and-loeéb
temperatures, and solar insolatidihe intention is to account for annual variations in the
ambient conditions, which influence the electric demaunel to space coolirand PVgeneration
power outputThe first stage decision variables are the capacities, and the second stage decision

variable is the consumed gas. The objective function that is to be minimiasdollows

R e o o o R

GQ8¢i 0B.,0 "6 Buw 6 © "6
b6 B..6O "6 B.& Mo M.y & B.,OY
w oY (2.14)

The objective function contains the annualized Capex and associated annual OpEx from installed
capacities of PVI-TES BESS and additional ice chillers and the expected annual OpEx of
existing gas generation from gas use. The subs@spghe coolingsystem ¢chnologyindex set

{1, 2, 3} dended by' that corresponds to 1) [3{2) AC CWS, and 3) WC CW$ is PV
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orientation and tracking technology index set {1, 2, 3} denoted thnat corresponds to 1)
optimal fixedtilt angle at Qatar latitude of 28B2], 2) singleaxis tracking, and 3) dualxis
tracking PV system& ,0 ,0 , ando areinstalledcapacities oPV, I-TES ice
h areinstalledPV CapexandOpEX.® h

chillers, andBESS respectively®d " and® and

(B h

are installedce chillersCapexandOpEx.co  andc  are thenstalledl-TESand
BESSCapex, respectivelyQis the interest ratey iis the service life for PU-TES, and ice

chillers, ando i i®theBESSservice life.(d is theyearlyaverage cost of produced energy

using gadired generation, OY; is powerdeliveredfrom gas generation, an@dy is peak gas
generation demand) is a small cosbf $5/MW,, that isassigned to the peak gas generation
demand to find a unique solution that minimizes peak gas generation demand without impacting
the costoptimal systemThe termM ., @ B .5 "OY; is the expected annual cost from gas use

across 4 scenarios (282016), each with an assumed equal likelihood of occurrence (25%).

The first constraint balances the supply and demand of power in theessgotows

OY: 'k 'R —BuaGe6 0 T R T R T R " R.ANYAOND (215

The righthand side of the equation is the electric demand, which comprises ticeaion,

"

v i, and the aggregate electric cooling loads; from the DXS,” j from AC CWS, and
i from WC cws! A and’ r ae BESS charge and discharge rates, respecti@}yis

solar insolation normalizeloly peaksunhour, and- is the inverter efficiency. The terms
— Bivn Qs 6? %and0 «y are the supplied and curtailed power from PV generation,

respectivelyOnly excess PV generation can be usecef@mrgystorage charging in a cest

optimal system. Other uses are -ggtimal due to the performance loss associated with the
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charging and disgich processes. Géised generations were modeled as a single equivalent

power generation plant, and minimum part load and up/gowes for the individual generation

were not considered. Since gagd generations can ramp up to capacity in less thdvoanand

the analysis was dofurly, ramping constraints were disregarded. Peak gas generation demand

in all scenarioss captured in the followingonstraintand penalizetby the objective functin:

"OY OY; tmh!ANyvhlion D (2.16)

2. 2. 3TES model

While the behavior of individual TES tanks is a nehinear function of the&soC inlet
temperature, and flowrate, the aggregate behavior of thousanr@&8ftanks is approximated
by a simple linear function of chiller loadings seen by the electricity grid, the electric cooling
load is alteredbecause olbad shiftingfrom usingl-TES. The electric load increases when
forming ice and decreases whehESis dispatched. The dispatchleTESreduces the load on
cooling systems proportional to the dispatched amounts and systems COP. The cooling load

balance foeachsystem islescrbed by

i "R YR e RiAn yRlON DR p (2.17)
h h
B ) }
"R - TR Vi = hian yhl oY DhQ ¢ (2.18)
h A
K B . )
: — 5 Yig = o RiAv VRl OAQ o (219
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wherei ;,i 5, andi  isthe aggregate thermal cooling demand for th&DXC CWS, and

WC CWS asestimatedn Section 2.2.2TheCOP of AC and WC systemsés® ; andd

in refrigerationmode, and ® ;" anddé ® ;" in icemaking mode, respectivelgs

T3¢

estimatedn Section 2.2.1"Y; and"Yﬁg1 arel-TEScharging rates using AC and WC

chillers, respectively, antYj, is theice meltrate ofl-TES The stored thermal energy in the ice

is balancedia the following two constraints:

<
5¢
5¢
I
0
<
5¢
5¢
3
<
0«
T3¢
<
0«
Rt

“Yiphl AN yhi ov DRl Q! (2.20)

7

<
5¢
5¢

6 hinvyhlovohl Q! (2.21)

where"Y}; is the amount of thermal energy stored in ice-and histhe seHdischarge

efficiency from thermal losse$he amount of dispatchable stored thermal energy is restricted to

theavailablethermal cooling demands:

“Yir 1 phI AN VhIONDhQ p (2.22)
“Yir 1 phifNyhloNn DhQ ¢ (2.23)
Yir 1 phiaNVhIoONOhQ o (2.24)

and due to physical limitations associated with the maximum melt rate:

Yir Q 08 RIAN VA ON DALY (2.25)
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where’Q " isthemaximum discharge rafeer unit capacityn h. Similarly, I-TES charge

rate is boundedy physical limitatiors associated with the maximum ice build ragefollows
"YﬁFf‘ "YHE Q "6 hlavyhlovohl Q! (2.26)

and to avadoda@albibpgachtl Eersn the respective coo

_h

Y6 "—r  hifNvhlov ORI'Q pfo (2.27)
h
- -h -ﬁ - - ~
v s 8 " RIAN VRIONORTQ ¢ (229
h h
~ vﬁ ~ ~ ~
Vi 0 'R “—r [ higvVhlovOhQ o (2.29)

where’Q " is the maximum charge raper unity capacityn %, 6 @ " andé & "

are design COP of AC and WC systerasd is the aepressed chiller capacity factor, which
accounts for the loss in chiller cooling capacities from the reduced refrigatardtion density
in iceemaking mode. The D& charge rate is limited by the additionally installed ice chiller
capacity. For AC and WC CWS, the charge rate is limited bgdh#ined cooling capacity of
idle and additional ice chiller§he first term in Equations (2.28nd(2.29)is theaggregate

cooling capaciesof the existingAC andWC chiller, respectivelywhich are given by:

6 6 N 6WET6 W (2.30)
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& WHT0 W;" (2.30)
whered6 " andé " are the nominal aggregate existing capacities®andWC chillers.
The two termsn Equations (2.28) and (2.28)us determinghe idle chillers' capacity that could
be uilized to make ice.
2. 2. BESS model

Modeling of BESS is less complex theMES due to both storing electric energy and the
natureof their performanceNo consideration is made ftre depth of discharge as is
taken to represent the usable capacity. Charge and discharge rates are ladtbduo electric
battery(powerto-energy capacity ratio of ¥z standard market productie following

constraints balance the stored energy and restrict charge and discharge rates:

= —1 shIAN YAl oN D (2.32)
L8 RiAN VRO D (2.33
P s - 8 Riavyhlono (2.34)
where! i IS the stored electric energy and h A " and= M arethe seif

discharge, charge, and discharge efficiencies, respectivelliminate solutions with
simultaneous BESS charging and discharging without the use of a more complex and

computationdy intensive mixed integer linear programmjrgnegligibly small cost in the order

33



of 103 $/MW is applied td i In the objective function, which does not impact the-cost
optimal system
2. B3. Model parameters

The considered characteristics parameters in the model are tabulated in. Tahte 2
efficient inverter with 98% efficiencwas assumetbr the PV systeni83]. A 4-hour BESSwas
considered with charging and discharging efficiencies of 92% and-diseffarge efficiency of
99.9%][84], [85]. The charge and discharge efficiena¢soaccount for inverter losseshe
modeled-TESis an internal melt typeith amaximum charge rate 4f6 h'* and discharge rate
of 1/3 h' from performance datakenfrom CALMAC, a prominent internal melt TES
manufacturer. Measurements taken fielfES demonstrate high self-discharge efficiency of
99.9%][86].

Peak electric loads from existing AC CWS and WC CWS of 2 and 1.1 GW are utility
estimats[81jusedt o predi ct the corresponding existing
cooling capacities are conservatively assumed to be oversized by P0&v e t hpeakut i | i t vy
loadesti mate; this corresponds to AC CWS and WC
1.4 GW, respectively. DX are responsible for the remaining cooling loads with an estimated
maximum aggregate load of 1.3 GW. At design WC and AC systems COP of £2and
respectivelythe estimated aggregateminalcooling capacities are 3.1 GMor DXS, 6.1 GWh
for AC CWS, and 5.7 GWfor WC CWS.T h e s u b sizusdad pifferéntiate ¢hermahnd
electric capacitied-TES and BESS are assumed tarbally fully charged at the first hour of
each scenari@anuary 1 at midnight)in ordernot to impede the minimization of peak gas

generation demand
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Table 21: Characteristics parametersin the model

ltem Parameter Symiol Value
PV Inverterefficiency - 98%
Initially charge i B 100%
Chargeefficiency — h 92%
BESS y
Dischargesfficiency - h 92%
Self-dischargefficiency — h 99.9%
Chargecapacity Q h 1/6 hrt
LTES Dl-s.chargex:apacny Q h 1/3 hrt
Initially charge Yi h 100%
Self-dischargeefficiency — h 99.9%
Existing DXS cooling capacity g h 3100 MW
Existing AC CWScooling capacity § h 6100 MWh
chiller Existing WC CWScooling capacity 6 h 5700 MW,
Depressedhiller capacityfactor r 0.75
DesignWC system<OP 6 h 4.2
DesignedAC systens COP 6 N 2.4

Theassumd financial parameters in the model are tabulated in TABI6All capital
costs are installed costs and are taken on the lowej&ig77], [85], [87) [91], benefiting
from the economy of scale. Opkfsas valued peunit capacity per year and not based on
consumptiorf92]i [94]. Based on liity -scale prices in Qat$45], installed PMs at $450/kW gc
for fixed-tilt, $550/kW qc for singleaxis tracking, and $700/ky¥. for duataxis tracking OpEx
for installed PMvas at $10/kWad/yr. for fixedHilt, $15/kWp ac/yr. for singleaxis tracking, and
$20/kWp o/yr. for duataxis trackingThe mst of FTESwas takento be$50/TRhr ($14/kWh)
[87] andice chillers at $200/TR$57/kWin) [88], [89]. 4-hourBESSwas taken at $250/kWh, of
whichis $200/kW for power and $200/kWh for energy componst$, [91]. The yearly

average gas generation cost of $37/Mbgkers all OpEx. Benefiting from access to cheap
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capital in the region, finances are done at a 3.5% interesAragevice lifeof 25 yearswvas

assumedor I-TES ice chillers, and PV and 10 years for BEeSS[90], [95], [96].

Table 22: Financial parametersin the model

ltem Unit Expense Symbol Value
PV FixedHilt Capex G N $450/kWp,dc
OpEXx ¢ b $10/kWp,dc/yr.
Single-axis tracking Capex ¢ b $550/kWp,dc
OpEx G N $15/kWp,dclyr.
Dualaxis tracking Capex ¢ N $700/kWp,dc
OpEx ¢ D $20/kWp,dclyr.
I-TES  Internal melt Capex ® $14/kWhth
($50/TRhr)
BESS  4-Hour Li-ion Capex ® $250/kWh
Chiller Ice chillers for charging Capex ® h $57/kWth
($200/TR)
OpEXx G N $3/kWth/yr.
($20/TR)
Misc. Gasgeneratiorncost OpEx &) $37/MWh
Gasprice OpEXx - $3.33/MMBtu
Capital Interestrate Qi 3.5%
Servicelife Wi 25 years
BESSservicelife Wi © 10 years
Peakgasgeneratiorcost OpEx ® $5/MWp
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2.3 Resultsand discussion

First, the formulategroblemis solvedat the current cost structui@determinethe
penetration oPV, I-TES andBESS Secondthe impact othecarbon pricing policynthe
decarbonizatiopathwayis examined Third, adeeply decarbonized system supported by carbon
pricingis analyzedn detail Last, thampact ofthe continual decline in the cost BESSon the
costoptimal systenis investigate. For all considered cases, daais tracking PV wasot
economically feasible andasomitted from the results.

2.3 Curreonstructure

The formulated problens solvedat the current cost structure tabulated in T&2eThe
results suggest thBESSis not costeffective under current conditions. The eoptimal system,
as tabulated in Tab23, comprises 8.1 GW\c of PV capacity (5.9 GWc for fixed-tilt and 2.2
GW, q for singleaxis tracking), 28 GWhof aggregaté-TES capacity (3 GWH for DXS, 15
GWhn for AC CWS, and 10 GWhfor WC CWS), and 0.7 GWof aggregate ice chillers
capacity for the DX%. For AC CWS and WC CWS$;TESis charged usintheexisting idle
chillers capacity.Benefiting from optimized load shifting usingrES duing the summer
months, peak gas generation demand is redogd®% (7.330 6.0 GW).

The costoptimal system stipulates investing $326 million/yr. in PV capacity, $25
million/yr. in I-TES capacity, and $4 million/yr. in additional ice chillers capaditys
investmenbrings about 0% reduction in bothihe average cost of produced energy ($37/MWh
to $29/MWh) and total annual system expenditures ($1.5 billion/yr. to $1.2 billion/yr.) relative to
the current approach of all ghsed generationby utilizing low-cost energyroduced by PV

generation
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Table 23: Cost-optimal systemcapacitiesunder the current cost structure

Parameter Value Notes
: 8.1 5.9 GW 4c fixed-tilt

Solar PV capacity GWp e 2.2 GW 4 single-axis tracking
3 GWhn DXS

[-TESthermal capacity 28 GWhn 15 GWhy AC CWS
10 GWhn WC CWS

Additional ice chiller capacity 0.7 GWh DXS

Peak gas generation demand 6.0 GW  Across all scenarios

A PV capacity of 8.1 G\ is slightly higher than the current peak electricity demand of
7.33 GW, producing lowcost electricity to displace gas generation during the day and year
round excess generation fefESuse. About half of the excess generation is used to store ice,
andthe remaining half is curtailed. The mismatch between PV generation, which peaks in June,
and the cooling load, which peaks in August, is the primary reason for curtailfhecbst
optmals y st e mé s p r e-filtePV genecagon is due to ftsiker eosts and the lack of
energy storageapacityto utilize the higher surplus generation generated with solar tracking
technology.

Thecostoptimal systentharacteristics averaged over the four scen§2i0$32016)are
tabulated in Tabl@.4. 38% of the electricdemand was directly met by PV generation, and 5%
in-directly from load shifting usin TES. Since power generations in Qatar exclusively use gas
generation with collective C&&missions oR4 Mt/yr., theelectricdemand met by PV aridad
shifted byl-TESis directly proportional tgas consumption and G@missions reductiorcas
geneationuse and C@emissionsarereducedoy 43%, of which PV alone contributabnost

90% oftheseemissions reductian
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Table 24: Cost-optimal system characteristics under the current cost structte

Parameter Value Notes

Cost $1239 million/yr. gg”E‘j(a' cost from Capex and
Average power generation cost $29/MWh From gas and PV generation
Demand met by gas generation 57% -

Demand met by PV generation 38% Directly

Electric bad shifted by-TES 5% All cooling systems
ggr?grna%gr?mand met by PV 41% Directly

Cooling demand met by TES 13% All cooling systems
Solarcapacity factor 25% After curtailment

Curtailment 10% Of total PV generation
I-TESaverage charge residency 17 hrs Based on firstn, first-out
I-TES averagecapacityutilization 70% Equivalent full cycles per day

Figure2.8 shows theveekly averag@ercent contribution of theTES PV, and gas
generation in meetingpe electric demand in (a) and the electric cooling load in (b). Note that the
load met byl-TES corresponds to thelectricload shifted. The highest utilization BTESis in
the low cooling demand seasisrenabled by a higher amount of surplus PV generation and idle
chillers capacitylt reduces the nighttime cooling load by-@&@%, which equates tboutload
shifting 10% of the nighttime electrdemand Higher eleciicity and cooling demand in the
warmer season produces less surplus PV generation coupled with a lack of idle chillers capacity
constrained and diminishédTESuse. Nonetheless, sole PV generation consistently and reliably
met 40% of the cooling load amtectric demand. This system decarbonizes 54% adldwtric
cooling load, of which PV directly contributes 41%, aAES contributes 13% from load

shifting.
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Current Cost Structure
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Figure 2.8: 2016 scenario cosbptimal systemunder current cost structure with a
breakdown of contribution to supplying (a) electric demandand (b) electric cooling load
with percent load shifted byl-TES (% met by I-TES), directly met by PV (%D met by PV),
and met by gas (% met by Gas) on the left-gxis and the average weeklijoad on the right
y-axis.
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The load profile for three consecutive days in the winter, spring, and susmengtown
in Figure2.9for the 2016 scemi, with DD (demand directly) met from PV and D (demand)
met by ITES. In the winter]-TESis continuously dispatchedgstricted by tha@absencef
cooling demandwWhen the coolinglemanchas increased in the springlESis dispatched to
displace cooling systems operataigeduced efficiency due to relatively higher-tyb
temperatures in the AC systems orvatb temperatures in WC CWS. This can be seen from
the correlation betwedhe FTESdispatch amount and highambient temperaturds. the
summer]-TESuse was | imited due to multiple adverse
for charging due to higher cooling demand, (i
higher ambient temperatures ga(iii) limited amount and duration of surplus PV generation.
Still, a smaller amount of stored ice is dispatched in the early evening hours totredpeak
gasfired generatiomemand
Gas generation, which has to cover intermitfevi generation andtk of storage, sees a
high ramp rate of 3:5 GW/hr (5670% of the current pealectricitydemand) for less than 100
hours of the year caused by the early evening jpetiie summerThe ramp rates do not exceed
2.5 GW/hr for the remaining tim&@n averge, 70% of-TES capacity is utilized dailywith an
average charge residency of 17 hoaoanterintuitively depressed by lower utilization in the
high cooling demand season. Storage is charged in 2500 hours, restricted by the narrow charging
window, equivalent to the number of hours PV produces surplus pbiESis dispatched over

4450 howsto redue gas generation use and peak demand
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Current Cost Structure
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Figure 29: Cost-optimal system hourly load profile with D (demand) met byi-TES,
DD (demand directly) met from PV, D (demand) met by gas, and on the leftaxis and the
ambient temperatures on the right yaxis for three days in winter, spring, and summerl -
TES charge rate isshown innegative.
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2. 2Effecdrsbod mricing

Plentiful and easily accessible natural gas provideddost fuel to gas generation in
Qatar, instigating a cost structure that lacks the appropriate economic incentives to reduce carbon
emissions. This section assess&don pricingpolicy to promote eergy and environmental
sustainability. The costoptimal system with a carbon pricing from 0 to $200/ton of 8O
shown in Figure.10with capacities of power generasin (a), BESSin (b), I-TES in (c), (e),
and (g),and ice chillers ind), (f). and (h) for DXS, AC CWS, and WC CWS, respectively.
Figure2.11(a)(d) shows the corresponding cagitimal system characteristics

The costoptimal system with carbon pricing below $20/ton of@>dominated by PV
generation and limited TES. That is becauseTES cannotoutcompete already existing gas
generatiorfor highly seasonal cooling needs. This system nearly displaces all daytime gas
generation directly usinlgpwer-costPV generatiorandexploits surplus generation to reduce the
nighttimecooling loadin the shoulder seasonsingl-TESfor load shifing. While fixed-ilt PV
generation is initially preferred, fixetilt is swapped for singlaxis tracking with a net positive
gain as thearbon pricencreasesaccompanied by an increaseauditional ice chillers ant
TEScapacity. PV generation witlhRTESfor electric and cooling loads decarbonization reaches a
plateau at carbon pricing of $100/ton of £©6or this system, about 88% of cooling needs are
metusingPV generation during the daytime aR@ES during the nighttimeThe remaning 12%
is in dayswith reduced solar output and during the high cooling load season between July and
SeptemberOptimizedl-TESdispatch could reduce peak demand from gas generation by 35%
(7.33 to 4.8 GW); further decrease is limited by the-oooling portion of the eledt demand

and challenges of irgy I-TES in the high cooling load season
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Battery at $250/kWh
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Figure 2.10: Cost-optimal system & carbon price increases. Power generations andESS
capacitiesare normalized to the2016 yearlyaverage electric demand of 4.7 GW-TES capacity is
normalized to the average aggregate cooling demand of 1.4 GMbr DX S, 2.3 GW, for AC CWS,

and 2.2 GW;, for WC CWS. Ice chiller capacityis normalized to the aggregate cooling system
capacity of 3.1 GW;, for DX S, 6.1 GW for AC CWS, and 5.7 GW, for WC CWS.
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Battery at $250/kWh

__(a) System Characteristics (b) Cooling Systems Characteristics
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Figure 2.11: As carbon priceincreases: (a) overall system characteristics, (b) cooling
system characteristics, (c) average generation castd total CO2 emissions, and (d) annual

systemcost, Capex, and revenue fronthe carbon tax (carbon pricing).

Different moling systentechnolaiesrespond differently to carbon pricing. AC systems
are favored over WC CWS f#TESuse due to a lower system COP; this means an equal
amount of thermal energy corresponds to a greater electric load shifting in AC systems. An
additional advantage f@&xC CWS is utilizing the idle capacity to make ice, allowing for greater
penetration of{TES at reduced costs compared t&® To decarbonize nighttime cooling
needs, the additional installed ice chilleapacity is 2, 4, and 05 times the existing nominal

capaciiesof DXS, AC CWS, and WC CWS, respectively. This large additional capacity is

needed because of the capatogsin icee-making mode and the necessity to store nighttime
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cooling needs during daylight hours of no mor@tle-8 hours. Less additional ice chillers are
needed in CWS by utilizing the existing idle capacity to makeHagghermore,te pronounced
difference between AC and WC CWS is due to more mimtcgannualanddiurnalvariations in
ambient wetbulb thandry-bulb temperatuig correspondingo less capacity degradation and a
more consistent cooling system performance.

Curtailment remains modestetween 10 to 20%f total PV generationUnless long
durationenergystorage is considered, surplus PV generation produced from the mismatch
between electric and cooling loads, which peaks in August, and PV generation, which peaks in
June, is curtailedAs carbon pricing increasérom 0 to $200/ton of Cg) the average cosf
power generation increases lyoat afactor of2 in the cosbptimal systemsSimultaneously
emissions sharply declined by a factor of 7 relative to theagighal system ani2 relative to
the current system structufeurthermorethe higher anual systencostis increasinglyfrom
Capex, driven by installed PV generation 8&5S as opposetb OpEx fromcarbon tax
revenue

BESSbecomes costffective above carbon pricing of $100/ton of 8Theanalysis
suggests tha&@ESSdoesnot displacd-TESfor cooling loadshifting andis primarily used to
manage the diurnal behavior of noooling loadsBESS requires a higihaily averageapacity
utilization rate of around 90% to be economical, which is unsuitable for a seasonal cooling load.
Themodel suggests a rapid increase inahed BESScapacity with carbon prasup to
$140/ton of CQ This systenmachieves a decarbonization rate exceeding 9@igh vastly
diminishes the role of gas generation. With a net positive increase in PV generation capacity, the
costoptimal systenshiftsto a preference for fixetllt PV generation over singlaxis trackim

enabled by BESS's naturally higher charging, natéchreduces system cost and curtailment.
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The carbon abatement codefined as the yearly cost of mitigating carbon emissions
from gas generatiofior the costoptimal systenas carbon pricing increasis shown in Figure
2.12. The negative abatement cost at low carbon pricing indicates that a more sustainable
solution can be achieved at a reduaadualcost.Otherwise, he abatement codbes not exceed
$55 per ton of CQup to a decarbonization raté nealy 95% supportedy low-cost PV

generatiorandl-TES andreliable norcoolingload for BESS

Figure 2.12. As carbon price increases carbon abatement coss on the left y-axis
and abated CQ emissions on the right yaxis, relative to the current system of all gasbased
generations
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