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Abstract

Decarbonizing the Electricity Sector in Qatar

Ibraheam Ali Y M Al-Aali

Limiting global warming to 1.5°C requires transitioning to low-carbon electricity grids. In
Qatar, high and predictable insolation synergetic with demand makes exploiting solar energy
particularly attractive to decarbonize the electricity sector. With a hot desert climate, space-
cooling drives demand, accounting for nearly half of annual electricity use. This dissertation
analyzes a decarbonization pathway by exploiting solar PV generation combined with ice storage
for cooling load shifting and battery storage for electric load shifting in a top-down approach by
(1) assessing the potential for large-scale deployment, (ii) examining the subsequent problem of
distributed energy resources capacity sizing, and (iii) proposing a solution to the arising demand
side management problem. A carbon tax is examined to oppose cheap and plentiful natural gas.

The analysis outcomes using a linear program show a strong potential for decarbonizing
using PV-enabled solutions. While they cannot displace gas generations, their role is reduced to
aid in meeting summer demands. Although buildings are well suited for distributed PV, Qatar is
a better fit for utility-scale implementation because of reduced costs and higher output from solar
tracking technology, and accessibility for cleaning as soiling on PV is a concern.

Under the current gas price of $3.3/MMBtu, PV with ice storage could reduce emissions
by 43% while cutting annual costs by 20%. Carbon pricing at $60/ton of CO> reduces emissions
by 60%. Further reduction is difficult due to the misalignment of the summer electricity demand
peak with the solar insolation peak, and ice storage cannot outcompete existing gas generation
for a seasonal cooling load. Ice storage is fit to utilize the large idle chiller capacity in the

shoulder season, particularly in less efficient systems, because an equal tank volume corresponds



to a greater electric load shifting. Battery storage becomes economical with a carbon tax above
$100/ton of CO> to manage non-cooling loads and is unsuitable for seasonal loads. Without a
feed-in tariff, battery storage is better suited for utility-scale applications due to a reliable
aggregate non-cooling load. Supported by battery storage, emissions could be reduced by 92% at
$140/ton of CO; carbon tax. However, peak gas generation demand was only lowered by 66%.
Linear models are useful to describe large systems, but they cannot be applied to an
individual system. Instead, hybrid models combining models from first principles with data-
driven parameters are developed. The distributed-scale capacity sizing problem is formulated in
a bi-level optimization. The upper-level decided equipment capacities using particle swarm are
passed down to solve the scheduling problem to estimate electricity charges in a mixed-integer
linear program with piecewise linearization. The distributed-scale analysis affirmed the
suitability of the decarbonization pathway. Buildings with dominant day-time demand, such as
commercial buildings, are well positioned to benefit from exploiting distributed PV generation.
Demand-side management for cooling systems becomes essential in transitioning to low-
carbon power grids since intermittent renewable generations cannot be dispatched or perfectly
predicted. An optimization strategy is developed to schedule and dispatch chiller systems with
ice storage. The strategy decomposes the problem into a bi-level formulation solved using the
genetic algorithm. The upper level decides the storage dispatch amount, and the lower level
solves the scheduling problem at each time step. The penalty function method handles the
scheduling problem's constraints, and with penalty factor tuning, premature convergence is
eliminated. Compared to commonly used heuristic strategies, optimal control reduced cost by 11-

33%. The gains are augmented with a more complex tariff structure like demand charge.
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Symbol Meaning

AC Air-Cooled

AC CWS Air-Cooled Chilled Water System
BESS Battery Energy Storage System
Capex Capital Expenditure

Ccop Coefficient of Performance

CWS Chilled Water System

D Demand

DD Demand Directly

DXS Direct Expansion System

I-TES Ice Thermal Energy Storage
OpEx Operation Expenditure

PV Photovoltaics

SoC State of Charge

TOU Time-of-Use

TR Ton of Refrigeration

wC Water-Cooled

WC CWS Water-Cooled Chilled Water System
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p't

wc
Cpt

CAC

CWC

CAC,ice

CWC,ice

CDX,des
CAC,des

CWC,des

Meaning

Humidity ratio at time ¢ and scenario p, [kg of water/kg of air]

Logistic curve non-cooling load at time t and scenario p, [MW]

Hourly aggregate thermal cooling demand from direct expansion systems at time
t and scenario p, [MW]

Hourly aggregate thermal cooling demand from air-cooled chilled water systems
at time t and scenario p, [MWu]
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refrigeration mode, [MW]
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Existing aggregate cooling capacity of water-cooled chilled water systems in ice-
making mode, [MW]

Design aggregate cooling capacity of direct expansion cooling systems, [MW]
Design aggregate cooling capacity of air-cooled chilled water systems, [MW]

Design aggregate cooling capacity of water-cooled chilled water systems, [MWiu]
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D;;‘f Hourly aggregate electric cooling load from air-cooled chilled water systems at
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EDPX Maximum aggregate electric load from direct expansion cooling systems, [MW]
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fITES dis Ice storage maximum discharge power to energy ratio, [h™']

H Ig't Logistic curve heat index midpoint at time ¢ and scenario p, [°C]

HL, Heat index at time ¢ and scenario p, [°C]

Lys Hourly solar insolation with a solar tracking technology s at time t and scenario
p, dimensionless by peak sun hour, [ MW/MW,]
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k¢ Logistic curve slope at time ¢ and scenario p, [°C]
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yr Service life of PV, ice chillers, and ice storage, [yrs.]

yrb Battery service life, [yrs.]

nTES,sdis Ice storage self-discharge efficiency, dimensionless

nBESS.chs Battery charge efficiency, dimensionless

nBESS.as Battery discharge efficiency, dimensionless

nBESS.sdis Battery self-discharge efficiency, dimensionless

n! Inverter efficiency, dimensionless

piee Depressed chiller capacity factor in ice-making mode, dimensionless
pice Depressed chiller performance factor in ice-making mode, dimensionless
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Symbol Meaning

Bgfts Battery discharge rate at time t and scenario p, [MW]
Bf,,’}s Battery charge rate at time t and scenario p, [MW]
ot Stored electric energy at time t and scenario p, [MWh]
CBESS Installed electric battery capacity, [MWh]
crv Installed PV capacity with solar tracking technology s, [MW) dc]
C]TES Installed ice storage thermal capacity for cooling system i, [MWh]
cjeecnt Additionally installed ice chiller capacity for cooling system i, [MW]
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PVpC}”t Curtailed PV generation at time t and scenario p, [MW]
Sz‘iitfi Ice storage discharge rate for cooling system i at time t and scenario p, [MWu|

xviii



ac,chs
Sp,t,i

wc,chs
Sp,t,i

s
bt

Index sets
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Symbol

A

cP

cop

.

. T

Ice storage charge rate using air-cooled chillers for cooling system i at time t and
scenario p, [MWu]

Ice storage charge rate using water-cooled chillers for cooling system i at time t
and scenario p, [MWu|

Stored thermal energy in ice storage for cooling system i at time t and scenario p,

[MWh]

Meaning

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

Scenario index set {1, 2, 3, 4} denoted by P

PV orientation and tracking technology index set {1, 2, 3} denoted by §

Time step index set {1, 2, 3, ..., 8760} denoted by T

Meaning

Area, [m?]

Specific heat, [K]/kg - K]

Coefficient of Performance, dimensionless
Rate of change of energy, [kW]

Fraction, dimensionless

Rate of change of enthalpy, [kW]

Specific enthalpy, [kJ/kg]
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k Pumps/fans constant, [kW]

m Flowrate, [kg/s]

NToW Number of rows in coils, dimensionless

NTU Number of transfer units, dimensionless

P Power, [kW]

p Pressure, [kPa]

PLR Part-load ratio, dimensionless

0 Heat transfer rate, [kW]

R Chiller effective thermal resistance, [K/kW]
AS Entropy generation rate, [kW/K]

SoC State of charge, dimensionless

T Temperature, [°C]

|4 Fluid face velocity, [m/s]

VSD Angular speed, [% of maximum speed]

x Evaporator refrigerant quality, dimensionless
Y Cooling tower height, [m]

£ Effectiveness, dimensionless

n Efficiency, dimensionless

p Density, [kg/m?]

Superscripts

Symbol Meaning
a Air
ae Coil leaving air
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ai Coil entering air

atwr Cooling tower air

chl Chiller

cc Cooling coil

cca Cooling coil air

ccw Cooling coil water

ccrw Cooling coil return water
ccsw Cooling coil supply water
cf Coil fan

comp Compressor

cond Condenser

cp Condenser pump

crw Leaving condenser water
csw Entering condenser water
cw Chiller condenser water
des Design conditions

dp Dew-point

dry Dry section of the coil
evap Evaporator

ext External

fg Latent heat of evaporation
ice Ice

int Internal
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iw
irw
isw
ITES
leak

lim

max

pp
ref

refg

rw

Sp
sw

twr

VSD

wb
wet

wtwr

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 air wet-bulb
Wet section of the coil

Cooling tower water
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Symbol

Meaning

Storage heat rate curve slope for piecewise linear segment f and mode of
operation m, [KWi]

Chiller power curve slope for piecewise linear segment f and mode of operation
m, [KWn]

Storage heat rate curve y-intercept for piecewise linear segment f and mode of
operation m, [kWi]

Chiller power curve y-intercept for piecewise linear segment f and mode of
operation m, [kWi]

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

Capital cost of installed fixed-tilt PV capacity, [$/kWp_qc]

Capital cost of installed ice storage capacity, [$/kWhu]

Capital cost of installed chiller capacity with compressor technology x, [$/kWu]
Capital cost of installed chiller pumps, [$/kW]

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

Capital cost of installed cooling tower, [$/kWin]

Operating cost of installed fixed-tilt PV capacity, [$/kW,.dc/yr.]

Cost of electricity from the power grid, [$/kWh]

Demand charge, [$/kWp]

Usable capacity of modular ice storage tank (83-TR-hr nominal), [kWh]
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m
M

NChl

NITES

days
Np

Nos
P

PLR
Qpe
Qe

Q chl,des

SoC

yr
yrb

BESS,chs

n

BESS,dis

n

BESS,sdis

n

nI

Superscripts
Symbol

adj

Hourly electric load, [kW]

Flowrate, [kg/s]

Arbitrarily large number (Big M)

Number of chillers, dimensionless

Number of modular ice tanks, dimensionless

Number of days represented by scenario p, dimensionless
Number of months represented by scenario p, dimensionless
Power, [kW]

Part-load ratio, dimensionless

Building cooling demand at time t and scenario p, [kKWin]

Upper limit for design chiller cooling capacity, [kW]
Lower limit for design chiller cooling capacity, [kWin]
State of charge, dimensionless

Service life of PV, ice chillers, and ice storage, [yrs.]
Battery service life, [yrs.]

Battery charge efficiency, dimensionless

Battery discharge efficiency, dimensionless

Battery self-discharge efficiency, dimensionless

Inverter efficiency, dimensionless

Meaning

Adjusted
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base
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cp
csw

cw

des
evap
ice
ITES
iw
lim
ll

max

pp
ref
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rw
Sp
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twr

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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ul

VSD

Upper-limit

Variable speed drive

Decision variables

Symbol

chs
Bp.t

dis
Bp.t

s

p,t

chl
B ptx,jme

B ice

ITES
B ptmf

CBESS
CPV

cr

ce?

I twr

chl,des
Qx,j

GT?

GTy:

Meaning

Battery charging rate at time t and scenario p, [kW]

Battery discharging rate at time t and scenario p, [kW]

Stored electric energy at time t and scenario p, [kWh]

Binary variable to toggle on chiller power curve piecewise linear segment e in
operation mode m for chiller j with compressor technology x at time t and
scenario p, binary

Binary variable to activate ice-making mode at time t and scenario p, binary
Binary variable to toggle on ice storage heat rate curve piecewise linear segment
f in operation mode m at time t and scenario p, binary

Installed BESS capacity, [kWh]

Installed on-site fixed-tilt PV capacity, [kWp.dc]

Installed chiller pumps capacity, [kW]

Installed secondary pump capacity, [kW]

Installed cooling tower capacity, [kWi]

Installed nominal cooling capacity of chiller j with compressor technology x,
[KWin]

Peak gas generation demand, [kW]

Power delivered by the electricity grid at time t and scenario p, [kW]
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ychl
Qp,t,x, j

chs
Sp,t

dis
Sp,t

s
bt

chl
ON. ptx,j

curt
PVy5t
AT cw,des

ATsw,des

Index sets

Symbol

Number of modular ice storage tanks, N'TES € R

Load for chiller j with compressor technology x at time t and scenario p, [kWu]
Ice storage charge rate at time t and scenario p, [KWiw]

Ice storage discharge rate at time t and scenario p, [kWn]

Stored thermal energy at time t and scenario p, [kKWhn]

Power switch for chiller j with compressor technology x at time t and scenario p,
binary

Curtailed PV generation at time t and scenario p, [kW]

Design chillers condenser temperature differential, [°C]

Design chillers evaporator temperature differential, [°C]

Meaning

Chiller piecewise linear segment index set {1, 2} denoted by £
Storage piecewise linear segment index set {1, 2, 3, 4} denoted by F
Chiller index set {1, 2, 3, ...} such that j € N

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

Scenario index set {1, 2, 3, 4, 5} denoted by P

Time step index set {1, 2, 3,4, ..., 24} denoted by T

Chiller compressor technology index set {1, 2, 3} denoted by X
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Symbol

Ce

f

PLR
SoC

T

Q

VSD
Superscripts
Symbol
ae

ai

atwr
bcw
bsw

chl

cca

Meaning

Time-of-use electricity rates
Fraction, dimensionless
Specific enthalpy, [kJ/kg]
Flowrate, [kg/s]

Mass, [kg]

Power, [kW]

Part-load ratio, dimensionless
State of charge, dimensionless
Temperature, [°C]

Heat transfer rate, [kW]

Angular speed normalized to maximum speed, dimensionless

Meaning

Coil exit air

Coil inlet air

Cooling tower air

Blended chillers condenser water
Blended chillers evaporator water
Chiller

Cooling coil air
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ccrw
cesw

ccw

cp
crw
csw

cw

des
dry
ITES
isw
irw

iw

max
min
pp

rw

Sp

Cooling coil return water

Cooling coil supply water

Cooling coil water

Coil fan

Condenser pump

Blended leaving chillers condenser water
Blended entering chillers 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 chillers evaporator returning water
Saturated

Sensible

Secondary pump

XX1X



sw Chiller evaporator water

Sys System

twr Cooling Tower

VSD Variable speed drive
wtwr Cooling tower water

Decision variables

Symbol Meaning

mw Storage water flowrate at time t, [kg/s]

Tey Leaving chilled water temperature setpoint for chiller j at time ¢, [°C]

TS Entering condenser water temperature for chillers at time ¢, [°C]

ASoC, Ice thermal storage dispatch amount at time t, dimensionless

ONtC,;-” Power switch for chiller j at time ¢, binary

ONEY" Power switch for cooling tower n at time ¢, binary

Vs Dtc ! Cooling coil fan motor speed normalized to the maximum speed at time ¢,
dimensionless

VSD,P Secondary pump motor speed normalized to the maximum speed at time ¢,
dimensionless

VSDHW" Cooling tower fan motor speed normalized to the maximum speed at time ¢,
dimensionless
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Index sets

Symbol

g

Meaning

Secondary pump index set {1, 2} denoted by G
Chiller index set {1, 2, 3} denoted by (J

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

Time step index set {1, 2, 3,4, ..., 24} denoted by T

Training data index set {1, 2, 3, 4, ..., 237} denoted by Z
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Chapter 1: Introduction

The world's use of fossil fuels as an on-demand energy source is increasing the
concentration of greenhouse gas emissions in our atmosphere [1], [2] that continues to accelerate
as many parts of the world develop and industrialize [3], [4]. It became evident that
anthropogenic greenhouse gas emissions, primarily CO> (carbon dioxide), drive climate change
by trapping heat in the atmosphere and increasing the global temperature [S]—[8]. If not
mitigated, climate change threatens rising sea levels, coastal flooding, food and fresh water
shortages, and higher frequency and intensity of extreme weather events [9]-[11]. The
International Panel on Climate Change's special report finds that the risk of irreversible
ecological damages can be reduced by limiting global warming to 1.5°C above the pre-industrial
era [12]. World energy use is responsible for two-thirds of yearly anthropogenic carbon
emissions [13], which can be classified into three end-use sectors: transportation, industrial, and
buildings. Building energy use accounts for 30% of total energy end-use and 55% of electricity
use worldwide [14], dominated by space-cooling and heating and domestic hot water needs [15]—
[17].

Qatar is a small country along the Arabian Gulf with a population of 2.7 million and a
total land area of 11,600 km?. The climate can be described as dry-arid with mild winter months
(average daily temperature of 20-25°C) and hot summer months (average daily temperature of
35-40°C). Qatar ranks highest for per capita carbon emissions [18]. Although largely propelled
by carbon emissions from producing and exporting liquefied natural gas, it displaces dirtier and
more emission-producing fuels elsewhere. Still, the electricity sector is responsible for one-

fourth of total carbon emissions, of which buildings account for 60% of total electricity use [18],



[19]. The high electricity demands in buildings are dominated by near year-round energy-
intensive space-cooling [20], [21].

Qatar’s electricity and water demands are met by gas-fired integrated water and power
plants, combining electricity production and water desalination. In 2016, the total electricity and
desalinated water consumption were 42 TWh and 560 million m?, respectively, produced using
452 million MMBtu of natural gas at an average thermal efficiency of 31%, emitting 24 Mt of
CO2 [19].

Electricity is subsidized based on sector and consumption bracket [22]. For non-bulk
consumers with a peak demand of less than 5 MW and a monthly consumption bracket of less
than 4 MWh, the rate is flat at $36/MWh. For bulk customers with a peak demand greater than 5
MW, the tariff is $58/MWh during the low-demand seasons and rises to $93/MWh during peak
hours in the hotter months (May to October) from 12 to 6 PM [22]. The on-peak pricing is
motivated by the growing peak demand, which grew at an average rate of 6% per year since
2010 to 7.33 GW in 2016. This led to expanding gas generation capacity only to supplement the
yearly marginal increase in demand in the hotter summer months. Also, the high ambient
temperatures in the summer significantly depress their power capacity and thermal efficiency
relative to their design condition, leading to further upsizing them.

Figure 1.1 shows Qatar's 2016 daily electricity demand and ambient temperatures for
three days in the winter (Jan 5-7), spring (April 10-12), and summer (Sept 2-4), where Hour 0
corresponds to 12 AM in all subsequent figures. Meteorological and solar insolation data were
collected from a station in Doha, where most of the population lives. Daily demand variations
are minor relative to seasonal variations driven by high electricity demand from space cooling. In

the summer, diurnal demand from space-cooling is synergetic with dry-bulb temperatures, and in



the winter, the electricity demand is largely from non-cooling loads. Average daily dry-bulb

temperature variations can be as high as 10°C compared to 5°C for wet-bulb temperature.
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Figure 1.1: Qatar’s 2016 electricity demand in the winter, spring, and summer for
three days on the left y-axis and the ambient conditions, dry and wet-bulb temperatures, on

the right y-axis.

Threatened by rising sea levels and extreme inhospitable temperatures due to climate

change [23], Qatar, alongside the world, needs to adopt more sustainable approaches to meet

increasing energy and cooling demand. While considerations are made for renewable-based



energy sources and demand-side management [24]-[28], which could reduce emissions by 20-
25% by 2035, Qatar does not have a net zero or a deep decarbonization plan. Pathways to
decarbonizing the electricity sector in Qatar have been investigated by scholars for large-scale
renewables deployment [29]—[33] and from a distributed building-scale perspective with an
emphasis on demand side management [34]-[41].

In a comprehensive examination of renewable energy sources in Qatar, Okonkwo et al.
[32] explored wind turbines, PV (photovoltaic), concentrated solar power, and biofuels combined
with energy storage technologies, including thermal and pump-hydro storage. Okonkwo
identified several potential decarbonization pathways with PV and wind generation. However,
energy storage systems such as pump hydro were determined to be essential for deep
decarbonization, but Qatar's geography lacks favorable topography. Bohra and Shah [30] and
Martinez-Plaza et al. [31] analyzed the long-term potential of solar energy in Qatar. The studies
agree on the large potential for grid-scale PV generation. Martinez-Plaza also identified
concentrated solar power with large thermal storage as an alternative solution. An investigation
of wind turbine potential by Marafia and Ashour [33] reveals promising wind speeds reaching
6.5 m/s at 10 m above ground. The research finds off-shore wind energy suitable for off-grid
connection for islands in Qatar and promising for a grid-connected generation. However, unlike
solar insolation, wind speed is highly spatially sensitive. Furthermore, obtained meteorological
data demonstrate correlated wind speed with intra-annual and diurnal PV generation, which
makes wind turbines less able to reduce the required energy storage capacity.

Alrawi et al. [36] and Elbeheiry et al. [35] examined the economic viability of
distributed-scale rooftop PV generation with battery energy storage systems in Qatar. The studies

find the examined system economically infeasible, constrained by subsidized tariffs and a lack of



economic incentives. In another work, Alrawi et al. [36] investigated factors influencing
residential rooftop PV adoption using surveys. They establish subsidized electricity tariffs as a
challenge to PV adoption and propose lifting subsidies and promoting energy conservation
awareness. Teshnizi et al. [37] analyzed grid-connected household-scale wind turbines in Qatar,
and their analysis found limited suitability and emissions reduction potential in certain areas.

Demand-side management can be categorized into energy efficiency and demand
response. Energy efficiency reduces energy use from higher efficiency building standards,
appliances, and cooling technologies. Conversely, demand response exploits electricity tariffs to
motivate demand adjustments to match supply, which is essential for intermittent renewable
generation. Bayram and Koc [38] investigated demand-side management practices in Qatar. The
study finds energy efficiency to be most explored. Although the demand response is gaining
attention, the current tariff structure does not motivate demand adjustment. They propose
adjusting the air-conditioning set point for unoccupied buildings to reduce peak electricity
demand in summer through demand load control programs. Krarti et al. [39] analyzed the
macroeconomic benefit of large-scale building energy efficiency programs in Qatar. They find
that higher buildings' energy efficiency standards can significantly reduce energy consumption
and peak energy demand even when retroactively implemented. Kamal et al. [41] recommend a
policy pathway of building codes and standards to reduce building energy consumption with
special emphasis on new constructions considering Qatar's unique rapid urban development
pace. However, the analysis determines that subsidized electricity tariffs do not encourage
energy savings.

Prior works in the literature identified that the subsidized electricity sector is challenging

to decarbonize but affirm Qatar's particular attractiveness for exploiting solar PV. Qatar has a



high and predictable solar insolation with a global horizontal irradiance of 2200 kWh/m?/yr. with
few rainy or cloudy days that are synergetic with electricity demand. This is further
complemented by access to low-interest capital and abundant suitable land area. Figure 1.2
illustrates the synergistic relationship between the weekly average electric load, solar output,
mean heat index, and ambient dry-bulb temperature in degrees Celsius. The heat index is a
metric for the human perception of the ambient temperature combining the ambient dry-bulb
temperature and the humidity level. High humidity between July and September is responsible

for the increased electricity demand from space cooling.
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Figure 1.2: Qatar 2016’s weekly mean electric demand and solar output over 19 km?
in MW on the left y-axis, and the weekly mean heat index and dry-bulb temperature in
degrees Celsius on the right y-axis. Yearly solar output over 19 km? is equivalent to 2016’s
total electricity use of 42 TWh.



In the past, a high fraction of airborne dust hindered large-scale PV deployment in Qatar.
However, ongoing research investigates procedures to evaluate and reduce the degradation due
to soiling. Abdallah et al. [42] found that fouling can drop panels yield by 15% if not cleaned
monthly. A study by Martinez-Plaza et al. [43] determined anti-soiling coating to be ineffective
in limiting yield drop but allowed for easier cleaning of the panels. Tahir et al. [44] theoretically
analyzed the impact of climate change on mono and bi-facial PV panels in Qatar. The study
predicts rising air temp in the years 2050 and 2080 with a reduction in solar insolation by 5-8%.
Bi-facial panels are determined to be better suited due to their high energy output and reduced
cell temperature. In early 2020, a deal was signed to build an 800 MW solar PV plant in Qatar
with a record levelized cost of electricity of $15/MWh [45], which was commissioned in October
2022. Another deal was signed in August 2022 to build two additional solar PV plants with a
combined capacity of 875 MW [46].

Still, cooling demand that continues through the night cannot be met with diurnal solar
PV generation. I-TES (ice thermal energy storage) is examined as a low-cost means, as opposed
to current BESS (battery energy storage system) technologies, to store excess PV generation for
subsequent cooling. I-TES requires a chiller to produce cooling to convert liquid 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 sensible and latent heat from the phase change of liquid water to ice.

Carbon pricing is examined as a state policy tool to accelerate the adoption of energy
storage and renewable energy resources as a viable competitor with cheap natural gas in Qatar.
Carbon pricing is an instrument to increase the cost of generations from carbon-based energy
sources to reflect better the environmental damage caused by CO; emissions. By shifting the

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



carbon-based energy sources and mobilize investments [47], [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 CO; emitted.

Moving to low-carbon electricity grids while satisfying the world's growing energy needs
remains humanity's greatest challenge. This work is a subset of a large body of literature that
attempts to examine, analyze, and develop alternative decarbonization pathways. This
dissertation aims to examine and analyze a decarbonization pathway for the cooling-driven
electricity sector in Qatar using PV generation combined with I-TES for cooling load shifting
and BESS for electric load shifting from multiple perspectives in a top-down approach. The
dissertation is organized into the following chapters:

Chapter 2: Assessing large-scale deployment from a utility-scale perspective

PV generation already out-competes gas generation at current prices. However, large-
scale deployment of PV generation cannot be supported without the widespread adoption of
costly energy storage. This chapter assesses the potential of utility-scale PV generation combined
with [-TES and BESS. The problem is formulated in a two-stage stochastic linear program
solved at a given gas price. Linear programming is extensively used for large-scale energy
problems when describing aggregate systems' performance and behavior. Statistical tools are
applied to estimate electric demand from space cooling. To combat low energy prices in Qatar,
carbon pricing is examined as a policy tool in order to boost the adoption of energy storage and
facilitate the transition to sustainable renewable energy sources.

Chapter 3: Modeling of WC CWS with I-TES

The conventional way to cool medium to large buildings in Qatar is using a WC CWS

(water-cooled chilled water system). Using water to transport heat over large distances reduces



energy losses in air distribution and refrigeration systems. However, the behavior and control of
CWSs (chilled water systems) tend to be more complex than cooling systems used in smaller
buildings. While simpler models can describe the aggregate behavior of the systems, as done in
Chapter 2, they cannot be applied to individual systems. This chapter develops hybrid models
combining first principles with data-driven parameters to capture the complex behavior of the
major power-consuming components in CWS with [-TES used for building-scale analysis in
Chapters 4 and 5.

Chapter 4: Design of an integrated WC CWS with I-TES, BESS, and on-site PV

The decarbonization pathway examined for large-scale deployment in Chapter 2 must
eventually be applied to individual buildings with distinct envelope construction and electricity
and cooling needs. This chapter examines the design and equipment capacity sizing problem of
CWS with I-TES and BESS for better integration with on-site PV generation. A problem
confronted when deciding equipment capacity is estimating their energy, which requires solving
the scheduling and dispatch problem that is highly non-linear and involves many decision
variables at each time step. A bi-level optimization formulation is developed to decouple the
capacity sizing from the scheduling and dispatch problem. The upper level minimizes yearly
total system costs and decides the installed capacities and design parameters using particle
swarm optimization. The decided parameters are passed down to solve the scheduling and
dispatch problem in a mixed-integer linear program with piece-wise linearization and return the
estimated yearly electricity charges. Two buildings are examined with dissimilar demand
profiles: a residential building with dominant night-time electricity needs and a commercial
building with diurnal cooling and electricity needs. This chapter restresses the role of carbon

pricing in adopting energy storage and highlights the impact of demand-side management.



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

Intermittent renewable generations cannot be dispatched or perfectly predicted. A low-
carbon power grid must be accompanied by demand-side management through load shifting
using energy storage and demand adjustments communicated by the central grid via a pricing
signal. Cooling is responsible for nearly half of the electricity demand in Qatar, thereby making
cooling systems a crucial target for demand-side management. However, operating CWS to
maximize savings can be challenging. This challenge arises from operating the system outside its
design conditions, which requires careful consideration of chillers' part-load performances and
the performances of associated auxiliary equipment. This chapter develops an optimization
strategy for optimal scheduling and dispatch of WC CWS with I-TES to reduce operating costs.
A bi-level optimization formulation is developed that minimizes the daily electricity charge,
which is solved using the genetic algorithm at both levels. The upper level decides the I-TES
dispatch amount fed to the lower-level optimizer to solve the WC CWS equipment scheduling
problem sequentially at each hour and returns the corresponding system power consumption to
update the guess for the next iteration. This approach negates the need for simplistic system
models for complex space cooling and heating applications. The developed strategy is contrasted
against two commonly used heuristic strategies: chiller priority and storage priority control.
Chapter 6: Conclusions and recommendations for future works

The proposed decarbonization pathway is analyzed from different perspectives in a top-
down approach in the earlier chapters. This chapter ties in the different perspectives to build a
complete picture of the challenges and prospects of the considered pathway. Recommendations
are made to address current and future urban development needs. Last, future research questions

are provided to expand the scope of the study.
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Chapter 2: Assessing large-scale deployment from a utility-scale

perspective

2.1 Introduction

The solution to sustainably meet the world's growing energy demand will not be
universal. Instead, each region must tailor a plan specific to its energy needs, climate, and
geology. Nevertheless, any approach will combine renewable energy sources with energy storage
technologies and demand-side management. Individuals' actions to reduce energy consumption
or consider alternative energy sources can only have a limited impact on the overall electricity
sector's carbon emissions, and any far-reaching impact requires government intervention via
direct actions or policy enactments.

This chapter assesses the potential for large-scale deployment of utility-scale PV
generation combined with I-TES and BESS for decarbonizing cooling and electric loads. The
planning problem is solved to estimate the required aggregate capacities and annual system cost.
In addition to the literature, more sophisticated models are developed to examine I-TES for
cooling load shifting. The developed models account for the impact of ambient conditions on the
performance of cooling systems and evaluate existing idle chillers' cooling capacity that could be
used for [-TES charging.

The utility-scale perspective provides insight into the renewable penetration potential,
overall emissions reduction, and the impact on power grid operation. Linear programming is
extensively employed in utility-scale analyses because it can solve large problems with
thousands of continuous and binary variables commonly confronted in large-scale deployment of
renewables with energy storage [49]-[51]. It is also useful for describing the aggregate behavior

and performance of its constituent systems, which tend to exhibit simpler behavior.

11



In the literature, thermal energy storage has been examined to increase the flexibility of
the power grid by responding to the electricity demand and intermittent renewables generations
[52]-[55]. More commonly, in regions with variable electricity rates or demand charges, thermal
storage is examined to reduce the required chiller cooling capacity, demand charges, and
electricity use charges from load shifting [56]—-[59]. For that mode of operation, the storage is
charged during the off-peak period, typically at night, and discharged during the on-peak period,
typically in the afternoon, making it suitable for use in schools, offices, and other buildings with
dominant diurnal cooling needs. Deetjen et al. [60] considered thermal storage for grid-wide
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 combined cooling, heating, and power using I-TES. They found that gas
and electricity charges are the main factors in determining the economic feasibility of I-TES.

The roles and use of BESS in decarbonization are extensively studied [61]-[69]. Unlike
I-TES, BESS can be used to decarbonize all electric loads, but it suffers from capacity
degradation, high cost of capacity, and shorter service life. However, the rate at which the cost is
falling [70] enables BESS to be cost-competitive with other energy storage technologies. Several
studies have stressed the role of utility-scale BESS with PV in reducing carbon emissions and
carbon abatement costs compared to PV alone [62]-[64]. Arbabzadeh et al. [65] examined
various energy technologies to reduce the curtailment of variable renewable energy sources and
carbon emissions in California and Texas. The results showed that BESSs have a limited role at
the current capacity cost. However, a modest decrease in capacity cost can make BESS

economically viable.
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Chapter 2 is organized as follows: the methodology is presented in Section 2.2. First, the
performance of cooling systems as a function of the ambient temperatures is estimated from
generic chillers' performance data; second, statistical tools are applied to determine the aggregate
cooling load from hourly electric demand; third, the problem formulation is laid out. Section 2.3
first presents and discusses the cost-optimal system under current cost structures and then
examines the role of carbon pricing as a state policy to reduce carbon emissions. Next, a deeply
decarbonized system realized with a carbon pricing policy is analyzed in more detail. Last, the
impact of declining BESS costs on the cost-optimal system is investigated. The chapter is

concluded in Section 2.4.

2.2 Methodology

The overall framework utilizes central grid PV and gas generation to distribute electricity
via the grid, which can be used for all loads, including BESS charging. The centralized BESS
delivers power to the electric grid when needed. I-TES is installed on the customer side as an
addition to an already existing cooling system and can be charged using existing idle chillers
and/or additional ice chillers for a cost. Additional ice chillers are particularly important due to
the overlap of solar insolation with daytime cooling loads, reducing idle chillers’ capacity that
could be used for storage charging. Solutions are sought that minimize overall annual system
costs from Capex (capital expenditures) and OpEx (operation expenditures) at a given gas price.
In accounting for emissions reduction 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 (air-cooled chilled water system), and WC CWS. DXS, which includes rooftop units, split

and ductless mini-split 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 shown below in Figure 2.1.
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Figure 2.1: An illustration of the considered power grid. Central grid PV and gas
generation can be used for all loads, including BESS charging. Buildings are classified
based on their cooling system type: DXS, AC CWS, and WC CWS. To account for
emissions reduction from cooling, the cooling load 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 heat. The considered I-TES type
in this study is internal melt, a modularized tank favored for its predictable charge and discharge
rates. Inside the tank, multiple parallel loops of tubes are submerged in water, and a secondary
water-glycol mixture is circulated through the inner loops to freeze or melt the water inside the
tank. The heat rate of internal melt I-TES is a function of the SoC (State of Charge) and inlet

water-glycol mixture temperature and flowrate [71]—[73]. The charge rate is highest during
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sensible charging due to a greater temperature difference between the entering water-glycol
mixture and the tank water temperature. Once the tank is brought to freezing temperature, the
charge rate reduces as the thermal resistance increases due to ice formations. Similarly,
discharging of I-TES is initially higher when the water in the tank is completely frozen, and the
rate reduces as the ice around the tube melts.

DXS and AC CWS are AC (air-cooled) systems, and their COP (coefficient of
performance) is associated with the ambient dry-bulb temperature. WC CWS utilizes WC
(water-cooled) condensers, and their COP is associated with the wet-bulb temperature as heat is
ultimately rejected using evaporative cooling in a cooling 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 storage, uses a mix
of DXS, AC CWS, and WC CWS. The considered pathway of load shifting using I-TES for each

cooling system type is illustrated in Figure 2.2.

st R svs_tem 00 Demand

Ice Chillers I-TES
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|
Ice Chillers 1-TES
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CWS T
Ice Chillers I-TES

Figure 2.2: Pathways to satisfying the cooling demand in the three cooling systems
types. While AC and WC CWS can make ice, additional AC ice chillers can be installed.
Additional ice chillers must be installed with the I-TES for the DXS.
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The DXS’ I-TES can only be charged using additionally installed ice chillers as currently
installed standard systems are incompatible with ice-making. For AC and WC CWS, I-TES can
be charged using idle and additionally installed chillers capacities. All additional ice chillers are
lower-cost AC chillers, provided they utilize low-cost excess generation for I-TES charging.

The analysis is performed with four scenarios, each with one year of hourly solar
insolation (private station in Doha), electric demand, and meteorological data (collected from
Doha International Airport Station) from 2013 to 2016. However, as the demand has been
growing yearly, the demands from 2013 to 2015 are normalized to the peak demand of 2016. The
aggregate cooling load is determined using the normalized hourly electric demand and its
respective year’s meteorological data set. The 2016 scenario was taken as the reference scenario

in all produced figures.

2.2.1 Cooling systems performance estimation

The COP of cooling systems is affected by the refrigerant condensing temperatures
influenced by the ambient conditions. The dry-bulb temperature influences AC systems
condensing temperature as they depend on dry cooling to reject heat to the ambient. The
condensing temperature of WC systems is influenced by the wet-bulb temperature as they rely on
evaporative cooling. The fundamentally lower wet-bulb temperature reduces the condensing
temperature and improves system performance.

The COP of AC and WC systems as a function of ambient conditions is derived from the
behavior of generic system performance analogous to Deetjen et al. work [60], [74]. Although
less significant, the performance of cooling systems is also a function of their loading. Chillers’
performance data are taken from the library of chillers in EnergyPlus at the typical design water

supply temperature of 7°C and the ideal part-load ratio of 80%. The data are extracted and used
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with Gordon-Ng model to predict chiller performance across a broader range of ambient
temperatures than permitted by the DOE-2 model in EnergyPlus. Details of the methodology
used are explained in Section 3.2.1 in Chapter 3.

Two AC chillers with typical performance are selected: Carrier 19XA and McQuay AGZ,
and two WC chillers: Trane RTHB and Carrier 19XR. Auxiliary equipment, such as water pumps
and tower fans, consumes on the order of 10% of total system energy in AC CWS and about 20%
in WC CWS [75]. The entering condenser temperature for WC CWS is taken at a standard 3°C
above the wet-bulb temperature. A power curve is fitted to the estimated system COP for AC

systems in refrigeration and ice-making (I-TES charging) mode, which are given by:

COPSS = 14.44(T20) "%, [°C] (¢ > 0°C) @.1)
COBE' = COPGE X ', [°C] (T5¢ > 0%C) (2.2)

and for WC systems:

copwe = 25.25(TyP) %, [°C] (T2 > 0°C) 2.3)

COva'vtc,ice _ COPI‘,A,/tC x (pice, [oc] (TI;’%) > 0°C) 2.4)

where the subscripts p is the scenario index set {1, 2, 3,4} denoted by P and refers to years
2013-2016, and t is the time step index set {1, 2,3, ..., 8760} denoted by T that refers to the hour

of the year, ¢°® is the depressed chiller performance factor in ice-making mode and is 0.8, and

TZ? and T)¥P are the dry and wet-bulb temperatures, respectively, in degrees celsius. Running the
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chillers in ice-making mode reduces the COP due to decreased refrigerant vapor quality [76]—
[78]. Figure 2.3 visualizes the developed relation between system COP and the wet-bulb
temperature for WC systems and dry-bulb 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 2.3: System COP for (a) WC systems v. wet-bulb temperature and (b) AC
CWS v. dry-bulb temperature in refrigeration and ice-making modes. AC systems include
AC CWS and DXS.

Refrigeration

An exponential improvement in COP is realized with reduced temperatures. Design
system COP, which dictates the installed nominal cooling capacities and performance, for WC
systems of 4.2 is evaluated at the standard design wet-bulb temperature of 25°C, and for the AC
system of 2.4 is evaluated at the standard design dry-bulb temperature of 35°C in refrigeration
mode. The developed COP relation allows for the conversion between electric and thermal loads

necessary for thermal energy storage analysis.
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Ambient conditions also impact the cooling capacity of cooling systems. The cooling

capacity of a cooling system in refrigeration mode is associated with the COP. In ice-making

mode, the cooling capacity is associated with both the COP and evaporator refrigerant saturation

density captured in the depressed chiller capacity factor, 1*“®. The factor accounts for the loss in

refrigerant thermal capacity in the evaporator due to a reduced refrigerant vapor saturation, and

is 0.75. Running the chillers in ice-making mode can depress their cooling capacity by 30-40%

relative to their nominal capacities [79]. For AC chillers, the cooling capacity relation in both

modes is given by:

CAC o COPYS

AC,ice ac,ice_ice
C ocCOPp,t Y

and for WC chillers:

CW¢ « COPYE

WC,ice wc,ice, ice
C < COP," ¢

2.2.2 Cooling load estimation

(Refrigeration mode)

(Ice-making mode)

(Refrigeration mode)

(Ice-making mode)

2.5)

(2.6)

2.7

2.8)

Qatar’s electric demand varies with meteorological conditions and the time of day,

influenced by daily social routines and building occupancy. There are several methods to

estimate the aggregate electric demand from space cooling. The methods can be classified into

bottom-up and top-down approaches [80]. In the bottom-up approach, simulation tools are used
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to predict the cooling demand of building stock; they require knowledge of building
construction, orientation, and use and are computationally demanding. Statistical analysis
aggregates the estimated cooling demand for the entire building stock. In top-down approaches,
statistical methods are used to isolate demand from space cooling from the total electric demand.
A way to isolate the cooling load is by subtracting the total electric demand from the base load
(days with no cooling needs). This method assumes that all intra-annual variations in electric
demand from the reference base load are due to space cooling. Bayram et al. [21] employed this
method to estimate Qatar's cooling load. Another top-down approach estimates the electric
demand based on correlation with meteorological parameters, such as linear regression of
demand with ambient temperature. This method was used by Saffouri et al. [20] to estimate
Qatar's cooling load, which produced a similar estimate to the former approach used by Bayram.
A slightly more sophisticated method is considered in this work. The cooling load is
estimated as the change in electric demand due to the change in ambient conditions at every hour
of the day using least-squares regression. In Qatar, the time of the day and ambient conditions
are found to be excellent predictors of electric demand. In contrast, wind speed was poorly
correlated with electric demand, with a correlation coefficient of 4%. Furthermore, the day of the
week had an insignificant effect on the estimated cooling load and was not considered. Three
ambient conditions metrics were considered: dry-bulb temperature, wet-bulb temperature, and
heat index. The heat index, which is the human perception of ambient conditions, was found to
be a better indicator of demand, with a correlation coefficient of 96% compared to 93% with dry-
bulb temperature and 83% with wet-bulb temperature. A plot of the metrics against the electric

demand is in Figure 2.4.
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Figure 2.4: Qatar’s 2016 electric demand vs. (a) dry-bulb temperature, (b) wet-bulb
temperature, and (c) heat index. Data points highlighted in red are warm and humid hours
with a humidity ratio (HR, ;) = 0.02, and in yellow are warm and dry hours with HR,,; <

0.02 and Tp} = 40°C.

The use of dry-bulb temperature as a metric underpredicts the load on warm and humid
days with a humidity ratio (HR,, ;) greater than 0.02 in July-August, whereas the use of wet-bulb
temperatures underpredicts the load on dry and warm days (HR,,; < 0.02 and T,? > 40°C) in
June-July. On the other hand, using the heat index well-predicted 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 wet-bulb temperatures. The higher prediction power is
attributed to the compounding effect of humidity level and dry-bulb temperature on the heat
index, which drives cooling loads. A sigmoid function is fitted to the exhibited sigmoid relation
between electricity demand and the heat index at each hour of the day, as illustrated in Figure

2.5. The aggregate electric cooling load from the sigmoid function fit is as follows:

e, = — Tt Bt 2.9)

pit 1+e—kp_t(H1—HIg_t)
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where ky,; is the slope, B, ; is the non-cooling load, P, ; is the peak load, and H I}(,),t is the heat
index midpoint, all shown in Figure 2.6 at each hour. B, ; peaks in the evening and troughs in the
morning suggestive of correlation with buildings occupancy; P, ; peaks midday and is driven by
cooling needs; k,, + is the slope (curve’s steepness) and is time-insensitive; ng,t is influenced by
the yearly temperature range at each hour of the day. The non-cooling portion of the electric

demand is determined by deducting the estimated electric cooling load from the total electric

demand, Dy, ., as follows:

Djt = Dyt — Dy 2.10)
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Figure 2.5: Qatar 2016 electric 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 demand, slope, and heat index mid-point.
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Figure 2.6: The four fitted parameters: (a) base load B, ;, (b) peak demand P, ;, (¢)
slope k,, ;, and (d) heat index midpoint HI g,t at the hour of the day for the 2016 scenario.

Ambient condition-insensitive cooling demand in large buildings such as malls and

airports cannot be distinguished from the non-cooling baseload using statistical methods and thus

was not unaccounted for in the cooling load. This method estimates that space-cooling in Qatar

was responsible for 42% of electric demand in 2016, slightly higher than Saffouri et al. [20] and

Bayram et al. [21] estimate of approximately 35%. The difference is credited to a more accurate

estimate of the cooling load in the low cooling periods. The estimated aggregate cooling load is

divided proportionally to the installed cooling capacities of DXS, AC CWS, and WC CWS and
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is converted to thermal cooling demand using the developed COP relation in Section 2.2.1 as

follows:

DIC’I EDX COP4¢
g~ Pt @.11)

CDX —
PE max [Df]

(64
AC _ Dpt AC ac
CAf = — By B4 COPyS Q.12)
PEPLET ’
ewe = Dbt pwe popwe 2.13)
pt max [Dg t] pt .
PEPLeT ’

where EPX| EAC and EVC are the maximum electric load of existing DXS, AC CWS, and WC
CWS, respectively. As reported by the utility, the maximum electric loads from AC CWS and
WC CWS were 2 and 1.1 GW 1n 2016, respectively [81]. DXS is responsible for the remaining
cooling loads with an estimated maximum aggregate electric load of 1.3 GW. Because of data
deficiency, it is reasonably assumed that the three cooling systems are similarly represented in
different sectors. It should be noted that WC and AC cooling systems’ electric loads are unlikely
to be perfectly correlated, as the estimated aggregate cooling demand suggests, since their
performance is affected by two different atmospheric parameters: the wet and dry-bulb
temperatures. Nevertheless, the ambient dry-bulb and wet-bulb temperatures are generally well-
correlated with correlation coefficients of 0.72, 0.81, and 0.85 for average hourly, daily, and

weekly temperatures, respectively, which are unlikely to produce significant errors.
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The electric demand, D,, ;, estimated electric demand from non-cooling and cooling loads, B, ; +

c
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and the hourly estimated aggregate cooling load, Dy, ;, are shown in Figure 2.7 for three
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Figure 2.7: Actual electric load D), ;, estimated electric load B, ; + C,; on the left y-
axis and electric cooling load C),; on the right y-axis from the logistic curve regression for
the 2016 scenario. The estimated load generally agrees with the actual load, with an

average percent difference of 3.5%.
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The estimated demand generally agrees with the actual electric demand with an average percent
difference of 3.5%. In 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, are well-correlated
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 as two-thirds of the electric demand.
In the winter, counter to expected trends, there is a higher cooling load in the evening, mostly
attributed to higher building occupancy and cooling footprint.
2.2.3 Problem formulation

The problem is modeled in a two-stage stochastic linear programming that minimizes the
expected annual system cost across four scenarios of demand, ambient dry and wet-bulb
temperatures, and solar insolation. The intention is to account for annual variations in the
ambient conditions, which influence the electric demand due to space cooling and PV generation
power output. The first stage decision variables are the capacities, and the second stage decision

variable is the consumed gas. The objective function that is to be minimized is as follows:

. _ PV,C ~PV ITES ~ITES IceChl,C ,IceChl]Y ir(ir+1)¥”
min Cost = (ZSES cg " Cy +Zieg[c C; +c C; ])W'F

. . b
BESS ~BESS ir(r+1)Y" PV,0 PV IceChl,0 r~IceChl GT
¢ ¢ (1+ir)yrb—1 tUsescs s F ZiE?[C C; ] + Epep [C Dter GTp,t] +

cPeTGTP (2.14)

The objective function contains the annualized Capex and associated annual OpEx from installed
capacities of PV, I-TES, BESS, and additional ice chillers and the expected annual OpEx of
existing gas generation from gas use. The subscript i is the cooling system technology index set

{1, 2, 3} denoted by J that corresponds to 1) DXS, 2) AC CWS, and 3) WC CWS, s is PV
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orientation and tracking technology index set {1, 2, 3} denoted by S that corresponds to 1)
optimal fixed-tilt angle at Qatar latitude of 25° [82], 2) single-axis tracking, and 3) dual-axis

tracking PV systems. CFV, CITES cle¢M and CBESS are installed capacities of PV, I-TES, ice

PV,0 IceChl,C

chillers, and BESS, respectively. c ‘Cand ¢y ' are installed PV Capex and OpEx. ¢ and
c!ceChlO are installed ice chillers Capex and OpEx. c!TES and cBF5S are the installed I-TES and
BESS Capex, respectively. ir is the interest rate, yr is the service life for PV, I-TES, and ice
chillers, and yrb is the BESS service life. c¢T is the yearly average cost of produced energy
using gas-fired generation, GT;,, is power delivered from gas generation, and GT? is peak gas
generation demand. ¢P¢T is a small cost of $5/MW,, that is assigned to the peak gas generation
demand to find a unique solution that minimizes peak gas generation demand without impacting
the cost-optimal system. The term Epep [CGT Yier G Tp,t] is the expected annual cost from gas use

across 4 scenarios (2012-2016), each with an assumed equal likelihood of occurrence (25%).

The first constraint balances the supply and demand of power in the grid as follows:

G o+ BdLs Bchs + T]I ZSES Ip,t,scfv chrt D Dg{f + Dp Dpt ,Vp e P, Vvt €T (2.15)

The right-hand side of the equation is the electric demand, which comprises the non-cooling,

D.,, and the aggregate electric cooling loads: D,’i){ from the DXS, D;‘f from AC CWS, and

pits
D £ from WC CWS. BC and Bd are BESS charge and discharge rates, respectively. I, ; ; 1
solar insolation normalized by peak sun hour, and 7' is the inverter efficiency. The terms

' Yees LyesCs PV and PVC“” are the supplied and curtailed power from PV generation,

respectively. Only excess PV generation can be used for energy storage charging in a cost-

optimal system. Other uses are sub-optimal due to the performance loss associated with the
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charging and dispatch processes. Gas-fired generations were modeled as a single equivalent

power generation plant, and minimum part load and up/down-times for the individual generation
were not considered. Since gas-fired generations can ramp up to capacity in less than an hour and
the analysis was done hourly, ramping constraints were disregarded. Peak gas generation demand

in all scenarios is captured in the following constraint and penalized by the objective function:

GT" —GT,; 20, VpEP, VtET (2.16)

2.23.1 I-TES model

While the behavior of individual I-TES tanks is a non-linear function of the SoC, inlet
temperature, and flowrate, the aggregate behavior of thousands of I-TES tanks is approximated
by a simple linear function of chiller loading. As seen by the electricity grid, the electric cooling
load is altered because of load shifting from using I-TES. The electric load increases when
forming ice and decreases when I-TES is dispatched. The dispatch of I-TES reduces the load on
cooling systems proportional to the dispatched amounts and systems COP. The cooling load

balance for each system is described by:

Sacchs
Dpi = (copac) [CaF — Spia] + (—) VpEP, VtET, i=1 2.17)
Pp‘t
d Sact,fhs
D3t = (orge) 1076 — 53] + (s ), VP € P, ve €T, =2 2.18)

COP. COPp,t,i

1 Sac chs S.wc,chs
B i .
Dy{tc - <COPI‘;VtC) [Cp Sgsfsl] + ( . actce) + ( : WC,iCQ) ) Vp € ?' vVt € T' i=3 (2'19)
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where CoF, Cp¢, and Cp/ is the aggregate thermal cooling demand for the DXS, AC CWS, and

WC CWS, as estimated in Section 2.2.2. The COP of AC and WC systems is COPg; and COPy’f

ch,ice

. . . ac,ice
in refrigeration mode, and COF, """ and COB);

in ice-making mode, respectively, as

Sac,chs

wc,chs
p.t,i S

and e

estimated in Section 2.2.1. are I-TES charging rates using AC and WC

S%is s the ice melt rate of I-TES. The stored thermal energy in the ice

chillers, respectively, and S ;;

is balanced via the following two constraints:

S5 —miTESsdisgs = Sgif"s + s;,ﬁgf"s — St YpeP, VLET, Vi€] (2.20)
Sy <CTP5, VpeP, VtET, Vie] (2.21)

ITES,sdis ;

where S . ; is the amount of thermal energy stored in ice and 7 is the self-discharge

p

efficiency from thermal losses. The amount of dispatchable stored thermal energy is restricted to

the available thermal cooling demands:

Sdis < DX wpeP, VteT, i=1 (2.22
p,ti p,t

SHE <Gl VpEP, VEET, i =2 (2.23)

St < ClE, VpEP, VLET, i =3 (2.24)

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

S, < fITESASCITES ype P, Ve €T, Vi€ (2.25)
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fITES,diS

where is the maximum discharge rate per unit capacity in h™!. Similarly, I-TES charge

rate is bounded by physical limitations associated with the maximum ice build rate as follows:

S;‘/;,ichs n S{f,ijfhs < fITESChsCITES yp e P Yt €T, Vi€ ] (2.26)

and to available chillers cooling capacities in the respective cooling system:

ac,ice
l co Pp,t

Spei < ClEM — R}, Vp € P, VLET, Vi€ (1,3} (2.27)
p.t
COPac,ice . Copac,ice .
Szc)l,ifhs < [CAC _ C;;l%‘] COI;ZC d’lce + CiIceChle+.ctd“lplce' VpEP, VLET, i =2 (2.28)
pt p.t
h copyeiee
Syl < [CW€ — eff]| Ro—pieepice, vp e P, VEET, i=3 2.29)

C
CoPy’f

. . . e e d d
where f/TE$€"S s the maximum charge rate per unity capacity in h™', COP'¢"** and COP,'*

are design COP of AC and WC systems, and 1“® is the depressed chiller capacity factor, which
accounts for the loss in chiller cooling capacities from the reduced refrigerant saturation density
in ice-making mode. The DXS charge rate is limited by the additionally installed ice chiller
capacity. For AC and WC CWS, the charge rate is limited by the combined cooling capacity of
idle and additional ice chillers. The first term in Equations (2.28) and (2.29) is the aggregate

cooling capacities of the existing AC and WC chiller, respectively, which are given by:

CAC = CAC,desCOPzgl‘i/COPp‘%tC'des (2.30)
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cwe = CWC,desCOPI\)A'ItC/COPpV’VtCrdeS (2.31)

where CA¢:4¢s and CWC4€S are the nominal aggregate existing capacities of AC and WC chillers.
The two terms in Equations (2.28) and (2.29) thus determine the idle chillers' capacity that could
be utilized to make ice.
2.2.3.2 BESS model

Modeling of BESS is less complex than I-TES due to both storing electric energy and the
nature of their performance. No consideration is made for the depth of discharge as CBE5S is
taken to represent the usable capacity. Charge and discharge rates are limited to a 4-hour electric
battery (power-to-energy capacity ratio of %), a standard market product. The following

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

B;Sy,t _ nBESS'SdlSBg,t—l — 77BESS,chsBzc),f}rs _ nBESS,dis Bg,lfg, Vp € ?' VtET (2.32)

St S CPESS vpeP, vteT (2.33)
B + B < (3) x CPFSS, vpeP, vt eT 2.34)

BESS,sdis ,,BESS,chs BESS,dis
)

where By, is the stored electric energy and 7 n ,and n are the self-
discharge, charge, and discharge efficiencies, respectively. To eliminate solutions with
simultaneous BESS charging and discharging without the use of a more complex and

computationally intensive mixed integer linear programming, a negligibly small cost in the order
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of 10 $/MW is applied to Bg,hts in the objective function, which does not impact the cost-
optimal system.
2.2.3.3 Model parameters

The considered characteristics parameters in the model are tabulated in Table 2.1. An
efficient inverter with 98% efficiency was assumed for the PV system [83]. A 4-hour BESS was
considered with charging and discharging efficiencies of 92% and a self-discharge efficiency of
99.9% [84], [85]. The charge and discharge efficiencies also account for inverter losses. The
modeled I-TES is an internal melt type with a maximum charge rate of 1/6 h'! and discharge rate
of 1/3 h'! from performance data taken from CALMAC, a prominent internal melt I-TES
manufacturer. Measurements taken from I-TES demonstrate a 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
estimates [81] used to predict the corresponding existing cooling systems’ capacities. The design
cooling capacities are conservatively assumed to be oversized by 20% above the utility’s peak
load estimate; this corresponds to AC CWS and WC CWS’s maximum electric load of 2.5 and
1.4 GW, respectively. DXS 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 4.2 and 2.4,
respectively, the estimated aggregate nominal cooling capacities are 3.1 GW¢, for DXS, 6.1 GW¢
for AC CWS, and 5.7 GWy, for WC CWS. The subscript “th” is used to differentiate thermal and
electric capacities. I-TES and BESS are assumed to be initially fully charged at the first hour of
each scenario (January 1% at midnight) in order not to impede the minimization of peak gas

generation demand.
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Table 2.1: Characteristics parameters in the model

Item Parameter Symbol Value
PV Inverter efficiency n! 98%
Initially charge D=0 100%
Charge efficiency nBESSchs 92%
BESS .
Discharge efficiency nBESS.dls 92%
Self-discharge efficiency nBESSsdis 99.9%
Charge capacity fITESchs 1/6 hr'!
LTES Discharge capacity fITES.dls 1/3 hr'!
Initially charge Spt=0,i 100%
Self-discharge efficiency n!TESsdis 99.9%
Existing DXS cooling capacity chx.des 3100 MW,
Existing AC CWS cooling capacity cAc.aes 6100 MW,
Chiller Existing WC CWS cooling capacity C W?'des 5700 MW
Depressed chiller capacity factor Piee 0.75
Design WC systems COP copwedes 4.2
Designed AC systems COP Ccopacaes 2.4

The assumed financial parameters in the model are tabulated in Table 2.2. All capital
costs are installed costs and are taken on the lower side [45], [77], [85], [87]-[91], benefiting
from the economy of scale. OpEx was valued per unit capacity per year and not based on
consumption [92]-[94]. Based on utility-scale prices in Qatar [45], installed PV is at $450/kWp 4c
for fixed-tilt, $550/kW 4 for single-axis tracking, and $700/kW, 4. for dual-axis tracking. OpEx
for installed PV was at $10/kWp qc/yr. for fixed-tilt, $15/kWp ac/yr. for single-axis tracking, and
$20/kWp ac/yr. for dual-axis tracking. The cost of I-TES was taken to be $50/TR-hr ($14/kWhu,)
[87] and ice chillers at $200/TR ($57/kWw) [88], [89]. 4-hour BESS was taken at $250/kWh, of
which is $200/kW for power and $200/kWh for energy components [85], [91]. The yearly

average gas generation cost of $37/MWh covers all OpEx. Benefiting from access to cheap
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capital in the region, finances are done at a 3.5% interest rate. A service life of 25 years was

assumed for I-TES, ice chillers, and PV and 10 years for the BESS [90], [95], [96].

Table 2.2: Financial parameters in the model

Item Unit Expense Symbol Value
PV Fixed-tilt Capex cive $450/kWp,dc
OpEx etV $10/kWp,dc/yr.
Single-axis tracking Capex cPv-e $550/kWp,dc
OpEx Vo $15/kWp,dc/yr.
Dual-axis tracking Capex cPve $700/kWp,dc
OpEx cPv-o $20/kWp,dc/yr.
I-TES  Internal melt Capex cITES $14/kWhth
($50/TR-hr)
BESS  4-Hour Li-ion Capex cBESS $250/kWh
Chiller  Ice chillers for charging Capex cleeChlc $57/kWth
($200/TR)
OpEx cleechlo $3/kWth/yr.
($20/TR)
Misc. Gas generation cost OpEx T $37/MWh
Gas price OpEx - $3.33/MMBtu
Capital Interest rate ir 3.5%
Service life yr 25 years
BESS service life yrb 10 years
Peak gas generation cost OpEx cheT $5/MWp
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2.3 Results and discussion

First, the formulated problem is solved at the current cost structure to determine the
penetration of PV, I-TES, and BESS. Second, the impact of the carbon pricing policy on the
decarbonization pathway is examined. Third, a deeply decarbonized system supported by carbon
pricing is analyzed in detail. Last, the impact of the continual decline in the cost of BESS on the
cost-optimal system is investigated. For all considered cases, dual-axis tracking PV was not
economically feasible and was omitted from the results.

2.3.1 Current cost structure

The formulated problem is solved at the current cost structure tabulated in Table 2.2. The
results suggest that BESS is not cost-effective under current conditions. The cost-optimal system,
as tabulated in Table 2.3, comprises 8.1 GWp 4. of PV capacity (5.9 GW, 4c for fixed-tilt and 2.2
GW,.q. for single-axis tracking), 28 GWhu, of aggregate I-TES capacity (3 GWhe, for DXS, 15
GWhu for AC CWS, and 10 GWhe, for WC CWS), and 0.7 GW of aggregate ice chillers
capacity for the DXS. For AC CWS and WC CWS, I-TES is charged using the existing idle
chillers' capacity. Benefiting from optimized load shifting using I-TES during the summer
months, peak gas generation demand is reduced by 18% (7.33 to 6.0 GW).

The cost-optimal system stipulates investing $326 million/yr. in PV capacity, $25
million/yr. in I-TES capacity, and $4 million/yr. in additional ice chillers capacity. This
investment brings about a 20% reduction in both the 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 gas-fired generations by utilizing low-cost energy produced by PV

generation.
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Table 2.3: Cost-optimal system capacities under the current cost structure

Parameter Value Notes
. 8.1 5.9 GW,,dc fixed-tilt

Solar PV capacity GW,.dc 2.2 GW, 4c single-axis tracking
3 GWhu DXS

[-TES thermal capacity 28 GWhy 15 GWha AC CWS
10 GWhiy WC CWS

Additional ice chiller capacity 0.7GWwn DXS

Peak gas generation demand 6.0 GW  Across all scenarios

A PV capacity of 8.1 GWp 4. is slightly higher than the current peak electricity demand of
7.33 GW, producing low-cost electricity to displace gas generation during the day and year-
round excess generation for I-TES use. About half of the excess generation is used to store ice,
and the 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 curtailment. The cost-
optimal system’s preference for fixed-tilt PV generation is due to its lower costs and the lack of
energy storage capacity to utilize the higher surplus generation generated with solar tracking
technology.

The cost-optimal system characteristics averaged over the four scenarios (2013-2016) are
tabulated in Table 2.4. 38% of the electric demand was directly met by PV generation, and 5%
in-directly from load shifting using I-TES. Since power generations in Qatar exclusively use gas
generation with collective COz emissions of 24 Mt/yr., the electric demand met by PV and load
shifted by I-TES is directly proportional to gas consumption and CO; emissions reduction. Gas
generation use and CO; emissions are reduced by 43%, of which PV alone contributes almost

90% of these emissions reductions.
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Table 2.4: Cost-optimal system characteristics under the current cost structure

Parameter Value Notes

Cost $1239 million/yr. é‘gg‘f‘l 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 load shifted by I-TES 5% All cooling systems
g;f;i;g(ifmand met by PV 41% Directly

Cooling demand met by I-TES 13% All cooling systems

Solar capacity factor 25% After curtailment
Curtailment 10% Of total PV generation
I-TES average charge residency 17 hrs Based on first-in, first-out
I-TES average capacity utilization 70% Equivalent full cycles per day

Figure 2.8 shows the weekly average percent contribution of the I-TES, PV, and gas
generation in meeting the electric demand in (a) and the electric cooling load in (b). Note that the
load met by I-TES corresponds to the electric load shifted. The highest utilization of I-TES is in
the low cooling demand season is enabled by a higher amount of surplus PV generation and idle
chillers capacity. It reduces the nighttime cooling load by 40-60%, which equates to about load
shifting 10% of the nighttime electric demand. Higher electricity and cooling demand in the
warmer season produces less surplus PV generation coupled with a lack of idle chillers capacity
constrained and diminished I-TES use. Nonetheless, sole PV generation consistently and reliably
met 40% of the cooling load and electric demand. This system decarbonizes 54% of the electric
cooling load, of which PV directly contributes 41%, and I-TES contributes 13% from load

shifting.
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Figure 2.8: 2016 scenario cost-optimal system under current cost structure with a
breakdown of contribution to supplying (a) electric demand and (b) electric cooling load
with percent load shifted by I-TES (% met by I-TES), directly met by PV (%D met by PV),
and met by gas (% met by Gas) on the left y-axis and the average weekly load on the right
y-axis.
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The load profile for three consecutive days in the winter, spring, and summer are shown
in Figure 2.9 for the 2016 scenario, with DD (demand directly) met from PV and D (demand)
met by [-TES. In the winter, I-TES is continuously dispatched, restricted by the absence of
cooling demand. When the cooling demand has increased in the spring, I-TES is dispatched to
displace cooling systems operating at reduced efficiency due to relatively higher dry-bulb
temperatures in the AC systems or wet-bulb temperatures in WC CWS. This can be seen from
the correlation between the I-TES dispatch amount and higher ambient temperatures. In the
summer, [-TES use was limited due to multiple adverse factors: (i) limited idle chillers’ capacity
for charging due to higher cooling demand, (i) chillers’ cooling capacities degradation from
higher ambient temperatures, and (iii) limited amount and duration of surplus PV generation.
Still, a smaller amount of stored ice is dispatched in the early evening hours to reduce the peak
gas-fired generation demand.

Gas generation, which has to cover intermittent PV generation and lack of storage, sees a
high ramp rate of 3.5-5 GW/hr (50-70% of the current peak electricity demand) for less than 100
hours of the year caused by the early evening peak in the summer. The ramp rates do not exceed
2.5 GW/hr for the remaining time. On average, 70% of I-TES capacity is utilized daily, with an
average charge residency of 17 hours, counterintuitively 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 power. I-TES is dispatched over

4450 hours to reduce gas generation use and peak demand.
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Current Cost Structure
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Figure 2.9: Cost-optimal system hourly load profile with D (demand) met by I-TES,
DD (demand directly) met from PV, D (demand) met by gas, and on the left y-axis and the
ambient temperatures on the right y-axis for three days in winter, spring, and summer. I-
TES charge rate is shown in negative.
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2.3.2 Effects of carbon pricing

Plentiful and easily accessible natural gas provided low-cost fuel to gas generation in
Qatar, instigating a cost structure that lacks the appropriate economic incentives to reduce carbon
emissions. This section assesses carbon pricing policy to promote energy and environmental
sustainability. The cost-optimal system with a carbon pricing from 0 to $200/ton of CO> is
shown in Figure 2.10 with capacities of power generators in (a), BESS in (b), I-TES in (c), (e),
and (g), and ice chillers in (d), (f). and (h) for DXS, AC CWS, and WC CWS, respectively.
Figure 2.11 (a)-(d) shows the corresponding cost-optimal system characteristics.

The cost-optimal system with carbon pricing below $20/ton of CO; is dominated by PV
generation and limited I-TES. That is because I-TES cannot outcompete already existing gas
generation for highly seasonal cooling needs. This system nearly displaces all daytime gas
generation directly using lower-cost PV generation and exploits surplus generation to reduce the
nighttime cooling load in the shoulder seasons using I-TES for load shifting. While fixed-tilt PV
generation is initially preferred, fixed-tilt is swapped for single-axis tracking with a net positive
gain as the carbon price increases, accompanied by an increase in additional ice chillers and I-
TES capacity. PV generation with I-TES for electric and cooling loads decarbonization reaches a
plateau at carbon pricing of $100/ton of CO». For this system, about 88% of cooling needs are
met using PV generation during the daytime and I-TES during the nighttime. The remaining 12%
is in days with reduced solar output and during the high cooling load season between July and
September. Optimized I-TES dispatch could reduce peak demand from gas generation by 35%
(7.33 to 4.8 GW); further decrease is limited by the non-cooling portion of the electric demand

and challenges of using 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 as carbon price increases. Power generations and BESS
capacities are normalized to the 2016 yearly average electric demand of 4.7 GW. I-TES capacity is
normalized to the average aggregate cooling demand of 1.4 GWy, for DXS, 2.3 GW¢, for AC CWS,

and 2.2 GWq, for WC CWS. Ice chiller capacity is normalized to the aggregate cooling system
capacity of 3.1 GWy, for DXS, 6.1 GW¢, for AC CWS, and 5.7 GW¢, for WC CWS.
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Battery at $250/kWh
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Figure 2.11: As carbon price increases: (a) overall system characteristics, (b) cooling
system characteristics, (¢) average generation cost and total CO2 emissions, and (d) annual
system cost, Capex, and revenue from the carbon tax (carbon pricing).

Different cooling system technologies respond differently to carbon pricing. AC systems
are favored over WC CWS for I-TES use 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 for AC CWS is utilizing the idle capacity to make ice, allowing for greater
penetration of [-TES at reduced costs compared to DXS. To decarbonize nighttime cooling
needs, the additional installed ice chillers' capacity is 2, 1.4, and 0.5 times the existing nominal

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

needed because of the capacity loss in ice-making mode and the necessity to store nighttime

45



cooling needs during daylight hours of no more than 6-8 hours. Less additional ice chillers are
needed in CWS by utilizing the existing idle capacity to make ice. Furthermore, the pronounced
difference between AC and WC CWS is due to more minor intra-annual and diurnal variations in
ambient wet-bulb than dry-bulb temperatures, corresponding to less capacity degradation and a
more consistent cooling system performance.

Curtailment remains modest, between 10 to 20% of total PV generation. Unless long-
duration energy storage 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 curtailed. As carbon pricing increases from 0 to $200/ton of CO», the average cost of
power generation increases by about a factor of 2 in the cost-optimal systems. Simultaneously,
emissions sharply declined by a factor of 7 relative to the cost-optimal system and 12 relative to
the current system structure. Furthermore, the higher annual system cost is increasingly from
Capex, driven by installed PV generation and BESS, as opposed to OpEx from carbon tax
revenue.

BESS becomes cost-effective above carbon pricing of $100/ton of CO>. The analysis
suggests that BESS does not displace I-TES for cooling load shifting and is primarily used to
manage the diurnal behavior of non-cooling loads. BESS requires a high daily average capacity
utilization rate of around 90% to be economical, which is unsuitable for a seasonal cooling load.
The model suggests a rapid increase in installed BESS capacity with carbon prices up to
$140/ton of CO,. This system achieves a decarbonization rate exceeding 90%, which vastly
diminishes the role of gas generation. With a net positive increase in PV generation capacity, the
cost-optimal system shifts to a preference for fixed-tilt PV generation over single-axis tracking

enabled by BESS's naturally higher charging rate, which reduces system cost and curtailment.
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The carbon abatement cost, defined as the yearly cost of mitigating carbon emissions
from gas generation, for the cost-optimal system as carbon pricing increases is shown in Figure
2.12. The negative abatement cost at low carbon pricing indicates that a more sustainable
solution can be achieved at a reduced annual cost. Otherwise, the abatement cost does not exceed
$55 per ton of CO; up to a decarbonization rate of nearly 95%, supported by low-cost PV

generation and I-TES and reliable non-cooling load for BESS.
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Figure 2.12: As carbon price increases, carbon abatement costs on the left y-axis
and abated CO: emissions on the right y-axis, relative to the current system of all gas-based
generations.

47



2.3.3 Decarbonized system with $140/ton of CO: carbon tax

This section examines a deeply decarbonized system supported by carbon pricing at
$140/ton of CO; at the current BESS capacity cost of $250/kWh. Limited carbon emissions
reduction can be realized beyond a carbon price of $140/ton of CO, using the examined pathway,
as shown in Figure 2.12. PV generation combined with BESS and I-TES cannot compete with
existing gas generation for highly seasonal cooling between mid-July and mid-September. This
deeply decarbonized system utilizes PV generation for daytime electric loads, I-TES for
nighttime cooling, and BESS for non-cooling electricity needs, achieving a 92% percent
reduction in emissions from the current approach of all gas generation. As tabulated in Table 2.5,
the cost-optimal system comprises 21 GWp 4c of PV (15 GW, 4c for fixed-tilt and 6 GWp 4 for
single-axis tracking), 107 GWhg, of I-TES (27 GWh, for DXS, 48 GWh¢, for AC CWS, and 32
GWhq, for WC CWS), 17 GWy of additional ice chillers (6 GWw for DXS, 8 GW for AC CWS,
and 3 GWy, for WC CWS), and 35 GWh of usable BESS capacity. In AC CWS and WC CWS, I-
TES also benefits from utilizing existing idle chillers' capacity for ice-making. Since PV with
BESS and I-TES cannot displace gas generation during the peak demand season between mid-
July to mid-September, peak demand from gas generation was only reduced by 66% to 2.5 GW.

Table 2.5: Cost-optimal system at $140/ton of CO:2 carbon price

Parameter Value Notes

15 GWp,dc ﬁXed—tllt

Solar PV capacity 21 GWpae 6 GW,.q. single-axis tracking
27 GWhwm DXS
I-TES capacity 107 GWh, 48 GWhn AC CWS
32 GWhin WC CWS
6 GWn DX systems
Additional ice chiller capacity 17 GWin 8 GWmn AC CWS
3 GWun WC CWS
BESS capacity 35 GWh Net usable capacity
Peak gas generation demand 2.5 GW Across all scenarios
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The cost-optimal system characteristics averaged over the four scenarios are tabulated in

Table 2.6. 40% of the electric demand was directly met by PV generation, and 23% and 29% in-

directly from load shifting using I-TES and BESS, respectively. The remaining 8% of the electric

demand is met using gas generation with less than 1300 hrs of operation on days with reduced

solar output and during the peak cooling season. Further decarbonization using PV generation

might require long-duration energy storage. Furthermore, due to reliable nighttime cooling and

electricity demands, the required PV capacity to decarbonize the system is about three times the

current peak electricity demand. Governed by the seasonality of cooling demand, I-TES average

daily capacity utilization rate remains around 70%. On the other hand, the capacity factor for

BESS is higher at 92%, suggesting continual year-round use for managing the non-cooling loads.

Table 2.6: Cost-optimal system characteristics at $140/ton of CO2 carbon price

Parameter Value Notes

$2487 Annual cost from Capex and
Cost .

million/yr. OpEx
Average power generation cost $52/MWh From gas and PV generation
Demand met by gas generation 8% Mostly In the high-demand season
Demand met by PV generation 40% Directly
Load shifted by I-TES 23% All cooling systems
Load met by the BESS 29% Primarily non-cooling loads
Cooling demand met by PV 34% Directly
generation
Cooling demand met by I-TES 57% All cooling systems
Cooling demand met by BESS 9% Mostly In the high-demand season
Solar capacity factor 20% After curtailment
Curtailment 16% Of total PV generation
I-TES average capacity utilization 73% Equivalent full cycle per day
BESS average capacity utilization 92% Equivalent full cycle per day
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The cost-optimal system increases the average cost of produced energy by 41%
($37/MWh to $52/MWh) and total annual system cost by 65% ($1.5 billion/yr. to $2.5
billion/yr.) relative to the current approach of all gas-fired generation. The cost-optimal system
incurs $845 million/yr. from installed PV, $92 million/yr. from installed I-TES, $107 million/yr.
from additional ice chillers, and $1047 million/yr. from installed BESS capacity. Annual gas
generation expenditure was reduced to $383 million/yr.

Figure 2.13 shows the percent contribution of PV, I-TES, BESS, and gas generation to
meet the electric demand in (a) and the electric cooling load in (b). I-TES became a prominent
year-round contributor to meeting the electric demand, especially during the high cooling season.
BESS, on the other hand, contributes to meeting cooling loads in the high-demand season.
However, BESS contributes a steady amount of energy to the electricity grid year-round to meet

the baseload.
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Carbon Price at $140/ton of COZ; Battery at $250/kWh
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Figure 2.13: Cost-optimal system with a carbon price at $140/ton of CO2 and BESS
capacity cost at $250/kWh with a breakdown of contribution to supplying (a) the electric
demand and (b) the electric cooling load. The electric cooling load is assumed to be met
first by PV generation before BESS is used, and the remaining load is met using gas
generation.
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Hourly system loads for three consecutive days in the winter, spring, and summer are
shown in Figure 2.14. BESS is dispatched overnight to manage the non-cooling load. In the peak
season, I-TES and BESS are dispatched to minimize gas generation use and peak demand. The
sole use of PV generation for energy storage charging in the deeply decarbonized system soars

the daytime electric load to 15-20 GW compared to the current daytime load of 5-7 GW.

January 5 -7

3500

-3500
-7000

Load (MW)

-10500

April 10 - 12

3500
0
-3500
-7000
-10500

Load (MW)

Septemb

er2-4

7000
3500
0
-3500
-7000
-10500

-14000 ' '
0O 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20 O

Hour
[-D met by I-TES D met by BESS [_1DD met by PV D met by Gas [EI-TES Charge Rate I BESS Charge Rate|

Load (MW)

Figure 2.14: Cost-optimal system hourly load profile with a carbon price at $140/ton
of CO2 and BESS capacity cost at $250/kWh with contributions from PV generation and
load shifting using I-TES and BESS to meet the electric demand for three days in winter,

spring, and summer. I-TES and BESS charge rates are shown as negative loads.
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2.3.4 Impact of BESS capacity cost

BESS remains cost-prohibitive at the capacity cost of $250/kWh without economic
incentives. The continual decline in the capacity cost can enable BESS to be cost-effective at a
reduced carbon price. This section investigates the impact of the BESS capacity cost and carbon
pricing on the cost-optimal system. The cost-optimal system for a BESS capacity cost ranging
from $100/kWh to $300/kWh and carbon pricing between 0 and $200/ton of CO; is shown in
Figure 2.15 with (a) emissions reduction, (b) generation cost, (¢) total PV capacity, and (d) BESS
capacity. Cooling systems characteristics are shown in Figure 2.16 with I-TES and chillers
capacities for DXS, AC CWS, and WC CWS, respectively.

Similar to the outcome from the analysis with carbon pricing, the model suggests that a
declining BESS capacity cost will not displace the use of I-TES for cooling load shifting even as
the capacity cost is considerably dropped to $100/kWh but will increasingly utilize BESS to
supplement seasonal cooling needs. This is seen as a drop in I-TES and chillers capacities in
Figure 2.16 and is necessary to maintain a cost-effective BESS with a larger capacity. In CWS,
more idle chiller capacities are utilized for I-TES charging in the shoulder season, supported by
the higher availability of surplus PV generation without additional ice chiller capacities. As
BESS cost declines, WC CWS sees a more significant drop in I-TES and chillers capacity than
AC CWS and DXS. As indicated earlier, stored thermal energy corresponds to less electric load
shifting in WC systems due to a higher system COP, enabling BESS to be more cost-

competitive.
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Figure 2.15: Impact of BESS capacity cost and carbon pricing on the cost-optimal
system with (a) emissions reduction, (b) average generation cost, (c) total PV capacity
(fixed-tilt and single-axis tracking), and (d) BESS capacity. PV and BESS capacity is

normalized to the 2016 yearly average electric demand of 4.7 GW.

Reducing BESS capacity costs promotes using more BESS with a limited need for an

additional PV capacity. The BESS partly substitutes I-TES in the high-demand season with a

higher round trip efficiency of about 85% compared to 60-70% in I-TES. Furthermore, as the

capacity cost is reduced to $100/kWh, the average cost of produced energy in a deeply

decarbonized system could approach that of the current cost of gas generation of $37/MWh.

However, the annual cost remains moderately higher at $1.8 billion/yr. due to round-trip losses

compared to the current system cost of $1.5 billion/yr.
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Figure 2.16: Impact of BESS capacity cost and carbon pricing on the cost-optimal

system. I-TES capacity is normalized to the average aggregate cooling demand of 1.4 GWw

for DXS, 2.3 GWu for AC CWS, and 2.2 GWu for WC CWS. Ice chillers’ capacity is
normalized to the aggregate cooling capacity of 3.1 GWu for DXS, 6.1 GWwn for AC CWS,
and 5.7 GWw for WC CWS.
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2.4 Conclusion

The examination of the utility-scale perspective demonstrates strong potential for using
PV generation with I-TES and BESS for load shifting. However, BESS is cost-prohibitive under
the current gas price of $3.3/MMBtu and capacity cost of $250/kWh. Nevertheless, the analysis
suggests that 8 GW of PV and 28 GWhg, of I-TES capacity can reduce CO; emissions and peak
gas generation demand by 43% and 18%, respectively, and cut annual system costs by 20%. For
this system, I-TES is counterintuitively primarily used in low cooling demand seasons
constrained by the availability of surplus PV generation and idle chiller capacity for ice-making.

Carbon pricing is determined to be an effective tool to boost energy storage adoption and
reduce emissions. However, challenges arise due to (i) electric demands peak in August, whereas
PV generation peaks in June, producing less surplus generation when needed, (ii) I-TES and
BESS for seasonal loads cannot cost-effectively outcompete already existing gas generation, (iii)
reduced idle chiller capacity in the peak cooling demand season, and (iii) chiller cooling capacity
degradation due to higher ambient temperatures. Nevertheless, using PV and I-TES, the cost-
optimal system with carbon pricing at $60/ton of CO2, could reduce emissions by 60%.

BESS becomes cost-effective above carbon pricing at $100/ton of CO»> at the current
capacity cost of $250/kWh. The analysis suggests that BESS does not displace I-TES at higher
carbon pricing or a lower capacity cost for cooling load shifting but primarily manages the non-
cooling loads. That is because BESS requires a high average daily capacity utilization rate of
about 90% to be cost-effective. A system with carbon pricing at $140/ton of CO> could fully
decarbonize the cooling load and reduce gas generation use and peak demand by 92% and 66%,
respectively. Limited further emissions reduction can be realized with higher carbon pricing

using the considered energy storage technologies.
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Several simplifications and estimations were made that can impact the estimated optimal
PV and energy storage capacities and limit the calculated decarbonization rate, including the
estimated cooling loads and COPs and the simplified linear I-TES model. Greater penetration of
AC systems, lower COPs, and higher charge/discharges will favor slightly larger I-TES and PV
capacities. Otherwise, the cost-optimal system was only minorly sensitive to the assumed PV, I-
TES, and ice chiller costs, partly due to their ability to compete with gas generation at the current
cost structure. Furthermore, BESS degradation, which was not accounted for, will make BESS
slightly less favorable. Lastly, the hourly analysis does not permit an extensive examination of

the impact of high penetration of PV capacity on the stability of the national electricity grid.
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Chapter 3: Modeling of WC CWS with I-TES

3.1 Introduction

Because of their simpler design and lower installed cost, DXS is the preferred method of
cooling small buildings such as homes, offices, schools, and small shopping centers. In DXS,
warm air directly exchanges heat with the expanding refrigerant in the evaporator. Using DXS in
larger buildings is less favorable due to increased pressure losses in the refrigeration pipeline and
air distribution side. For these buildings, water is used as an intermediate fluid to transport heat
over a larger distance exchanging heat between the air in the conditioned space and the
refrigerant inside the chillers. Chillers can either be AC or WC. WC chillers utilize a cooling
tower to reject heat to the ambient and deliver more efficient cooling and are often considered for
building with over 20,000 m? of cooled space [88]. The improved efficiency is enabled by the
reduced compressor lift (pressure differential) in exchange for a higher initial cost compared to
AC chillers.

Although WC CWS are far more complex than DXS used in small buildings, they deliver
more efficient cooling at a reduced life cycle cost. WC CWS comprises several components:
chillers, pumps, valves, cooling towers, and cooling and dehumidification coils. The simplest
system configuration, shown in Figure 3.1, is a constant flow system and contains chillers in a
single loop that combines chilled water production and distribution. The total chilled water
flowrate is dictated by the number of operating chillers. Air temperature in the coil is regulated
using a three-way valve by diverting excess flow back to the chillers. A limitation of this
configuration is maintaining the air temperature setpoint during off-peak hours, especially in
buildings with uneven cooling needs. This limitation arises from the three-way valve's inability

to modulate the flowrate it receives, only diverting excess flow, which can starve heavily loaded
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coils. This forces CWS operators to sub-optimally operate additional chillers with a reduced

temperature differential (commonly referred to as delta T) to satisfy the building's load.

Cooling
Tower

Condenser
Pumps

2-way valve

Figure 3.1: CWS in a simple constant-flow configuration. Each chiller operates with
its fixed-speed pumps. Excess water is diverted back using a three-way valve

A primary-secondary flow configuration is commonly implemented to mitigate the
problem of poor chiller sequencing in constant flow systems. The primary-secondary flow
configuration, shown in Figure 3.2, is a well-established CWS configuration used on small to large
buildings [75], [97], [98]. This configuration decouples the secondary (distribution) loop from the
primary (production) loop. The chillers operate with their respective fixed-speed pumps to
maintain design flow. In conjunction with two-way valves, variable-speed pumps modulate the
water supply to the coil to satisfy the building's load. Surplus chilled water flows back to the
chillers through the decoupler and blends with the coils’ return water. Although pump energy use

for operating chillers is constant, the secondary pumps' energy use is reduced with the building

load.
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Cooling | | Cooling
Tower Tower

Condenser

Primary Pumps

2-way valve

Figure 3.2: CWS in a primary-secondary flow configuration. Chillers operate with
their fixed-speed pumps in the primary loop, and two-way valves and variable-
speed pumps regulate the flowrate received by the building's coils in the secondary
loop. Excess water returns to the chiller in the bypass blending with the coils’ return
water.

A variable chiller flow configuration that does away with the secondary loop has been
gaining popularity and attention in recent years due to advancements in control technology [99],
[100]. Shown in Figure 3.3, this configuration reduces the initial cost and footprint by
eliminating the secondary pumps and associated fittings. This configuration allows for reduced
pump energy use and improved overall plant efficiency at the expense of a more complex
operation to maintain proper chiller flow and satisfy the building load. The minimum and
maximum flowrate of chillers is regulated by modulating a two-way valve in the bypass. An
additional advantage for variable primary flow is its resistance to the low temperature differential
problem (also known as low delta T syndrome) generally confronted when the building coils are

not adequately maintained.
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Figure 3.3: CWS in a variable primary flow configuration. A bypass control valve is
required to maintain proper chiller flow.

CWS components’ models in the literature are developed with varying complexity and
motivations. Dynamic models are often developed for control and diagnostic problems, detailed
models for design and analysis problems, and simpler models for process control and
optimization problems. The models considered in this chapter are used to solve optimization
problems developed in Chapters 4 and 5. CWS models developed for optimization problems can
be classified into physic-based, regression-based or data-driven, and hybrid models [101]. While
physics-based models can offer physical insight, they are computationally intensive and suffer
from accuracy problems. Regression-based and other machine-learning models are among the
most popular models in the literature; they simplify the complex behavior CWS components into
a regression model with several input parameters. They are computationally efficient but cannot
be generalized and lack the physical insight to explain components' performance characteristics.
On the other hand, hybrid models combine the efficiency of data-driven models with the physical

insight of physics-based models in a simpler formulation. This simpler formulation is
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accomplished with empirically obtained parameters that capture complex behavior that would
otherwise be difficult to model physically.

In this chapter, hybrid steady-state models are developed for the major devices in CWS in
a primary-secondary configuration illustrated in Figure 3.4. The developed models are laid out in
Section 3.2 in the following order: (i) electric chillers, (i1) water pumps, (iii) cooling towers, (iv)
cooling and dehumidification coils, and (v) I-TES model. This system can be operated in three
modes: charging, discharging, and idle storage while simultaneously satisfying the building
cooling requirements. The I-TES is located downstream of the chillers, allowing chillers to

receive warmer return water and operate more efficiently.

Primary Loop Secondary Loop

Pumps
8 3-way

walve

Secondary
Pumps

Primary Pumps

Figure 3.4: Considered CWS in a primary-secondary configuration with multiple

WC chillers, two shared cooling towers, and an I-TES downstream of the chillers.

The building is represented in a single coil with the respective building aggregate
cooling load.
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3.2 Components modeling

3.2.1 Electric chillers

Electric chillers are the dominant power-consuming component in CWS. They run on a
vapor compression cycle, best described as a reverse heat engine transferring heat from a lower
temperature reservoir in the evaporator to a higher temperature reservoir in the condenser. The
coefficient of performance of an ideal vapor-compression cycle is only dependent on evaporator
and condenser temperatures. A schematic for the internal of an electric chiller running on a vapor
compression cycle is shown in Figure 3.5 below. A water-glycol mixture is used in the
evaporator to prevent freezing when operating near or at sub-freezing temperatures needed to

store ice, which depresses the thermal capacity of the mixture by 10%.

Condenser Water A
Q’cmld
Supply water / Leaving Water
(‘1‘4\!\ ) ("‘Eiﬂ )
Condenser
(Heat Exchanger)
nleak,cond
Q 'Qleﬂk,comp
Chiller Power
chl
Throttling use (P™)
Valve
leak,evap
Evaporator 0
(Heat Exchanger) Y
() / ()
Supply Water Qchl Returning Water

Water-Glycol Mix
Figure 3.5: A schematic of the internals of an electric chiller running on a vapor-

compression cycle. Water-glycol mixture is used in the evaporator to prevent
freezing when operating near or at sub-freezing temperatures.

63



In reality, the performance of chillers is a strong function of their loading in addition to
evaporator and condenser temperatures influenced by the compressor efficiency. The chiller
model described below is a widely used simple model first developed by Gordon-Ng [102]-
[105] to predict electric chillers' coefficient of performance using the first and second laws of
thermodynamics. Applying the first law of thermodynamics, conservation of energy, to a vapor-

compression cycle yields the following expression:

AE =0 = Q'cond + Q’leak,cond _ Q'chl _ Q’leak,evap + Q'leak,comp _ Pchl (3_1)

where Q€™ is the heat rejected from the condenser, Q™ is the chiller cooling rate, Q'¢@k-cond,
Qleakevar and Qleakcomp are the heat leaks into the evaporator, out of the condenser, and out of
the compressor, respectively, and P°™ is the electric power consumed by the chiller. Similarly,

applying the second law of thermodynamics, entropy balance, yields the following expression:

Qcond+Qleak,cond Qchl+Q'leak,evap

AS =0 =

oo vy — AS™ (32)
where all energy flows are defined as positive. T°™® and T®V*P are the refrigerant saturation
temperatures in the condenser and evaporator, respectively, and AS™ is the internal entropy
generation rate. Heat leak from the condenser into the ambient is negligible due to comparatively
minor temperature differences between the condenser and the ambient temperatures and hence is
ignored. Performing energy balance across the evaporator and condenser heat exchangers yields

the following two relations:

gcond

1—gcond

Q'cond — mcwcp,cwecond (Tcond _ TCSW) — ( )mcwcp,CW(Tcond _ TCT‘W) (3.3)
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and,

cevap

Q‘chl = MSW cPSW gevap (Trw _ Tevap) — ( )mswcp,sw (Tsw _ Tevap) (3.4)

1—gevap

where €Y% mSY and cP*Y are the evaporator heat exchanger effectiveness, water mass

cond
2

flowrate, and water-glycol mixture specific heat, and ¢ m and cP“Y are the condenser

heat exchanger's effectiveness, water mass flowrate, and specific heat, respectively.

TCSW TCTW

and are entering and leaving condenser water temperature, and 7" and T™" are the
evaporator leaving (or supply) and entering water-glycol mixture temperature, respectively.
Plugging Equation (3.2) to (3.4) back into Equation (3.1) and using the definition of COP

(COP = QM /PM) has been experimentally shown by Ng et al. [106] to simplify to the Gordon-

Ng general model for electric chillers as follows:

TSW

1 TSW Agint Qleak,eqv(Tcsw_TSW) RQ'chl 1
TCSW [1 + E =1+ Qchl Teswchl TCSW [ + m (3’5)
where the chiller load is described by the following equation:
Q'chl — mSWCp,SW(TTW _ TSW) = PLR Q'chl,des (3.6)

Qchbaes is the design (nominal) chiller cooling capacity, and PLR is the chiller loading defined

as QM /Qchbdes Parameters in Gordon model: Q'¢**€47 js the equivalent heat leak into the
evaporator from the ambient and out of the compressor into the ambient; R is the effective

thermal resistance for the evaporator and condenser heat exchangers and dominates the chiller
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performance at high chiller loading; AS™¢ is internal entropy generation rate and dominates
performance at low loading conditions. AS™, R and Q'**€4¥ are obtained from known chiller
performance data using linear regression.

Jian and Reddy [107] proposed a modification to include a term representing the entropy
generation rate due to irreversibility that is dependent on loading (ASQ Q¢ /Qchbaes) in
addition to a constant entropy generation rate term (AS™) which slightly improves the model

predictions. The modified Gordon-Ng electric chiller model is described by:

Qchl
W) Qleak,qu(TCSW_TSW) RQchl
Q'chl + TCSWQ'chl TCSW

Tsw (As-int+AS-intQ

=1+

— 1+ = 3.7)

It is advantageous to reformulate Gordon-Ng model as a function of the leaving
condenser water temperature instead of the condenser water entering temperature to decouple the
impact of the condenser water flowrate from the chiller performance curves. The leaving
condenser and evaporator temperatures serve as a proxy for the refrigerant temperatures,
enabling the investigation of reduced condenser water flowrate. The reformulated Gordon-Ng

chiller model is given by:

: »chl
sw( pcinty pcint@_ Q€ .
T (AS +4S; gchldes Qileak,eqv (TETW —TSW)

TSW
TCcrw [

1+ corl — 1+ Qchl Terwchl + TCTW [1 + E] (3‘8)
The reformulation of Gordon-Ng’s model in terms of condenser leaving temperature introduces

challenges as the leaving temperature is generally unknown that relates to the ambient conditions

and the respective chiller loading. However, the condenser return temperature can be expressed
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as a function of other controlled parameters, including the entering condenser water temperature

and water flowrate as follows:

jchl
Terw — pesw 49 (1 + L) 3.9

TEW cP.cw cop

Plugging Equation (3.9) back into Equation (3.8) yields the desired expression for electric

chillers' performance as a function of condenser water flowrate:

1 Q'chl(Q'chl+Qleak,eqv+mcwcp,cw[R Q'chl_Tsw]+Tsw[A5'-int+A$intQPLR]
coP = mcwcp,cw(Qchl Tcsw+Q'leak,eqv[Tcsw_TSW]+Tcszsw[A_g'int+A_g'intQpLR])

(3.10)

The chiller power consumption can then be calculated from the definition of COP as follows:

chi _ QM
PT = op 3.11)

Chillers data are extracted from the chillers data library in EnergyPlus given in a
regression-based model with three polynomial curves using the DOE-2 model [108], [109]. The
first curve (called CAPFT in EnergyPlus) describes the influence of entering evaporator and
condenser temperatures on the cooling capacity. The second curve (called E/IRF'T in EnergyPlus)
describes the influence of entering evaporator and condenser temperatures on electric power
consumption. The third curve (called EIRFPLR in EnergyPlus) describes the influence of the
chiller loading on electric power consumption. However, the given three polynomial curves are
only valid within narrow ranges of supply and condenser temperatures. They cannot be used to

predict chiller performance at low supply water temperatures associated with thermal energy
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storage charging nor at high condenser water temperatures typical in warm climates. The
extracted performance chiller data are used to fit the parameters in the Gordon-Ng model to
predict chillers' performance outside the given temperature ranges.

EnergyPlus WC chillers data library contains chillers data with three distinct compressor
types: centrifugal compressor with guide vanes, centrifugal compressor with variable speed drive
(VSD), and screw compressor with slide valve. The performance of the centrifugal chiller with
guide vanes (without VSD) strongly depends on chiller loading and is less sensitive to the
condenser temperature. Centrifugal chillers generally offer the best full-load performance, while
screw chillers tend to have a better part-load performance without using VSD. A centrifugal
chiller can be equipped with a VSD for a considerable cost for optimized part-load performance.
However, since a centrifugal compressor's pressure head is proportional to the square of the
speed and flowrate, the chiller performance tends to be highest when both the condenser
temperature and refrigerant flowrate (linearly correlated with loading) are reduced.

The COP, as determined by the three polynomial curves, is sampled within the given
range of condenser and water supply temperatures and loading conditions. Least-square linear
regression is then applied between the model’s predicted COP and sampled COP from
EnergyPlus to determine the parameters in Gordon’s model: AS™, AS™Q R and Q'e4keav A
comparison of the COP as predicted by the reformulated and modified Gordon-Ng model and as
given in the DOE-2 model in EnergyPlus is shown in Figure 3.6 for 383-tons Carrier 19XR with
VSD equipped centrifugal compressor. The model produces a minor error difference of less than

5%.
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Figure 3.6: The COP as predicted using the reformulated Gordon-Ng model
compared to the COP from EnergyPlus given in a DOE-2 model for 383-tons
Carrier 19XR with VSD-equipped centrifugal compressor.

Operating conditions also influence the refrigerant thermal capacity, which impacts the
chillers' cooling capacity. The evaporator refrigerant saturation density and vapor quality affect
the refrigerant thermal capacity. Deviations in evaporator and condenser temperature from
design conditions impact the refrigerant vapor quality in the evaporator, as illustrated in Figure

3.7 in a pressure-enthalpy diagram of the vapor compression cycle.
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Figure 3.7: Pressure-enthalpy diagram of vapor compression cycle demonstrating
the impact of evaporator and condenser temperatures on refrigerant evaporator
thermal capacity. An increase in condenser temperature or a decrease in evaporator
temperature reduces the refrigerant evaporator vapor quality, reducing the heat
capacity (Ah > Ah* and Ah > AhY).

A reduction in supply temperature or an increase in condenser temperature depresses the
refrigerant's thermal capacity. On the contrary, re-setting the supply temperature or reducing the
condensing temperature enhances the refrigerant thermal capacity. However, the utility of the
increase in evaporator heat transfer capacity is ultimately diminished by the compressor’s ability
to support the required flow and pressure head. Centrifugal compressors are constant pressure
variable flow machines and do not experience significant gain or loss in capacity when the
pressure differential is varied. On the other hand, positive displacement compressors are constant
flow variable pressure machines and experience dramatic gain or loss in capacity when the

pressure differential is varied [110], [111].
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The evaporator saturation density, which reduces with the evaporator temperature and
affects the mass flowrate, becomes the dominant factor in depressing the chiller cooling capacity
in ice-making mode. Modern chillers can lose as much as 30-40% of their nominal cooling
capacity when operating in ice-making mode [79]. A simple yet effective approach to estimating
the chiller cooling capacity is from the refrigerant thermal capacity under the specified
conditions, and the approach is useful when data is unavailable, as is the case here. Otherwise,
CAPFT from EnergyPlus better predicts the capacity by accounting for changes to refrigerant
thermal capacity and turbomachinery limitations. The cooling capacity is expressed as the ratio
of available to design (nominal) cooling capacity as follows:

Qchl,max hrefg,fg 1_xrefg prefg

= (3.12)

Q‘Chl,des - nrefg.fg.des 1_xrefgdes prefg,des

where h"¢/9/9 is the refrigerant enthalpy of vaporization, p™¢/9 is saturated vapor density, and
x"¢/9 is the quality of the refrigerant vapor mixture in the evaporator. The superscript ref
indicates values at reference conditions (reference refrigerant temperatures here). The refrigerant
and water temperatures are related by the approach temperature, which is the difference between
leaving water and refrigerant temperatures in the evaporator and condenser. It is in the order of
0.5-2°C for modern chillers [112], [113]. While the approach temperatures depend on the load,
the variations are too small to significantly impact the chiller cooling capacity. The estimated
cooling capacity ratio must not exceed the chiller’s compressor capacity, which yields the

following expression for the maximum chiller loading:

Qchl,max

_ [ochllim nref9.fg  1—xrefg refg
= min [2 o o] (3.13)

Q'chl,des Qchl,des ’ prefg.fgdes 1_xrefg.des prefg,des
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Qchblim is the maximum chiller cooling rate the compressor allows under the given supply and

condenser water temperature range from CAPFT in EnergyPlus. A comparison of predicted
cooling capacity ratios and capacity ratios from EnergyPlus is in Figure 3.8 for 383-tons Carrier
19XR with a VSD-equipped centrifugal compressor. A slight absolute difference in the order of

3% is observed between the estimated and given cooling capacity ratios.

383-tons Carrier 19XR with VSD

1.02 :

0.94
2y 0.02| " Estimated (T*=5°C) | . _
EnergyPlus (T*"=5°C)
0.9 N EStlmated (Tsw=8°C) ...""b,w.. 4
EnergyPlus (T*"'=8°C)
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Figure 3.8: Estimated cooling capacity ratio from refrigerant thermal capacity
versus EnergyPlus for 383-tons Carrier 19XR with VSD-equipped centrifugal
compressor at water supply temperature setpoints of S and 8°C.
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3.2.2 Pumps

Pumps continuously transport water to absorb and reject heat to maintain indoor comfort.
Chiller pumps (primary and condenser) are fixed-speed pumps controlled to maintain the design
water flowrates and only operate with their associated chiller. Conversely, secondary pumps are
speed controlled to deliver the required flowrate to satisfy the building cooling load. The power
consumed by pumps is a function of the flowrate and the required pressure head; the two
parameters are related by affinity laws. The affinity laws express the relation between flowrate,

pressure head, and power as follows:

. ref3
() = (59 = () (3.14)
( m )2 _ (ATTeJ‘)2 _ ( Ap ) 3.15)
mref) — \ AT — \apref .

where m is flowrate, Ap is the pressure head, P is the power use, and AT is the temperature
differential which inversely correlates with flowrate. As noted from the affinity laws, a more
efficient pumping configuration can be achieved by reducing the flowrate, which has a cubic
relation with the power. However, the reduction of flowrates increases the temperature
differential, which comes at the expense of increased chiller power as the supply temperature
must be reduced to offset reduced flowrates. An analysis by chillers manufacturer Trane finds
that reducing pumping power often offsets and compensates for increased chiller energy use

[75]. The chiller's primary pump power as a function of temperature differential is given by:

evap,ref 3
S ) (3.16)

ATevap,des

ppp — | pDTEf (
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and condenser pumps power use:

AT condref 3
ATcond,des)

pep = kcp,ref( (3.17)
Superscripts pp and cp refer to primary and condenser pumps, respectively, and des refers to

parameters at design conditions, and k is the pump constant at the reference temperature

ATevap,ref)3 (ATcond,ref

3
Apevapides ) adjust the evaporator and condenser pumping power

differential. (

ATCcond,des
for changes in flowrate from reference conditions per the affinity laws, respectively.
The power consumed by the variable speed pumps in the secondary loop is a function of

the rotational speed per the affinity laws and the motor and VSD efficiencies:

ATevap,ref)3 (VSDSp)3 (3.18)

n m,sp n VSD,sp

PSP — ksp,ref(

ATevap,des

Superscript sp refers to the secondary pump, and VSD is the non-dimensional rotational speed
defined as the actual angular speed normalized by the maximum angular speed. Speed
adjustment linearly correlates with the flow and quadratically with the pressure head. Similarly,

(ATevap,ref

3
W) adjust the power for changes in design flowrate. The motor and variable speed drive

efficiencies as a function of their speed are from correlations by Bernier and Bernard [114]:

n™(VSD) = 0.94187[1 — exp(—9.04 VSD)] (3.19)
n"SP(VSD) = —[50.87 + 128.3 VSD — 142 VSD? + 58.34 VSD?] (3.20)
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Using a water-glycol mixture in the supply loop to prevent freezing increases pumping power by

15% relative to pure water [115] due to increased viscosity.

3.2.3 Cooling towers

Cooling towers reject the heat from the condenser into the atmosphere primarily by
evaporative cooling. The first counter-flow cooling tower model in the literature was developed
by Merkel [116] using mass and heat transfer balance equations. Merkel simplifies the model
into enthalpy balance equations by setting the enthalpy difference as the driving force, neglecting
mass transfer, and assuming a Lewis number of unity. The model developed by Merkel for the

water and air sides is given by:

ah® _ _NTU pa _ psw
o =~ (R =) (3.21)

S atwr dh®
arv _™m ( dy)

dy T pwtwr ep.cw

(3.22)

where NTU is the number of transfer units, y is the height, Y is the total height of the tower, h®

s atwr

is the enthalpy of moist air and h*" is the saturated enthalpy of the air, m pWewr

and m are the
air and water mass flowrate, respectively, and T" is the tower water temperature.
Braun et al. [117] developed a simple and widely used model based on the assumption of

linear air saturation enthalpy with respect to the temperature applied to Merkel’s model. An

exaggerated illustration of the impact of linear saturation assumptions is shown in Figure 3.9.
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Figure 3.9: Exaggerated illustration of the assumption of linear saturation enthalpy
line with respect to temperature. AT" is the tower water temperature difference,
AR? is the tower air enthalpy difference, h® is air saturation enthalpy, and T*? is the
wet-bulb temperature.

The slope of the saturation line with respect to temperature is defined as the saturation specific

heat as follows:

s _ [an®

PS,CTW _pS,csW
~ lar ]T=TW rerw_pesw

(3.23)

where TS and T¢™" are tower leaving (entering chiller condenser water) and tower entering
(leaving chiller condenser water), and h*" and h5™" are the enthalpy of saturated air at
leaving and entering tower water temperatures, respectively. Plugging Equation (3.23) in
Merkel’s model in Equation (3.22) allows for an analytical solution to be obtained. Braun derives

an effectiveness relationship in terms of saturation specific heat, defined as the ratio of actual to
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maximum possible air-side heat transfer that occurs if air leaves saturated at the inlet water
temperature. The model uses the NTU-effectiveness approach to predict the heat rejected given

inlet air and water mass flowrates and temperatures. The actual heat rejected is given by:

Q'twr — matwrgtwr(hs,crw _ hs,wb) (3,24)

hSWP is the enthalpy of saturated air at the wet-bulb temperature and £ is the tower's air-side

effectiveness. The effectiveness is determined analogously to a dry counter-flow heat exchanger:

twr _  1—exp (-NTU(1-C"))

€ " 1-CTexp (-NTU(1-C")) (3.25)
where,
matwr
O = o @ (3.26)
mwtwr(c_s)
The NTU correlation for the cooling tower:
wtwr 1+n
NTU = ¢ () (3.27)

where ¢ and 7 are constants for a given cooling tower type. Similar to water pumps, the air

flowrate varies linearly with the speed of the fan per the affinity laws, which are given by:

Matwr — g ptwr,atwr,des (3.28)
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The tower fan is the sole power-consuming device controlled to maintain the condenser water

temperature setpoint. The power consumed by the VSD-equipped tower fan is as follows:

(VSDtWT)3

twr _ twr
p =k nMAWTVSD twr

(3.29)

where k™7 is the tower fan constant and VSD®™ is the fan's non-dimensional rotational speed.

3.2.4 Cooling and dehumidifying coils

Sensible and latent heat from the cooled space is transferred by air to the chilled water in
the coils. The developed coil model employs Wang et al. [118] expressions for the overall
internal and external heat transfer coefficients. The expressions are converted into an external

and internal NTU expression, respectively, as follows:

ext _ 1 NTow gface

NTU - meea cp.a agC(Va)_o_g_Fagc (3.30)
. row 4 face

nNTyint = —L N 4 (3.31)

MECW cb.sw agc( Vw)—o.s

The denominators of the two expressions are based on Holmes coil’s thermal resistance model as

a function of air and water face velocities [119]. a$¢, a5°, and a$® are experimentally obtained

cca ccw

set of coefficients in Holmes’s model, m“? and m““" are the coil air and water flowrate,
V% and VY are the coil air and water face velocities, respectively, cP'¢ is air specific heat

capacity, A7%¢€ is the coil face area, and N™Y are the number of coils rows or passes.
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Coils maintain the cooled-space humidity and temperature by regulating air and water
flowrates using a VSD and a two-way valve. Per the affinity laws, the air and water mass

flowrates, respectively, are as follows:

meee = VSDcfmcca,des (3.32)

Mew = VSDSmeCW'deS (3.33)

Similarly, for face air and water velocities, respectively:

Ve = yspefyades (3.34)

VW = ySDspyw.des (3.35)

where VSD¢/ and VSDSP are the non-dimensional rotational speed for coil fan and secondary
pumps, respectively. The air inlet enthalpy and temperature can then be calculated from the

known exit conditions and the cooling load:

. 3D .
h* = min [hae,des + —w,?cca, hal’des] (3.36)
Tai — Taedes 4 chia 3.37)

hai,des

QP is the building cooling load, Q* is the sensible cooling load, is the enthalpy of air at

the coil inlet under design conditions, and h%¢@€S and T #¢4¢S are the design exit air enthalpy and
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temperature, respectively. The conditions at the dry-to-wet transition point can be calculated

from the known air and water boundary conditions:

X = pai — Cp,a(Tai — po) 3.38)
mCCa . .
P = I s cpa(ac )] ¢ e @)

where TV is the coil entering water temperature and T is the dew-point temperature. The
superscript x represents the point of intersection between dry and wet sections. The air
temperature at the dry-to-wet transition is the dew point temperature and is calculated from
known parameters.

Models developed by Braun et al. [85] for fully dry and fully wet coils based on the
NTU-effectiveness approach are used for the dry and wet section analysis. They utilize a similar
approach to the modeling of the cooling tower with the modification of including an additional
thermal resistance from the absence of direct contact between air and water streams. The coil is
modeled as a counter-flow heat exchanger since the performance of a cross-flow heat exchanger
approaches that of a counter-flow when the number of passes increases beyond approximately

four. The NTU and effectiveness for the dry section are described by the following two

expressions:
1 edry—1
NTUYY = L In (ngry_l) (3.40)
ai_rdp
Edry — ;ai_:w,x (3.41)
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where,

1hecacp.a

C=—eres (342)

1HhECW cD,SW

Exit water temperature and the fraction of the coil length in the dry section are as follows:

Teerw — wx 4 C(Tai _ po) 3.43)

dry _ NTU4TY NTU®*t
f T NTUext ( T NTUint) (3.44)
The NTU and effectiveness for the wet section are as follows:

ext
NTUWet = NT;f,]Tuext (1 — fary) (3.45)
1+m(NTUint)

wet 1—exp(—NTUwet(1—m))
€ " 1-mexp(-NTUWet(1-m)) (3.406)
where,

mcca hx_hs,ccsw
= (o) (3.47)

h®c¢5W is the enthalpy of saturated air at coil supply water temperatures. The actual exit air

enthalpy can then be calculated as follows:

hae = pX — <c'.wet(hx _ hs,ccsw) (3.48)
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A feasible solution necessitates the air leaves at design conditions such that h*¢ = h%®€S_The

power required by the VSD-equipped cooling coil fan is given by:

cf 3
pcf = kch (3.49)

nm,canSD,cf

where k¢ is the cooling coil fan constant.

3.25I-TES

I-TES stores thermal energy mainly in the form of latent heat. The two main types of I-
TES are internal and external melt [87]. In external melt, ice comes into direct contact with
supply water delivering a rapid discharge rate suitable for specific applications such as providing
contingency and for high and short-lasting cooling demands. On the other hand, internal melt I-
TES is modularized and prefabricated with predictable charge and discharge behavior. In internal
melt, a secondary water-glycol mixture is circulated through inner circuits to freeze or melt the

water inside the tank. An illustration of a modular internal melt I-TES is shown in Figure 3.10.

Common water-glycol mixture
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Figure 3.10: An illustration of a modular internal-melt I-TES. Multiple parallel
spiral circuits are submerged in water inside the tank, and a water-glycol mixture is
circulated through the circuits to build and melt the ice around the tubes.

82



As shown in the figure, multiple parallel spiral circuits are submerged in water inside the tank.
Internal melt I-TES can have either fewer circuits with longer tubes or more circuits with shorter
ones. I-TES with longer tubes is designed for systems with reduced flowrate to maximize heat
transfer, whereas shorter tubes is used for systems with high available flowrate to maximize
charge and discharge rates without overburdening the pumps.

The work in this dissertation utilizes the more commonly used internal melt I-TES with
fewer circuits and longer tubes. The earliest internal melt I-TES model appears to be developed
by Jekel [71] and was later improved by Drees [72], [73]. The work in this dissertation employs
the model improved by Drees with specifications based on a product of CALMAC with 83 TR-
hr of nominal capacity. Multiple tanks can be balanced and joined in parallel to act as a single
tank with an equivalent combined thermal capacity. Control of the ice bank is accomplished by

regulating the inlet temperature and flowrate as described by the heat balance equation below:

miwcp,sw(Tirw _ Tisw) — H — hsfmITES,ice _ mITESCp,wTITES (3.50)

where m™ is the circulating water-glycol mix flowrate, T*W and T"" is the water-glycol

mixture temperature at the inlet and outlet of the storage tank, respectively, h*/ is the enthalpy of

ITES,ice ;

is the rate of ice formation, T'TES

fusion of ice, m is the rate of change of water

temperature in the tank, m'TES is the total mass of water in the tank, and cP"" is the specific heat

of tank water. The terms ™ cPS% (T — TW) is the heat transfer rate to the circulating

ITES,WCp,WTITES S ITES,ice

water-glycol mixture, m is the sensible heat rate, and h*/m is the latent
heat rate. Sensible heat change of ice can be neglected because of the reduced thermal capacity

relative to water and the minor temperature difference between ice and the freezing point of
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water. The rate of change of enthalpy, H, can also be obtained from the LMTD method as

follows:

. 1 TIrw_pisw
H = (Rint+Rext) [ TITES _Tirw ] (3.51)
TITES s the average storage water temperature, Rt and R®* are tubes' internal and external

thermal resistance. R®** depends on both the mode of operation, charging or discharging, and
SoC; both R™ and R®*t are obtained from Drees’s model [72], [73].

The charging of I-TES is divided into three stages, which are shown in Figure 3.11:
sensible, unconstrained latent, and area-constrained latent. In sensible charging, the water
temperature in the tank is brought down to freezing temperature without ice formation and
constitutes about 10% of capacity. Upon reaching freezing temperature, the unconstrained latent
stage initiates with uniform cylindrical ice formation around the tubes up to an SoC of 45%.
Once the ice formations intersect, heat transfer becomes increasingly area constrained until all
the water around the tubes is frozen. Charging of I-TES terminates once the areas around the
tubes are fully frozen, which constitutes about 90% of the total water mass.

Similarly, discharging of I-TES is divided into three stages, also shown in Figure 3.11:
unconstrained latent, area-constrained latent, and sensible. In the first stage, the ice closest to the
tube is melted. The water-glycol mixture passing through the tubes is cooled down at the expense
of (i) warming a layer of liquid water between the outer surface of the tube and the water-ice
interface and (i1) a receding liquid water-ice interface. When the ice-liquid water interfaces
intersect at an SoC of 60%, heat transfer reduces due to the reduced surface area of ice

formations. Once all ice has melted, the storage water temperature is gradually brought to the
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circulating water temperature constituting only 5% of the thermal capacity, which ends the

discharging process.
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Figure 3.11: An illustration of the charging and discharging process along the heat
rate curve is shown in a cross-sectional view of the parallel tubes inside the 83-TR-
hr internal melt I-TES tank. The intersection of ice formations in charging and
water formations in discharging reduces the heat transfer area. Charging is at -6°C
and 4 kg/s, and discharging is at 8°C and 4 kg/s.

Drees shows that the effectiveness defined as the ratio of actual to the maximum
temperature difference is insensitive to inlet temperature but is a strong function of flowrate and
SoC. This is used to reduce the storage model to a function of flowrate and stage of charge. The

storage effectiveness is defined as:

Tisw_Tirw

ITES = Tisw_TITES (3.52)

&
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where T'TES is the average storage water temperature in sensible charging mode, otherwise,
T'TES is the freezing temperature of water for all other stages. An effectiveness surface is

generated from the simulation of full charge and discharge cycles at multiple increments of

flowrates to obtain a function of the form:
eITES = f (Soc,miW, sgn(ASoC)) (3.53)

where sgn(ASoC) is the storage operation mode. The effectiveness for all flowrates in-between
the increments is linearly interpolated. Three parameters index the generated surface: the SoC,
the inlet water-glycol mixture flowrate, and the mode (charging/discharging). Simulation of I-
TES charge and discharge cycles under different water-glycol mixture flowrates and inlet
temperatures are shown in Figure 3.12 (a) and (b) for charging and Figure 3.12 (¢) and (d) for
discharging. Note that the difference in effectiveness due to inlet temperature is negligible.
Furthermore, daily storage use requires an inlet temperature close to -6°C, which can
significantly depress chiller performance by 20-35% and cooling capacity by 30-40% relative to

refrigeration mode.
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(a) 83-ton-hr I-TES Charge Rate v. Time (b) 83-ton-hr I-TES Charge Effectiveness v. SoC
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Figure 3.12: Simulation of I-TES operation under different inlet conditions for
charge mode with (a) charging rate and (b) charging effectiveness, and discharge
mode with (c) discharge rate and (d) discharging effectiveness. I-TES is fully
charged at an SoC of 1 and fully discharged at 0.

3.3 Conclusion

This chapter develops hybrid steady-state models for the major components in CWS in a
primary-secondary configuration with WC chillers, cooling towers, and internal melt I-TES.
Hybrid models combine the efficiency of data-driven models with the physical insight of
physics-based models in a simpler formulation. This simpler formulation is achieved with

empirically attained parameters that capture complex behavior that would otherwise be difficult

to model physically accurately. A reformulated Gordon-Ng model was used to predict chillers'
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performance, and their cooling capacity is estimated from the evaporator refrigerant thermal
capacity. Analogous to the analysis of heat exchangers, the effectiveness approach is used for
cooling coils, cooling towers, and I-TES. Fan and pumps are modeled using the simple fan and
pump power law equations with pressure and flowrate modulation per the affinity laws. The
models thus developed are applied to the equipment capacity sizing and design problem analyzed

in Chapter 4 and dispatch and scheduling problems analyzed in Chapter 5.
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Chapter 4: Design of an integrated WC CWS with I-TES, BESS,
and on-site PV

4.1 Introduction

The decarbonization pathway analyzed in Chapter 2 from a utility-scale perspective must
eventually be implemented on buildings with distinct energy needs, either as a part of the large-
scale deployment or building-scale solution to reduce emissions and electricity charges. This
chapter examines the design problem of an integrated WC CWS with I-TES and BESS for better
integration with on-site PV generation for cost and emissions reduction. The objective is to
develop an optimization strategy for optimal equipment capacity sizing with greater
consideration of the complex behavior and performance of CWS with I-TES than given in the
literature, which includes deciding chillers' quantities, capacities, as well as compressor
technology. The site analysis also provides insight into the distributed-scale renewable
penetration and building emission reduction potential and examines how I-TES and BESS
behave on a building scale. The role of carbon pricing policy instrument is re-examined to
combat low electricity rates in Qatar.

Two large generic buildings are examined for the optimization problem with dissimilar
demand profiles: a residential building with dominant night-time electricity needs and a
commercial building with diurnal cooling and electricity needs. These two buildings represent
the two most common types of buildings in Qatar. The examination of large buildings serves two
purposes, (1) large buildings in Qatar utilize WC CWS, which enables exploring the more
complex version of the problem due to additional equipment such as cooling towers; (ii) large
systems achieve higher returns and emissions reduction and are a primary target for

decarbonization.
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The standard approach for designing a cooling system is based on peak cooling demand
day (design day) and energy standards [120]. More sophisticated approaches consider the intra-
annual variation of cooling load using energy simulation tools [121] and the uncertainty of peak
load from internal generation [122]. A more careful examination of part-load performance, intra-
annual ambient temperature variations, and pump energy use can significantly reduce CWS's
yearly energy consumption [123], [124]. That is partly because CWS are often operated away
from the design point due to reduced cooling demands, leading to sub-optimal operations that
conventional design methods do not adequately address. This issue can be further propagated
when cooling systems are oversized due to parasitic loads.

With hot summer and mild winter, the cooling load in Qatar is highly seasonal. Highly
seasonal space-cooling accounts for most energy consumption in buildings in Qatar [20], [21].
Although the high seasonality naturally leads to a large sum of idle chiller capacity in the low
cooling demand season, which could be used to store ice, the potential has not been investigated
in the literature prior to this work. However, the capacity sizing problem of on-site PV
generation with BESS has been examined [34], [35]. The studies find BESS economically
unfavorable at the current subsidized electricity tariffs.

Otherwise, the analysis of building-scale PV with BESS and thermal energy storage falls
under the smart building energy management systems problem, which is broadly investigated in
the literature with varying degrees of complexity [74], [125]-[129]. Many studies recognize the
potential of using I-TES for cost reduction but find BESS cost prohibitive. Deetjen et al. [74]
developed a mixed-integer linear programming model for optimal dispatch and sizing of a
residential central utility plant with a rooftop PV generation, shared I-TES, and BESS. The

model accounts for chillers' performance degradation from ambient conditions and in ice-making
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mode. Although the study finds cost reduction potential from the examined system, BESS was
still determined to be economically unfavorable. Baraa et al. [129] analyzed micro-grid design
with BESS and I-TES applied to a commercial building in the UAE, which shares a similar
climate as Qatar, using a heuristically developed optimization strategy. The I-TES model was
extracted from EnergyPlus, with linearized charge/discharge limits with respect to the storage
SoC. Baraa concludes that I-TES further reduces the cost compared to BESS alone. Zhu et al.
[130] proposed a bi-level optimization strategy to optimize electric and thermal energy storage
capacity in buildings with a chilled water system. The upper level decides the capacities fed to a
lower level to solve the dispatch problem and returns the operation cost. The optimization
strategy utilizes the genetic algorithm for the upper level and mixed-integer linear programming
with a piecewise linearized chiller model for the lower level. The study suggests that energy
storage can significantly reduce cost and increase renewable penetration in the grid from load
shifting. Xu et al. [131] developed a two-stage stochastic linear model for capacity and dispatch
optimization of building-scale PV combined with BESS, I-TES, and heat storage. They consider
a simple linear I-TES model with a single chiller. Xu finds TES to be economically favorable
whereas BESS is not always feasible due to its higher cost and short life span.

This chapter is structured as follows: Section 4.2 describes the methodology. First,
cooling and electric loads are simulated for two generic buildings with dissimilar energy demand
profiles. Next, the optimization strategy is developed, followed by the problem formulation.
Section 4.3 presents and discusses the model results for the two buildings exposed to a range of

carbon pricing. The chapter is summarized and concluded in Section 4.4.
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4.2 Methodology

The main framework is to design a WC CWS with I-TES and BESS for a building to
allow for better integration of on-site PV generation. The on-site PV generation is utilized to
meet daytime electricity and cooling needs. Excess generation can be stored in I-TES and BESS
to supplement nighttime electricity and cooling needs; unutilized excess generation is curtailed
and cannot be sold to the power grid. Figure 4.1 shows a simplified schematic of the design
problem. As modeled in Chapter 3, the WC CWS is in a primary-secondary configuration. Due
to the overlap of cooling needs with the solar insolation, chillers' cumulative cooling capacity

can exceed the building's peak cooling load to allow for ice-making during the day.

Cooling Tower

BESS l jl[r

WC Chiller
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Figure 4.1: A schematic of an integrated WC CWS with I-TES, BESS, and on-site
PV generation.
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4.2.1 Simulation of building cooling and electric loads

A Building’s cooling load is influenced by the interaction of weather with the building
envelope, occupancy and occupants' activity level, and electric loads. The estimated cooling load
in Chapter 2 is an aggregate load from all buildings with various uses, occupancy levels, and
envelope constructions. Individual building cooling needs can radically deviate from the
behavior of the aggregate load.

In the literature, simulation methods of building cooling load can be classified into three
categories [132]: (i) energy simulation models, (ii) data-driven models, and (iii) hybrid models.
Energy simulation models are performed using software tools such as EnergyPlus, TRANSYS,
and eQuest. They require complete knowledge of building envelope construction, orientation,
and materials [133], [134]. They are often used for more sophisticated estimations of cooling
loads that are not required for the analysis in this chapter. Data-driven models drive patterns
from historical data using meteorological and occupancy data [135], [136], which Qatar lacks.
Hybrid models, on the other hand, simplify the building description in heat models and are used
for optimization problems [137], [138]. The simplification is achieved using (1) parameters that
simplify the building description, such as thermal resistance, and (i) general assumptions are
made for building orientation and geometry. The hybrid model approach is used in this
dissertation to simulate buildings cooling load profiles. The intention is to capture diurnal and
interannual demand profiles for generic buildings in Qatar without explicit knowledge of
building interior zoning, orientation, and construction details that would be required with energy
simulation software. Nevertheless, the simulated load was validated using EnergyPlus building
simulation software with arbitrarily decided building orientation and geometry, producing a

comparable estimate.
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In this chapter, the cooling load for a high rise (30-stories; gross floor area of 60,000 m?)
is simulated using heat balance equations for two cases: (i) residential buildings with dominant
nighttime electricity needs and (i1) commercial buildings with diurnal cooling and electricity
needs. Details of the performed cooling load simulation and electric load estimation can be found
in Appendix A. The building's electric load is estimated from the assumed occupancy level for
different hours of the day with the typical energy use from appliances and devices. Both
simulated residential and commercial buildings have a yearly cooling need of 19.5 GWhu, (325
kWha/m?) using the 2016 meteorological data and electricity use of 4.5 GWh (75 kWh/m?).
Although meteorological conditions still drive seasonal variations, daily variations can be anti-
correlated as people move between the two spaces, from their residences to their places of work
and later back to their residences. These daily differences in cooling and electricity needs can
influence the storage needed for load shifting. Buildings with more dominant diurnal electricity
and cooling needs can benefit from better alignment with PV generation and require less storage
capacity. The resultant estimated cooling intensity (cooling load normalized by floor area) agrees
with the reported data in the literature when assuming a nominal AC system COP of 2.5-3.

Household electricity consumption in Qatar has only been reported in the literature a few
times [20], [139], and they combine electric loads from all appliances and devices. Nevertheless,
the electric load from space-cooling can be crudely estimated by deducting the electric load on
non-cooling days or days with minimal cooling needs. Driven by space-cooling, about a 5-fold
increase in electricity load is observed between winter and summer. Furthermore, demand spikes
are observed in the morning between 5 and 7 AM, late afternoon between 3 and 5 PM, and
evening between 6 and 9 PM, which correlates with building occupancy. These reported data and

demand profiles are used in constructing the building's electric load. Simulated cooling loads for
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three days in winter, spring, and summer are shown in Figure 4.2 for the residential building and

Figure 4.3 for the commercial building.
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Figure 4.2: Simulated residential building cooling load for three days in winter,
spring, and summer using the 2016 meteorological data. Electric and thermal loads

are correlated with higher building occupancy in the evening.
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Figure 4.3: Simulated commercial building cooling load for three days in winter,
spring, and summer using the 2016 meteorological data. Electric and thermal loads
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4.2.2 Optimization strategy

The equipment capacity sizing problem entails evaluating equipment performance and
estimating their energy use, which requires solving the scheduling and dispatch problem. The
scheduling and dispatch problem is highly non-linear, stemming from the interaction of multiple
decision variables, and involves many decision variables at each time step. For example, WC
chiller power use is a function of 4 parameters at each time step: supply temperature setpoint
(TS"), entering condenser temperature (T°"), loading (PLR), and the on/off switch (ON ™), in
addition to the chiller capacity decision variable (Q""?¢5). Likewise, I-TES charge and
discharge rates are a function of 3 parameters at each time step: the inlet temperature (T %),
supply flowrate (™), and the state of charge (SoC), in addition to the storage capacity decision
variable represented as the number of modular tanks (N!TES),

A problem with this level of complexity is extremely computationally demanding to be
solved using traditional gradient-based non-linear optimization strategies or more tolerant meta-
heuristics optimization algorithms. The approach is to decompose the problem into a bi-level
formulation to reduce the problem's complexity and simplify the components model, particularly
the chiller and I-TES models. The decomposition of the problem into bi-level formulation
enables decoupling the capacity sizing problem from the scheduling and dispatch problem. The
scheduling and dispatch problem, used to estimate electricity charges, can be simplified in a
mixed-integer linear program with piecewise linearized performance curves. Mixed-integer
linear programs are a more complex form of linear programming, and they retain some of their
desirable advantages, such as the ability to solve large problems with many variables and the

guaranteed optimality.
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A flowchart of the developed bi-objective optimization strategy is shown in Figure 4.4.
The upper level minimizes annual system expenditures and decides the installed capacities of
chillers, BESS, I-TES, and on-site PV using a non-linear optimizer. Piece-wise linearization is
applied to the simulated components' performance curves to obtain each segment's slopes and
intercepts. The slopes and intercepts of the piece-wise linear segments are then fed to the mixed-
integer linear program in the lower level to solve the equipment scheduling and dispatch problem
and return electricity charges. The returned electricity charges to the upper-level optimizer are

used to update the capacities decision variables for the next iteration.
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Figure 4.4: Bi-level optimization formulation. The upper level minimizes annual
system costs and decides the installed capacities, and the lower level solves the
equipment scheduling and dispatch problem in a mixed-integer linear programming
formulation and returns the electricity charges.
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Meta-heuristic algorithms are commonly used for non-convex and non-linear problems
like the confronted equipment capacity sizing problem in the upper level. Meta-heuristic
algorithms are broad and work well for many applications. They tend to prop the search space
using a population of potential solutions. Examples are particle swarm optimization and genetic
algorithm. Particle swarm optimization is better suited for upper-level due to its more efficient
use of computational resources [140], [141]. Particle swarm optimization is a search heuristic
evolutionary algorithm that relies on a swarm of randomly guessed solutions, termed particles
[142]. The location of each particle is guided toward the best-known global positions. Over many
iterations, this tends to move the swarm toward the global minimum. Evolutionary algorithms
are widely used in air conditioning problems [123], [130] as these problems tend to involve
complex models that cannot be reliably solved using traditional gradient-based optimization

strategies without over-simplifications.

4.2.2.1 Simplified chiller model

The derived Gordon-Ng chiller's model in Chapter 3 can be simplified to a function of
two decision variables: loading and the on/off switch when the supply and entering condenser
temperatures are pre-determined, which is often done in the literature in optimal chiller loading
problems [143]-[145]. The entering condenser temperature is related to the wet-bulb
temperature; a reasonable approximation is to use the design tower approach temperature to infer
their relationship, as described below:

Tg3 = Tyl + AToPPaes 4.1)

where subscripts p is the scenario index set {1, 2, 3,4, 5} denoted by P that corresponds to

representative days of the year and t is the time step index set {1, 2, 3, ..., 24} denoted by 7" and
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represents hours of the day, and AT %PP-@€S is the tower design approach temperature for the
cooling tower, typically in the order of 3°C. On the other hand, the supply temperature is set
based on the operating mode of the chillers: ice-making or refrigeration. In ice-making, the
temperature setpoint is assumed to be at the standard ice-making temperature of -6°C. On the
other hand, in refrigeration mode, the temperature depends on the decided evaporator
temperature differential and design return temperature. The temperature setpoint in refrigeration

mode is as follows:

TSW = Trwdes _ pTevap.des (Refrigeration mode) 4.2)

where T™"4€S g the design return temperature established from building requirements and

selected coil and AT €vap.des

is the decided design evaporator temperature differential. As
described by the affinity law, the decided temperature differential is inversely related to the
evaporator water flowrate, which impacts pump energy use.

A piecewise linearization is then applied to the simplified model to predict chillers'
performance under different loading conditions. For chillers equipped with a VSD, the
performance curve is captured by two piecewise segments, whereas for chillers without VSD, a
single segment was sufficient. Figure 4.5 shows the performance curves obtained for a 383-tons
Carrier 19XR chiller with a VSD-equipped centrifugal compressor using the Gordon-Ng model
at different ambient wet-bulb temperatures in both ice-making and refrigeration modes,

overlayed with piecewise linear segments. Illustrations of the piece-wise linearization for non-

VSD-equipped chillers can be found in Appendix B.
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Figure 4.5: Illustration of piece-wise linearization for the 383-tons Carrier 19XR
chiller with VSD-equipped centrifugal compressor in (a) ice-making mode with a
setpoint temperature of -6°C and (b) refrigeration mode with a setpoint temperature
of 7°C, at three ambient wet-bulb temperatures.
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The power consumed by chillers is determined from the piecewise linear slopes and

intercepts subject to operating mode as follows:

PSR = Yxex jenment.eec @ tn jmeQpixjme + Dot jmeBotjmel, VP € P, VEET (4.3)
where subscripts x is the chiller compressor type index set {1, 2, 3} denoted by X that
corresponds to 1) centrifugal without VSD, 2) centrifugal with VSD, and 3) screw without VSD,
and j is the chiller index set {1, 2, 3, 4,....} such that j € N, m is the operating mode index set
{1, 2} denoted by M and corresponds to 1) refrigeration mode and 2) ice-making mode, and e is
the segment index set {1, 2} denoted by €. Q5/t., ; . . is the chiller load, ag", , and bg", . are

the piecewise linearization segment slope and intercept, respectively, and B;fgx, jm,e 18 a binary

decision variable to toggle on the intercept for the corresponding activated segment. The
following constraint restricts the number of activated segments for operating chillers:

Ymenece Byt jme < ONgts s VDEP, VEET, VX EX, jEN (4.4)

The segment is activated by the decided chiller load, which is constrained within the segment's
upper and lower loading bounds as follows:

Qs < PLRY,

ptx,jme =

chides pchl VpEP, VEtET, VXEX, jJEN, meM, ecE (4.5)

X, Jj,me Qx.j,m,e p.t.x,jme’

Qe > PLRY, e QEtes pell e VDEP, VEET, VX EX, JEN, meM, e€ & (4.6)

ptx,jme = x,j,m,e
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PLRg,lt'x, jme and PLRg,t'x' jm,e are the upper and lower part-load ratio limit for each piecewise

linear segment. For the last segment, PLR;,ljt,x, jm,e 18 the chiller maximum loading estimated
from Equation (3.13).
Chillers are restricted to operating in ice-making mode when storing ice and in

refrigeration mode otherwise, as described by the following two constraints:

Yxex jenees Bytxjme < N(1—BiE), VpeP, VtET, m=1 4.7)
ZXEX,jEN,eEE B;,fgx,j,m,e < NChleiftQ, Vp € .7), Vt € :T,m =2 (4.8)

N¢M is the number of chillers and B;ff is a binary variable that toggles the ice-making mode.

The total cooling provided by operating chillers is a simple summation of all segments and

modes as follows:

. - chl
ch)f%l = erx,jEN,meM,eE&' Q;,t,x,j,m,es Vp € ?9 VteT (4'9)

4.2.2.2 Simplified I-TES model

I-TES charge and discharge rates can be simplified to a function of the SoC when the
inlet temperature and flowrates are pre-determined. The chiller operating mode (ice-
making/refrigeration) determines the temperature of the water-glycol mixture received by the
storage. On the other hand, the flowrate is set to the maximum flowrate. The resultant I-TES
charge and discharge rates curves represent the maximum possible heat rates, which are used to

constrain decided storage charge and discharge rates. The maximum flowrate is the total flowrate
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when all chillers are operating, restricted to the flowrates the storage tank is designed to tolerate,

which are given by:

My = min[m™ ™, 3 oy entin] ], VP E P, VL ET (4.10)
MmWmax s the maximum flowrate the I-TES tank is designed to tolerate. Similar to the

simplified chiller model, piecewise linearization is applied to the yielded performance curve,
which is given by:

sim < aln, (—Cf;}s) + b7, BITES + M(1—BITES ), VpeP, VtET,fEF,meM (4.11)

S SMBJES  VpEP, VtET,fEFMEM 4.12)

where subscripts f is the segment index set {1, 2} denoted by F, a?,, and b, are the piecewise
linear slope and intercept, respectively, M is an arbitrarily large number (commonly termed Big
M), and C!TES is the installed net usable I-TES capacity. The supply setpoint temperature in

refrigeration mode dictates the I-TES sensible stage capacity. The net usable I-TES capacity is

thus determined from the number of modular ice tanks and their net usable capacity as follows:
CITES — NITES X CCalmac (4.13)

where N'TES i the number of tanks and is not restricted to a whole number and C¢3™ac ig the

ITES

net usable capacity of each tank (83-TR-hr nominal). By, ;’7

is a binary decision variable to
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toggle between the activated relevant segments in each mode depending on the SoC, as described

by the following two expressions:

Spe < SoCH, C'TES BITES  wvpeP, VteT,fEeF,meM 4.14)
Spe = SoCH, C'TES BITES  wpe®P, VteT,fEeF,meM 4.15)

where SoC fuﬁn and SoC f”m are the upper and lower limits SoC for each segment. Only one
segment can be activated at any given time, as described by the following constraint:

YrerBYim =1 VpEP, VtET, mEM (4.16)

The decided storage charge and discharge rates are limited to the computed maximum charge
and discharge rates. However, since the analysis is done on an hourly basis in which the storage
charge and discharge rates can change considerably, the decided charge and discharge rates are

restricted based on the SoC at the current and next time step as follows:

1 . .
51 < Srer [H (S m + SiBapm)], VP €7, Ve €T m = 1 @
. 1 ; i
S35 < rer [§ (Shm + SiTiasm)], VP € P, VEET,m =2 @

S5hs and SF are the I-TES decided charge and discharge rates, respectively. I-TES is

constrained to follow the operating mode of the chillers. The storage receives a sub-freezing inlet
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water-glycol mixture when charging and the standard supply water temperature when either

discharging or idling as follows:

Sghs < MBKE, Vp € P, VtE€T (4.19)
Spe SM(1—Byf), VpEP, VLET (4.20)

Figure 4.6 shows the I-TES charge rate curve in (a) and the discharge rate curve in (b)
overlayed with piecewise linear segments. The discharge rate curve is well captured with three
segments compared to the four segments required by the charge rate curve. The segments
overlap with the previously discussed three stages of charging and discharging in Chapter 3. The

amount of stored thermal energy in I-TES is balanced in the following constraint:

S

ot — nITES'SdiSSp,t—l — SChS _ cdis vp EP,VtET (4.21)

bt pt>

where n/TES54is is the I-TES self-discharge efficiency.
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Figure 4.6: Piece-wise linearization applied to I-TES maximum charge and

discharge rates.
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4.2.2.3 Simplified auxiliary components models
Other simplifications can be made to estimate the power use of auxiliary equipment such
as cooling towers, cooling coils, and pumps. The power consumed by the cooling tower fan can

be assumed to vary with the chiller load analogous to fixed-speed tower fans and is given by:

Q'c’fél
PiwT = PfWT'desm , VpEP,VLtET 4.22)
ptWr4es ig the power consumed by the tower when running at maximum speed (VSD™" = 1) in

Equation (3.29) in Chapter 3, and QW™4¢S is the nominal thermal capacity of the tower.
Although the power consumed by the cooling tower varies cubically with the flowrate, as
described by the affinity laws, a simplification of this variability is expected only to produce a
small error, given that the cooling power consumption is minor relative to that of the chillers and
other auxiliary equipment. The cooling coil and second pumps power use vary with the cooling

demand per the affinity laws, which are as follows:

3
. .2
pdist = <—QW ) [pspdes 4 pefdes] yp e P,VtET (4.23)

p,t [ 5D
max
pEPtET Op.t

Qz?, . is the cooling demand, PSP-4¢5 and P¢/+4¢S are the rated coil and secondary pump power in

Equations (3.18) and (3.49) when running at maximum speed (VSD*P = 1 and VSD/ = 1),
respectively.
The decided design evaporator and condenser temperature differential adjust the pumps’

power use per the affinity laws, as discussed in Section 3.2.2 in Chapter 3. The required power
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by the chillers’ pumps is a linear function of their constant, as described by the following

equation:
P _ pp,des cp,des] . chl
Py = Zxexjen|Poiny + Pyowg | ONgt, VD EP,VEET (4.24)

,des cp,des . . .
Pppf x; and P, e ; are the primary and condenser pump power consumption for each chiller,

which are computed from Equations (3.16) and (3.17), respectively, and they only operate with
their associated chillers. The following equation computes the total power consumed by auxiliary

equipment as follows:

PR = PP + PISt + PO, VpE P, VtET (4.25)

4.2.2.4 BESS model

Similar to the utility-scale analysis in Chapter 2, a linear BESS model is developed.
Although BESS charge and discharge rates are a function of the SoC and are impacted by
degradation, the performance can be well captured in a linear model with fixed charge and
discharge efficiencies [74]. No consideration is made for depth of discharge as BESS capacity
(CBESS) is taken to represent the net usable capacity. Charge and discharge rates are restricted to
that of a 4 hours battery (power-to-energy capacity ratio of 1/4). Stored energy in BESS is
balanced in the following constraints:

s BESS,sdisns — ,BESS,chsqachs
By —1 Bp t-1 =1 Byt

s L_Bdis vpep vieT (4.26)

- z,
nBESS,dlS p
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BESS,sdis .,BESS,chs BESS,dis
)

where By , is the stored electric energy and 7 n ,and n are the self-
discharge, charge, and discharge efficiencies, respectively. The maximum charge and discharge

rate are restricted by the following two constraints:

By < CPESS, wvpeP, vteT 4.27)
BEhs + BIS < G) x CBESS, yp, vt (4.28)

where Bf,f%s and Bﬁfts are BESS charge and discharge rates, respectively. To disregard solutions

with concurrent charging and discharging, a small cost of 10~ $/MW is applied to the BESS

chs

charge rate, By,

in objective function in the lower level, which does not influence the cost-
optimal system.
4.2.3 Problem formulation

The objective of the optimization is to minimize annual system costs from Capex and

OpEx by utilizing lower-cost PV generation for carbon emissions reduction. The cost function

that is to be minimized by the upper-level optimizer:

BESS ~BESs ir(ir+1)YT? PV PV ITES ~ITES chl Hchldes
C ———+ | CT + 0 + Yex ien it Q +
x€X,jeN Cx

min Cost = ¢ :
(1+ir)yrb—1 x,J

ir(ir+1)Y"

P,FS D P,VSD s twr ~twr
ienC " OCE + PP CP 4 cTC
Yjen j ] (A+ir)yr—1

+ cPVOCPY 4+ OpEx 4.29)

where cSM, PV, ¢BESS (ITES (PFS PVSD ctWT are installed chillers, PV, BESS, I-TES, chiller

pumps, secondary pumps, and cooling towers Capex, respectively, and C*V, ij, CsP, C™7 are
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the installed PV, chiller pumps, secondary pumps, and cooling towers capacities, respectively,
cPV:9 is the yearly OpEx for installed PV, ir is the interest rate, yrb is the BESS's service life,
and yr is the service life of the remaining equipment. OpEX is the estimated yearly electricity

charge determined by solving the scheduling and dispatch problem, which are given by:

min OpEx = ¢ Y pep rer GTp,tNgays +cP Y ,ep GTL NS (4.30)

c® Ypepter G Tp,tNg *S and cP Ypep ter GTp (NS are the electricity charges from energy use
and demand charges, respectively, GT),; is the electricity consumed from the grid, G Tzf is peak
electricity demand, N;i %S and Ny*°¢ are the number of days and months represented by scenario

p, respectively, c® and c? are electricity price and peak demand charge, respectively,
The pump's installed capacity in Equation (4.29) is the rated power calculated in Section
4.2.2.3. For fixed-speed pumps, the capacities are their rated power as obtained from Equations

(3.16) and (3.17), which are given by:

C]p — I:}cp,des + [}pp,des (4.31)

For variable speed pumps, the rated power is the power when running at the maximum speed

(VSD®P = 1) as follows:

CSP = pspaes (4.32)

111



The cooling towers are sized to reject the heat given when all chillers are operating at

their designed capacity:

Arcondref chl,des 1
cr = ATcond,des erx,jEN Qx,j 1+ cop™ef (4.33)
x,]
where AT W:@€S is the chiller design condenser temperature differential. The cooling tower's
physical size is assumed to vary linearly with the design condenser temperature differential,
which correlates with the condenser water flowrate.
The upper-level optimization is only constrained by a minimum and maximum chiller

capacity:

Qchl,des < Q;Zl,des < (chldes 4.34)

where Q€€ and Qchldes are the lower and upper nominal chiller capacity limits and are taken

to be 350 and 900 tons for the examined problem, respectively. The lower limit is based on the
current market offering for WC chillers, and the upper limit is set to reduce the risk of loss of
service due to downtime and maintenance.

For the lower-level problem, three constraints were applied. The first lower-level

constraint balances the building electricity demand with generation as follows:

PSht+ PRV + BEIS + PVt + LFleC =g 1, CPV + By + GT,y, VPEP,VLET  (4.35)
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where PV#"" is the curtailed PV generation, £L5¢¢ is the building's non-cooling load, and I, is
the incident solar insolation on an inclined surface at the optimal fixed-tilt angle at Qatar latitude
of 25°. The second constraint balances chiller loading with building demand and I-TES dispatch

amount and is described by:

Qpft + S = 0D + Sghs, Vp e P,VLET (4.36)

Since the first hour of the day is an arbitrary decision, the storage can have a non-zero initial SoC

as long as it returns to it at the end of the day in each scenario, which is given by:

Spit=1 = Spt=24» VP EP 4.37)

4.2.4 Model parameters

The considered characteristics parameters in the model are tabulated in Table 4.1. Similar
to the utility-scale analysis, a high-efficiency inverter with 98% efficiency is assumed for on-site
PV generation [83]. A 4-hour BESS was considered with charge and discharge efficiencies of
92% and a self-discharge efficiency of 99.9% [84], [85]. The charge and discharge efficiencies
also account for BESS inverter losses.

Table 4.1: Assumed characteristics parameters

Item Parameter Symbol Value
PV Inverter efficiency n! 98%
Charge efficiency nBESS.chs 92%
BESS Discharge efficiency nBESS.dis 92%
Self-discharge efficiency nBESS,sdis 99.9%
I-TES Self-discharge efficiency n!TES sdis 99.9%

113



The considered financial parameters in the model are tabulated in Table 4.2. Installed PV
Capex was assumed to be higher than in the utility-scale at $600/kW, 4., and OpEx to be
$10/kWp ae/yr. for fixed-tilt. Based on current market prices, small-scale 4-hour BESS was taken
at $300/kWh. Benefiting from access to affordable capital, the system was assumed to be
financed at a 3.5% interest rate. Service life was taken to be 25 years for I-TES, ice chillers, and
PV and 10 years for the BESS. Similarly, based on current market offerings and published
figures [85], [88], [91], the cost of [-TES is $80/TR-hr ($14/kWhu). Centrifugal chillers were at
$400/TR with an additional $50/TR for a VSD drive. Screw chillers are cheaper but generally
less efficient at $350/TR. The cost for water pumps was $150/kW and an additional $50/kW for
a VSD. Last, the cost of cooling towers was $57/kW ($200/TR) at the standard design 6°C
water temperature differential; a larger temperature differential reduces the tower size and cost.

Table 4.2: Assumed financial parameters

Item Unit Expense Symbol Value
Capex ckve $600/kW)_dc
PV Fixed-tilt P P
OpEX CPV’O $ 1 O/kWp,dc/yr
I-TES Internal melt Capex cITES $23/kW1;;};)($80/TR-
BESS 4-hour Li-ion Capex cBESS $300/kWh
Centrifugal w/o VSD  Capex ccht $115/kWwn ($400/TR)
Chiller Centrifugal w/ VSD  Capex csh $130/kWun ($450/TR)
Screw w/o VSD Capex csh $100/kWu ($350/TR)
Fixed Speed Pumps ~ Capex cPFS $150/kW
gux.lhary Variable Speed Capex PVSD $200/kW
quipment Pumps
Cooling Tower Capex ctwr $57/kWu ($200/TR)
Interest Rate ir 3.5%
Misc. Capital Service Life yr 25 years
BESS Service b 10 vears
Life Y y
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The electricity rates for non-bulk consumers (peak load less than 5 MW) are subsidized
and unsuitable for carbon pricing analysis. Instead, unsubsidized bulk customer electricity rates
are used, even though the modeled buildings do not meet the criteria for bulk customers. The
tariff structure for bulk customers is tabulated in Table 4.3. The rate is flat during the winter
months at $58/MWh. In the summer month, the rate is $66/MWh during the off-peak period and
raises to $93/MWh during the on-peak period between 12 and 6 PM. No demand charges are
currently implemented in Qatar (¢ = $0/MW,).

Table 4.3: Qatar electricity tariffs for bulk customers

Period Electricity Tariff
May 1 — October 31
12:00 PM - 6:00 PM $93/MWh
6:00 PM —12:00 PM $66/MWh
November 1 — April 30
All day $58/MWh

4.2.5 Chillers performance data

Three chillers with a performance representative of the compressor technology are
selected from the EnergyPlus WC chillers library. The selected chillers are: 365-tons Carrier
19XR with centrifugal compressor, 383-tons Carrier I9XR with VSD equipped centrifugal
compressor, and 340-tons Carrier 23XL with slide valve equipped screw compressor. Details of
selected chillers' characteristics can be found in Appendix B. To predict the performance of
chillers with different capacities and condenser flowrates needed for the capacity sizing problem,
the COP, as described by reformulated Gordon-Ng model in Equation (3.10), is expressed as a

function of normalized parameters: chiller loading (PLR) and temperature differential ratio

AT;w,re f
AT W, des

) as follows:
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schl, schl, sleakequ  cw,adj pcw schl_msw swacint intQ
1 oMo +0 +mWedi cp [Rx‘jQx‘j -T ]+T [Asx,j +AS™ PLRx_]-]

copbase — pewadj pew( chl Tcswrj' leak.eqv mcsw_pswcswpsw ASint+AS§1]tQPLR . (4.38)
Xx,j mx,j c (Qx']' Qx,j [ - ] [ x,j x,J x,]])
where,
Achl __ ~ref
Qxj = PLR,; Q4 4.39)
cw,adj cw,ref arwres
) — , X
my; =1, (ATCW‘ des) (4.40)
NTre . CW,re cw,re . -
where Q, ! m, I and AT, T are the nominal capacity, condenser mass flowrate, and

condenser temperature differential of the reference chiller from EnergyPlus, respectively, and

cw,adj

mx,j

is the adjusted flowrate based on the decided design chiller temperature differential,
which linearly correlates with flowrate. To account for the improvement in cooling performance
observed in chillers with larger capacities, the effective chiller COP is linearly adjusted with the
capacity relative to the reference chiller COP:

COP,; = COPEI® + 5(QI — 1), vx € X, j €W (4.41)
¢ is the improvement in chiller performance per increase in cooling capacity and is
approximately 103 TR"!, based on Australia's Department of Climate Change, Energy, the
Environment, and Water minimum energy performance standard for chiller efficiency [146],
which agrees with the market offering. Piecewise linearization is applied to the predicted COP,

computed for the pre-determined condenser water temperature in refrigeration and ice-making

mode under a range of chiller loading.
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4.2.6 Scenarios selection
Five days are selected from the simulated cooling demand for the commercial and
residential building. One day represents the peak demand day (design day) and four days capture

intra-annual demand and weather variations in each season.

4.2.6.1 Commercial building

The selected five scenarios and the number of days of the year they represent are
tabulated in Table 4.4. The five scenarios are arbitrarily labeled from 1 to 5. Scenario 1
represents the peak demand or design day, occurring only ten days out of the year. This scenario
dictates the minimum installed cumulative chiller and I-TES capacities. Scenario 2 represents the
high cooling demand period between mid-July and mid-September, which lasts for two months
and is driven by the high ambient humidity levels. Scenario 3 exemplifies the longest period of
the year with a moderate cooling load, and it lasts 148 days, from late April to mid-July and from
mid-September to mid-November. This period is dominated by high peak daytime temperatures
between 35 and 45°C, which drives the building cooling load. Scenario 4 exemplifies the
shoulder season, characterized by moderately warm days with afternoon temperatures between
30 and 35°C. and lasts for about three months in late fall and early spring. Scenario 5 exemplifies
the low cooling season in the winter and is described by mild daytime temperatures between 20
and 25°C. The cooling load in this period is driven by occupancy and electric load.

Table 4.4: Scenarios for the commercial building

Scenario Date Number of Represented Days
1  Design day August 15 10
2 High cooling July 28 57
3 Moderate cooling July 11 148
4 Shoulder Season March 13 83
5 Low Cooling January 30 67
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Figure 4.7 below shows the five scenarios' hourly cooling demand, non-cooling load,

solar insolation, and ambient wet-bulb temperature.

Commercial Building
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Figure 4.7: The five scenarios for the commercial building with (a) building thermal
cooling demand, (b) solar insolation, (¢) non-cooling load, and (d) ambient wet-bulb
temperature.

The non-cooling load is assumed to be fixed year-round and is predominantly during the
daytime from assumed higher daytime building occupancy. The building peak cooling demand
increases by about a factor of 4 from around 1700 kW4, in the low cooling demand season to
7200 kW1 in the peak cooling load day. A small variation in solar insolation with notably
extended sunshine hours during the summer is observed. On the other hand, ambient wet-bulb
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temperatures drastically increase from an average of 7°C in the low-cooling season to the low 30s
in the high-demand season. While intra-daily variations are small, the seasonal variations are
large enough for speed modulation in chillers with VSD-equipped compressors.
4.2.6.2 Residential building

The selected five scenarios and the number of days they represent for the residential
building are tabulated in Table 4.5. Scenario 1 represents the peak cooling demand day and
similarly dictates the required cumulative chillers and I-TES capacities. Scenario 2 is the high
cooling demand period between mid-July and mid-September. Scenario 3 is the moderate
cooling season and persists for 109 days a year. This scenario has the longest period of the year,
from mid-May to mid-July and mid-September to mid-October. Scenario 4 is the second longest
period representing 101 days of the year in late fall and early spring. Scenario 5 is the low

cooling season in the winter; in this period, the load is driven by occupancy and electric load.

Table 4.5: Scenario for the residential building

Scenario Date Number of Represented Days
1 Design day August 15 10
2 High cooling July 28 76
3 Moderate cooling July 11 109
4 Shoulder Season March 13 101
5 Low Cooling January 30 69

Figure 4.8 shows the five scenarios’ hourly cooling demand, electric demand, solar
insolation, and ambient wet-bulb temperature for the residential building. The non-cooling load
is assumed to be fixed year-round and is characterized by a morning spike and a generally higher
load in the evening correlated with assumed building occupancy. The building peak cooling

demand increases by more than a factor of 4 from 1500 kW, in the low cooling demand season
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to 6550 kW in the peak cooling load day. The daily demand variations are smaller in the

residential building than in the commercial building, especially in the cooling seasons.

Residential Building
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Figure 4.8: The five representative days for the residential building with (a) building
thermal cooling demand, (b) solar insolation, (c) non-cooling load, and (d) ambient
wet-bulb temperature.
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4.3 Results and discussion

The formulated problem is first solved at the current system structure, where all
electricity is from the grid, which was established as the reference case. The model was then
exposed to a range of carbon pricing from 0 to $150/ton of CO- to examine the impact of

economic incentives on decarbonization efforts.

4.3.1 Commercial building

The effects of carbon pricing on the cost-optimal system installed capacities are shown in
Figure 4.9, and the corresponding system characteristics are shown in Figure 4.10. The optimal
on-site PV capacity is near the building’s peak electricity demand of 3000 kW. Higher carbon
pricing promotes the installation of an additional 1000 kW of PV for energy storage charging.
However, installed I-TES and BESS capacities remain small even as the carbon price increases.
Nevertheless, the results show that the excellent alignment of building cooling and electricity
need with solar insolation reduces the required energy storage capacity and curtailment. PV
generation alone could reduce emissions by about 65%, minimally impacted by carbon pricing.
I-TES supplements nighttime cooling needs in the low-demand season, which reduces emissions
by a mere 3%. As the carbon price increases, I-TES is increasingly used to meet more of the
increased cooling demand in the shoulder season, reducing emissions by 8% from load shifting

with an average daily capacity utilization factor of about 70%.
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Figure 4.9: Effect of carbon pricing on the cost-optimal system installed capacities
of (a) PV, (b) BESS, (¢) I-TES, and (d) chillers for the commercial building. PV and
BESS are normalized to the average electric demand of 515 kW, I-TES is
normalized to the average cooling load of 2213 kW, and the total capacity of
chillers is normalized to the peak cooling demand of 7160 kWw. Peak electricity
demand is the maximum power drawn from the electricity grid.

Due to the high seasonality of cooling demand and capacity degradation in ice-making
mode, I-TES is not feasible for load shifting in the high-demand season, even as the carbon price
is considerably increased, limiting the potential of I-TES for emissions reduction. Furthermore,
the optimal chiller capacity was only 30% higher than the peak cooling need because I-TES is
not used in the high cooling season and relies on utilizing idle chiller capacity in the lower

demand season. This result suggests that buildings with conservatively oversized chillers are
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suited for exploiting I-TES for load shifting without additional cooling capacity. BESS becomes
cost-effective above a carbon pricing of $75/ton of CO; and is only used to meet the near year-
round constant baseload with an average daily capacity utilization rate of 90%. A deep
decarbonization rate of about 90% can be achieved in a system with a carbon price above

$100/ton of CO2, of which direct PV utilization is responsible for about 70% of emissions

reduction.
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Figure 4.10: Effect of the carbon price increases on (a) contribution to meeting the
electric demand and (b) breakdown of annual system cost for the commercial
building.

Annual system cost in the cost-optimal system with a carbon price below $100/ton of
CO s dominated by OpEx and Capex from installed PV. Once BESS is economical, half of the
annual system cost is from BESS and PV. The increase in annual costs is justified to mitigate
carbon tax. Despite the increase in the carbon tax, OpEx monotonically decreases above a carbon
tax of $100/ton CO; as an increasing amount of demand is met by BESS and I-TES.

The carbon abatement cost for the cost-optimal system as carbon price increases is shown

in Figure 4.11. Carbon abatement cost is defined as the yearly cost of mitigating carbon
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emissions from carbon-based electricity from the grid. The negative abatement cost indicates that
a more sustainable solution can be achieved at a reduced annual system cost compared to the
conventional approach of solely using electricity from the grid. The observed negative abatement

cost is enabled by well-matched PV generation with building cooling and electricity needs.
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Figure 4.11: Carbon abatement cost and abated CO:2 for the commercial building.

Despite the suitability of on-site PV generation for buildings with daytime electricity
needs, challenges arise from (i) the required land area, which far exceeds the building-built floor
area, (i1) challenges with cleaning the panels to limit soiling on PV, and (ii1) unsubsidized
electricity tariff for bulk customers do not reflect electricity tariffs for the majority of building
stock in Qatar. Using current technology, energy generated by rooftop PV generation can support
decarbonizing energy demands in buildings up to three-story high.

Decided chiller capacities and compressor technology types are tabulated in Table 4.6.

The base scenario is when all electricity demand is met from the electricity grid, representing
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nearly all of Qatar’s building stock. The cost-optimal system consists of two chillers with VSD-
equipped centrifugal compressors for optimized part load performance. This selection is partly
promoted by the large intra-annual variations in wet-bulb temperatures, which permits speed
modulations when accompanied by reduced building loads. The unequal capacities of centrifugal
chillers with VSD allow for more efficient chiller sequencing and reduced pump power use. This
configuration is especially important since chillers are often part-loaded, whereas their associated
pumps' power use is constant. The lower-cost screw chiller supports I-TES charging and
supplements cooling during the short-lived high-cooling demand season.

The decided design temperature differential in the evaporator for all scenarios is about
8°C, sufficiently high enough to reduce pump power use but not large enough to over-burden the
chillers with a reduced supply water temperature setpoint. The decided temperature differential
on the condenser side is higher at 10°C, which reduces condenser pump power use and the size of
the cooling tower. Although it degrades the chillers’ cooling capacity, the oversized cooling
capacity compensates for the degradation.

Table 4.6: Optimal-cost cooling system capacities for the commercial building

Carbon \s LTES  Chiller 1 (VSD Chiller2 (vSD _Cliler3 Total

Price Cost  Capacity  Centrifugal) Centrifugal) (Fixed Speed Chlll?r
[$/ton of ($/yr.]  [KWh] KWa] KWa] Screw) Capacity
COs] yE " . th [kWa] [kWu]
Base 74 0 3,165 2,637 1,441 7,243

0 72 7,955 3,165 1,567 2,468 7,200
25 75 9,543 3,165 1,881 2,492 7,538
50 75 9,677 3,165 1,552 2,892 7,609
75 80 10,791 3,165 2,374 2,399 7,939
100 88 17,679 3,165 2,632 3,020 8,818
125 90 19,695 3,165 3,165 2,664 8,994
150 94 21,554 3,165 3,165 3,067 9,398
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Hourly chillers loading and load profile for Scenarios 2-4 (high cooling to shoulder
season) for a system without carbon pricing are shown in Figure 4.12, and for a system with a
carbon pricing at $100/ton of CO; are shown in Figure 4.13. I-TES was not used in the high
cooling demand constrained by the lack of idle chillers capacity. In the shoulder season,
sufficient idle capacity allows I-TES to meet all nighttime cooling demands. The additional
chillers' cooling capacity in the system with carbon pricing permitted a larger capacity and higher
utilization of I-TES in the moderate demand season with little to no impact on the high cooling
demand season. BESS utilizes most of the remaining excess PV generation to meet the year-

round nighttime baseload of about 150 kW.

126



Load (kWth)

Load (kWth)

Load (kWth)

6000

Commercial Building ($0/ton of COZ)

Chillers Loading (Day 2)

5000

4000

3000

2000

1000

6000

12 15

Hour
Chillers Loading (Day 3)

18

21

5000

4000

3000

2000

1000

12
Hour

15 18

21

6000

5000 -

4000

3000

2000 -

1000 |

Chillers Loading (Day 4)

12
Hour

15

18

[N 1-TES (2262 TR-hr)

[ chiller 3 w/o VSD (702 TR)
[ IChiller 2 w/ VSD (445 TR)
[__IChiller 1 w/ VSD (900 TR)
== Coo0ling Demand

21

1600

1400

1200

1000

800

600

400

200

11600

11400

11200

11000

1800

1600

400

200

0

11600

11400

11200

11000

1800

1600

1400

1200

2500

2000

1500

Load (TR)
Power (kW)
o
o
o

500

2500

2000

1500

Load (TR)
Power (kW)

500

-500

2500

2000

15001

Load (TR)
Power (kW)

-500 |

-1000
0

1000

10001

500

Hourly Load Profile (Day 2)

12 15 18 21
Hour
Hourly Load Profile (Day 3)

12 18 21
Hour
Hourly Load Profile (Day 4)

15

12 15 18 21
Hour

I D met by Grid

[C1DD met by PV

I - TES Charge Rate

I D met by I-TES

I Curtailed PV Gen

Figure 4.12: Cost-optimal system with (a) chillers loading and (b) hourly load
profile for the commercial building without carbon pricing.
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Figure 4.13: Cost-optimal system with (a) chillers loading and (b) hourly load
profile for the commercial building with carbon pricing at $100/ton of COx:.
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4.3.2 Residential building

The effect of carbon pricing on the cost-optimal system installed capacities are shown in

Figure 4.14, and the corresponding system characteristics are shown in Figure 4.15. Unlike the

commercial building, on-site PV capacity is below the building’s peak electricity demand of

2300 kW due to multiple reasons: (i) misalignment of building demand peak with solar

insolation peak; (ii) without a feed-in tariff, the highly seasonal load leads to low utilization and

large curtailments; and (iii) low carbon pricing does not support the use of energy storage.
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Figure 4.14: Effect of carbon pricing on the cost-optimal system installed capacities
of (a) PV, (b) BESS, (¢) I-TES, and (d) chillers for the residential building. PV and
BESS are normalized to the average electric demand of 515 kW, I-TES is
normalized to the average cooling load of 2213 kW, and the total capacity of
chillers is normalized to the peak cooling demand of 7160 kW .
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Carbon pricing above $75/ton of CO; promotes using BESS and larger PV and I-TES
capacities. Supported by a larger night-time load, BESS capacity was three times larger in the
residential building than in the commercial building. I-TES capacity is nearly identical, primarily
constrained by the chillers' cooling capacity and the narrow window of charging. A system with
a carbon price at $100/ton of CO; reduces emissions by about 87%, of which PV, BESS, and I-

TES contribute 42%, 37%, and 8%, respectively, which matches the commercial building.
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Figure 4.15: Effect of the carbon price increases on (a) contribution to meeting the
electric demand and (b) breakdown of annual system cost for the residential
building.

Annual system cost in the cost-optimal system with a carbon price below $100/ton of
COz 1s overwhelmingly dominated by OpEx alone. Once BESS becomes economical, the annual
system cost becomes predominantly from BESS, accounting for nearly half of the annual system
cost. For this system, OpEx is reduced by a factor of 2 relatives to a system without carbon
pricing. Although both buildings reach a decarbonization rate of about 90% with a carbon price
of $100/ton of CO», the system cost in the commercial building is 30% less due to better
integration of PV generation, which reduces the needed costly energy storage capacity.

Furthermore, investment in BESS and I-TES increases the annual system cost by 25% from $600
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thousand/yr. to $750 thousand/yr. while abating nearly 3000 tons of CO2/yr. (50% of yearly
carbon emissions).

As carbon pricing increases, carbon abatement cost and the abated CO; for the residential
building are shown in Figure 4.16. Carbon abatement cost is initially negative due to exploiting
low-cost PV generation. Unlike the analysis outcome for the commercial building, the mismatch
between demand and solar insolation requires energy storage which drives carbon abatement

costs to $40/ton of CO».
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Figure 4.16: Carbon abatement cost and abated COx: for the residential building.
Decided chiller capacities and compressor technology types are tabulated in Table 4.7.
Similar to the commercial building analysis, the cost-optimal system consists of two chillers with
VSD-equipped centrifugal compressors for optimized part load performance. This selection is
supported by the large intra-annual variations in wet-bulb temperatures, independent of building
energy use. The lower-cost screw chiller aids I-TES charging and supplements cooling in the
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high-cooling demand season. However, a relatively larger VSD chiller capacity and a relatively
smaller screw chiller are selected for the residential building at a low carbon tax. The difference
in selection is attributed to the more evenly distributed cooling demand, which a larger VSD
chiller capacity could benefit from for optimized part-load performance. Similarly, the decided
design temperature differential in the evaporator for all scenarios is about 8°C, which is on par
with recommendations by chillers manufacturer Trane [75].

Table 4.7: Optimal-cost cooling system capacities for the residential building

Carbon Chiller 1 Chiller 2 Chiller 3 Total
Price ~ CwoCost - L'TES (VSD (VSD  (Fixed Speed  Chiller
(Thousand  Capacity . . .
($/ton of $/yr.) (kWha) Centrifugal) Centrifugal) Screw) Capacity
CO2) - N (kW) (kW) (kW) (kW)
Base 67 0 3,165 2,269 1,145 6,580
0 67 7,457 3,165 1,925 1,521 6,612
25 68 8,441 3,165 2,065 1,391 6,621
50 70 12,081 3,165 1,963 1,761 6,889
75 79 15,760 3,165 1,721 3,071 7,956
100 80 17,165 3,165 2,051 2,751 7,967
125 86 19,687 3,165 3,127 2,197 8,490
150 88 22,758 3,165 2,922 2,708 8,796

Hourly chillers loading and load profile for Scenarios 2-4 for a system without carbon
pricing are shown in Figure 4.17, and for a system with a carbon price at $100/ton of CO> are
shown in Figure 4.18. A large amount of PV generation is curtailed, especially in the low cooling
demand season compared to the commercial building. However, as carbon pricing increases and
BESS becomes cost-effective, most excess of the generation is utilized to meet nighttime
electricity needs. Although I-TES’s role is slightly more pronounced in the residential building

than in the commercial building, the system is dominated by BESS due to a reliable baseload.
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Figure 4.17: Cost-optimal system with (a) chillers loading and (b) hourly load
profile for the residential building without carbon pricing.
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Figure 4.18: Cost-optimal system with (a) chillers loading and (b) hourly load
profile for the residential building with carbon pricing at $100/ton of COs:.
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4.4 Conclusion

This chapter examined the decarbonization pathway from a building scale and proposed a
solution to the capacity sizing and design problem of an integrated WC CWS with I-TES, BESS,
and on-site PV generation for cost and emissions reduction. To combat low electricity rates in
Qatar, the model was exposed to a range of carbon pricing. Energy demand profiles were
simulated for two buildings that are typical and representative of building stock in Qatar with
two uses, business-commercial and residential. These two buildings generally have an inversely
related occupancy rate as people move from their workplaces to their residences.

A challenge confronted when sizing equipment is estimating their energy, which requires
solving the highly non-linear and complex scheduling and dispatch problem. The approach was
to decompose the problem into a bi-level optimization formulation and simplify the components
model, particularly the chiller and I-TES models. The upper level minimizes yearly total system
costs and decides the installed capacities and design parameters using particle swarm
optimization. The decided parameters are passed down to solve the scheduling and dispatch
problem in a mixed-integer linear program with piece-wise linearization and return the estimated
yearly electricity charges to adjust the guesses for the next iteration.

The developed optimization strategy can be applied to newly constructed buildings for
better integration with PV generation from the ground up or buildings with existing cooling
systems for energy storage and PV capacity sizing. Furthermore, the strategy can be altered to be
compatible with other on-site renewable energy sources or applied to improve renewable
integration in the electricity grid communicated via a pricing signal. While the algorithm is
applied to buildings in Qatar, the developed strategy can be broadly applied to buildings with

different cooling technologies and under different climatic conditions.

135



The distributed scale analysis affirmed the suitability of decarbonizing the electricity grid
using PV-enabled solutions, although at a higher cost than utility-scale. Commercial buildings
with diurnal demand synergetic with solar insolation are particularly well suited for exploiting
PV generation and can achieve a decarbonization rate above 60% without carbon pricing. I-TES
is suitable for utilizing the large idle chiller capacities during the shoulder cooling season for
cooling load shifting and could reduce building carbon emissions by 5-10%. Carbon pricing does
not make [-TES suitable for load shifting in the high cooling season because of (1) chiller
capacity degradation in ice-making mode, (ii) reduced idle chiller capacity from higher cooling
demands, and (iii) the narrow window of charging of no more than 8 hours a day. The chillers'
cooling capacity must be extraordinarily oversized for I-TES to be used in the high cooling
demand season. BESS becomes cost-effective with carbon pricing above $75/ton of CO2 and is
used to meet the near year-round constant baseload since it requires a high daily capacity
utilization rate is around 90%. With carbon pricing above $100/ton of CO2, the cost-optimal
system can yield a decarbonization rate of about 90% for either building. Similar to the utility-
scale analysis, BESS decarbonizes the base load. Without a feed-in tariff, the aggregate non-
cooling load is reliable and steady, which makes the utility-scale implementation of BESS more
cost-effective.

Limitations of the outcome of the analysis include (i) the simplified models, which do not
fully capture the complex behavior of cooling systems, and (ii) the selected representative
performance curves for compressor technologies may not fully represent the magnitude of
performances delivered by various manufacturers. Nevertheless, the exploration of additional
representative curves, including multiple curves for different compressors of the same type, can

be achieved at the expense of an increase in computational time.
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Chapter 5: Optimal equipment scheduling and dispatch of WC
CWS with I-TES

5.1 Introduction

Demand side management is an instrument the electric utility uses to adjust demand to
match the power supply better. Demand-side management is essential in low-carbon power grids
examined in Chapters 2 and 4 since intermittent renewable generations cannot be dispatched or
perfectly predicted. Dynamic pricing, such as time-of-use (TOU) and real-time pricing, are well-
explored methods for demand control. They offer cost savings for the utility and the consumers
through better management and dispatch of power generations with demand. Cooling is
responsible for about half of the electricity demand in Qatar, thereby making cooling systems a
crucial target for demand-side management. However, operating CWS to maximize savings from
demand side management can be challenging. This challenge stems from operating the system
outside its design conditions, which requires careful consideration of chillers' part-load
performances and the performances of associated auxiliary equipment.

The literature is rich with attempts to solve the chilled water system’s scheduling
problems [147]-[156]. Most of the literature neglects the roles of auxiliary components and only
considers the problem of loading chillers. They tend to assume a fixed water supply and
condenser temperatures. This simplifies the chiller model to a cubic or often a quadratic function
of their loading. Various optimization strategies are used to solve these problems, ranging from
simple linear to quadratic programming and meta-heuristic optimization strategies like genetic
algorithm and particle swarm optimization. The most detailed model found in the literature was
developed by Zhang et al. [157]. The formulation captures the complex behavior of chillers and
cooling towers using regression-based models and takes supply and condenser water
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temperatures as decision variables. The considered solution approach is near-optimal using
sequential quadratic programming. In another work, Zhang et al. [ 158] consider the effect of
minimum up/down time constraints on the optimization. Their work suggests that minimum
up/down-time significantly increases the complexity of the problem with little return in cost
minimization, and it is best-handled post-computation heuristically. Trautman et al. [159]
formulated a detailed CWS model to optimize the condenser water pump and tower fan speed.
Their model results suggest that optimal tower fan speed can achieve 12-15% energy savings,
while condenser pump control has negligible energy savings.

Much attention has been given to the scheduling problem with thermal energy storage
[55], [130], [160]-[167]. A more sophisticated model and optimization strategy are often used in
these problems. Lee et al. [160] used meta-heuristic particle swarm optimization to minimize the
I-TES life cycle cost for a single chiller WC CWS. Chen et al. [162] utilized the dynamic
programming method to optimize a CWS with [-TES. Kamal et al. [167] used an evolutionary
algorithm to optimize a multi-chiller CWS with I-TES and chilled water storage for load shifting
and cost reduction. Storage was found to reduce cost and equipment size.

This chapter proposes a solution to the scheduling and dispatch problem of CWS with I-
TES to reduce operating costs. The proposed solution provides a reasonably scalable and robust
approach that can be used on highly non-linear space cooling and heating problems, thereby
negating the need for simplistic models developed in the literature. CWS operators can use the
output of the optimization problem to optimize plant operation.

This chapter is organized as follows: the methodology is presented in Section 5.2. The
problem formulation and assumptions are laid out, followed by the optimization strategy. Section

5.3 presents the results with three scenarios of cooling demand under TOU electricity pricing.
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The proposed approach is compared to two commonly used heuristic strategies for storage use:
chiller and storage priority control. Lastly, the chapter is concluded in Section 5.4.

5.2 Methodology

5.2.1 Problem formulation

The overall framework is to determine the scheduling of equipment, setpoints, and
storage dispatch amount such that the cooling load is met with the least cost, influenced by the
cooling load, storage capacity and utilization, and TOU rates. The hybrid steady-state models
developed in Chapter 3 for [-TES and the key power-consuming components, including the
chillers, cooling towers, water pumps, and cooling coil fans, are used in this chapter with the
addition of several operational and balancing constraints derived from mass and energy balance.

An illustration of the analyzed system is shown in Figure 5.1 below.

Cooling Cooling
Tower Tower

:l Chiller 1

Condenser
Pumps
3-way valve

Secondary

Chiller 2

I-TES

Chiller 3

Primary Pumps

2-way valve

Figure 5.1: The considered CWS in a primary-secondary configuration with three
WC chillers (two 212-tons Carrier 19XR chillers with VSD and one 153-tons Trane
RTHB chiller), two shared cooling towers (360 tons each), and I-TES (1600 TR-hr).

The building is represented in a single coil with the respective aggregate cooling
load.
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The system is comprised of three chillers that were selected from the chillers data library
in EnergyPlus: two 212-tons Carrier 19XR with VSD-equipped centrifugal compressor chillers
and one 153-tons Trane RTHB screw chiller without VSD, at their reference performance with a
cumulative cooling capacity of 570 tons, two 360 tons cooling towers, and 1600 TR-hr internal
melt I-TES for a design building cooling demand of 730 tons. The considered model parameters

can be found in Appendix C. The plant operating cost, which is to be minimized, is given by
Y cE Ptsy *, where:
PP = % jeg(PEM™ + PPP + PP) + Lew PV + Sgeg PP + P, vteT (5.1)
where the subscripts j is the chiller index set {1, 2, 3} denoted by 7, ¢ is the time-step index set
{1,2,3,...,24} denoted by T that refers to the hours of the day, n is the cooling tower index set
{1, 2} denoted by V', and g is the secondary pump index set {1, 2} denoted by G. cf is TOU
electricity rates, P is the power consumed of which superscripts pp refers to primary pumps, cp
to condenser pumps, twr to cooling tower fans, sp to secondary pumps, cf to the cooling coil
fan, and Sys to the total system power use.

The decision variables are: chillers and tower scheduling (ON,:C_?I and ON{Y™), chillers

temperatures setpoints (T;}"), cooling towers temperature setpoints and speed (T¢*" and

VSD*™), coil fan and pump speeds (VSD,” and VSDth), and flowrate to storage ().
Designated temperatures and flowrates symbols at various system nodes that appear in the

problem formulation are shown in Figure 5.2.
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Figure 5.2: The considered CWS with decision variables highlighted in orange and
variables in black are consequences of the decision variables.

The first constraint bounds operating chillers to within permitted part-load ratios and is given by:

PLR™" < PLR,; < PLR}, vt € T,Vj € J &2

where PLR}"i" is the minimum chiller part-load ratio obtained from EnergyPlus, PLR, ; =

it/ Q';hl’des, and PLR"™ = Q; ?l’max / Q;m’des from the estimated chillers’ cooling capacity in

Equation (3.13). The second and third constraints bound and set the initial storage SoC as

follows:
0<SoC; <1, VteT (5.3)
SoCy =0 (5.4)
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The storage is assumed to be initially empty. The fourth constraint bounds the fraction of the coil

in the dry section as follows:

0<f™ <1, vteT (5.5)

Constraints 5-7 are three load balancing constraints given by:

ZjEJ(PLRt,j Q'Jghl,des) _ méwcp.sw(Ttirw _ Ttbsw) _ QtD =0, VteT (5.6)
VSDtSpTh?SWCp'SW(TtCCTW _ TtCCSW) _ QtD =0, VteT (5.7)
VSDthmcca,des(h(tzi _ h(tze) _ QtD —0 VteT (5.8)

The constraints ensure the building demand, QP , is met by both the chiller and storage in (5.6)

and delivered to the coil waterside in (5.7) and the air side in (5.8). T*" and mPS"W are the
irw

blended supply water temperature and flowrate from mixing streams leaving the chillers, T;

ccsw ccrw

and " are I-TES leaving water temperature and flowrate, T£W and T are cooling coil

supply and return water temperatures, respectively, h®* and h# are cooling coil entering and

leaving enthalpy of moist air, respectively, cP*¥

is the water-glycol mixture specific heat, and
VSD is the non-dimensional rotational speed defined as the actual angular speed normalized by
the maximum angular speed. The amount of water delivered to the cooling coils is controlled by

modulating the secondary pump speed, m¢” = VSD,;Pm?S". The fourth balancing constraint

balances mass flowrate to storage and available mass flowrate in the primary loop as follows:

mbsY —mi¥ >0, vteT (5.9)
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The fifth and last constraint balances the heat rejected by the chillers and cooling towers as

follows:

M P W (T = TEY) = Ynew QEnT ONERT =0, VE€T (5.10)

where QF%" is the heat rejected from the tower, 2" is the condenser blended water flowrate

TCSW TCTW

from the mixing of streams, and are blended chillers entering and leaving condenser

water temperatures, respectively, and c” " is condenser water specific heat. Each operating
cooling tower receives an equivalent fraction of water mass flowrate such that h}’*™W" =

M2 | ¥ nen ONEWT, and is controlled at the same speed to maintain the condenser water
temperature setpoint. Similarly, secondary pumps are controlled at the same speed to deliver an
equal amount of flow. For systems with a more sophisticated secondary pumping configuration,
their optimal scheduling and speed configuration can be determined beforehand and represented
as a function of flowrate. The optimal scheduling and speed configuration does not depend on
chillers' settings upstream.

The total flowrates in the primary and condenser loops are dictated by the design

evaporator and condenser flowrates for operating chillers, respectively, which are given by:

mesW = Y jegmWONSH, ve e T (5.11)
MmeY = ¥ ;egmWONEH, veeT (5.12)
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Primary loop blended supply and return temperature are computed from the mixing of streams as

follows:
ThsW = =Yjes mbsw TSYONS, vteT (5.13)
T{Y = VSD[P TE™ + (1 = VSD;P)TESY, vt e T (5.14)

The water-glycol mixture temperature at the coil inlet deviates from the supply water

temperature based on the storage dispatch amount as described by:

reew = (1= ) 1o 4 BT, e (5.15)

The I-TES exit temperature is computed by re-arranging Equation (3.52) in Chapter 3 as follows:
Ttirw — TtbSW _ gt{TES(TtbSW _ TtITES), VteT (5.16)

The storage effectiveness, £/, is updated in increments of 10 minutes to capture any change in
charge and discharge rates within a time step. The storage temperature is initially 6°C and
reaches 0°C when latent charging mode initiates. For all other modes and in discharging, the

TITES

effectiveness is computed with at a reference temperature of 0°C. The storage temperature

in sensible charging and the storage SoC are updated as follows:

ITES __ i cpSW(TlTW Tbsw)
Tey” = tITES - mITES cpw L At, VteT (5.17)
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and,

mtl;wcp,sw (Ttirw _Ttbsw)

3600 CITES

SOCt+1 = SOCt + At, vteT (5.18)

CTES is I-TES capacity, miTES and cP" are the mass and specific heat of the water inside

where
the I-TES tanks, and At is the time step in seconds. The temperature of the returning condenser

water to the cooling tower is computed from the following expression:

Sjea(PEF+QE})

Crw _ cSW
Tt - Tt + m?Cch‘cw

, VtET (5.19)

5.2.2 Optimization strategy

5.2.2.1 Bi-level formulation

A prevalent solution strategy in the literature is the genetic algorithm, a meta-heuristic
evolutionary optimization strategy inspired by the theory of evolution. The algorithm can work
with non-convex and non-continuous problems [168]-[170], typically confronted with
equipment scheduling problems. They explore the solution space by using a population of
potential solutions. The algorithm selects the fittest individuals to produce the next generation of
solutions. Over multiple iterations, the algorithm evolves toward a globally optimal solution.

However, because of the nonlinearity and the large number of degrees of freedom, the
problem described above is too cumbersome to be solved using either traditional gradient-based
or meta-heuristic optimization strategies. The solution approach, as illustrated in Figure 5.3, is to
decompose the problem into a bi-level optimization formulation to decouple the equipment

scheduling problem at each hour from the storage dispatch. This simplifies the scheduling

145



problem sufficiently to allow for the use of the genetic algorithm for both levels. The upper level

minimizes daily operation costs and decides the storage dispatch amount over the next 24 hours.

The decided dispatch amount is fed to the lower-level optimizer to solve the equipment

scheduling problem at each hour sequentially and return the corresponding system power

consumption over the next 24 hours.

—
> START
yes Stop
t=1 < criteria
met?
Sys

Lower-Level: min P,

Solve the Scheduling Problem at
Time Step ¢
Decision Variables: T;}, T{*", m{",
vsp/, vsD¥, vsD{*",oN{", and ON{YT

v

Adjust equipment schedule and
setpoints

v

|

Re-solve for the next 24 hours

Upper-Level: min ¥, c{P}”*

Decide Storage Dispatch
Decision Variable: ASoC,

ASoC,, SoC., t=1

Sys
t
Solve the Scheduling Problem at
Time Step t )
Decision Variables: T}, T, ",
vsp{, vsD¥, vSD®", 0N, and ON{%"

tn

Lower-Level: min P

PSS, G,

ptSys

SoC,,,;=SoC;
PSYs=F
F > pSys,des

SoCy,, =
SoC; +ASoC;

Figure 5.3: The developed bi-level optimization strategy. The upper-level decided
dispatch is passed down to the lower-level optimizer to solve the equipment
scheduling problem sequentially. Infeasible storage dispatch at a given hour is
rejected and penalized. The upper-level optimizer input is the TOU rates, and
lower-level optimizer inputs are the sensible and latent cooling load and ambient

wet-bulb temperature. The genetic algorithm is applied to both levels.
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Six constraints derived from mass and energy balance constrain the lower-level problem.

The added sixth constraint ensures that the I-TES dispatched amount in the lower level agrees

with the decided dispatch amount by the upper-level optimizer. Storage dispatch amounts

decided by the upper-level optimizer that lead to infeasible solutions are penalized. The

constraints are handled using the penalty function method, which penalizes constraint violation

and turns the problem into unconstrained optimization. The bi-level objective formulation is

given by:

min Obj! = ¥ ,er cf Ptsys

Sys \ &

P
min Ob]tz = (W) +C, VtET
t

where
— 3 3 . b
@ | = e -T2 + 0P
1 - - chl,des
ZjeJ(PLRt,j Q; )
VSDngh?Sch'SW (TtCCTW_TtCCSW)+A
+a, = -1
Qf +A
VSDgfmcca,des(hgi_hge)+A bz
— +as 5 -1
ct_ Qf +A
'éw s iw bsw
+a4 1-— W [mt > mg ]
+a m?cwcp,CW(thrw_thsw) 1 bs
S| SnewQfWTONEWT
b
i +ae|SoC, — SoCH|

(5.20)

(5.21)

(5.22)

where @, a, to ag, and b, to by are the penalty factors, SoC} is the storage dispatch amount

decided by the upper level, and A is an arbitrarily small load (<1% of (4¢5) with the same unit as
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QP. Bound constraints on chillers' part load ratio and storage SoC in Equations (5.2)-(5.3) are
enforced by resetting the violating variable to the nearest bound. This inevitably leads to the
violation of balancing constraints and thus discourages the genetic algorithm from populating
that search space area. Solutions that violate the length of the dry section bound constraint in
Equation (5.5) cannot be truncated and are eliminated from the algorithm gene pool.

Constraints are relaxed to allow for a violation of no more than 3%, although they largely
fall below 1%. The system power use over the next 24 hours, as determined by the lower-level
optimizer, is returned to the upper-level optimizer to update the storage dispatch guess for the
next iteration. The input of the upper level is the TOU electricity prices, and the inputs for the
lower level are the cooling load (sensible and latent), ambient wet-bulb temperature, and storage
current SoC. The decision variable for the upper-level problem is the storage dispatch amount

(ASoC;) and the decision variables for the lower-level problem are setpoints

(TEY, TEY,mi, vSD, VSD;P,VSDf*") and equipment scheduling (ON{, and ONZYT).
Upon meeting the algorithm stop criteria, the converged storage dispatch amount curve (ASoC v.
time) can be used to adjust equipment scheduling and setpoints while continuously re-solving for
the next 24 hours to factor in deviations from forecasted demand and ambient conditions.
5.2.2.2 Parameters tuning

Balancing constraints in the lower-level problem are handled using the penalty function
method. This method makes the objective function subject to influence by both the system power
use and violations of balancing constraints. This poses a challenge for the genetic algorithm to
assess the population's fitness effectively. There are 13 penalty factors in Equations (5.21)-

(5.22); manual tuning of the 13 penalty factors is difficult and cumbersome, especially

considering the impact of the cooling load, ambient wet-bulb temperature, and storage use on the
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solution space. In addition to penalty factors, genetic algorithm parameters such as population
size, crossover rate, number of generations, number of stall iterations, and elite count, among
others, can highly impact the quality of the converged solution. A more systematic and robust
approach is to tune the penalty factors and genetic algorithm parameters with training data using
an optimizer such as particle swarm optimization.

Training data are manufactured by sampling various operating combinations of cooling
load, ambient wet-bulb temperature, and storage SoC and dispatch amount. Feasible solutions,
irrespective of optimality, should satisfy the constraints and hence can be used to tune the
penalty factors. The intention is to allow the genetic algorithm at the lower level to distinguish
apart the contribution of each variable to the objective function, better assess the population
fitness and locate a feasible, globally optimal solution. The manufactured training data are shown
in Figure 5.4. The dataset contains 237 unique combinations of cooling demand, ambient wet-
bulb temperature, storage dispatch amount, and storage SoC. The objective function for the

penalty factor tuning optimization is as follows:

min Ob] = ZZEZ[PZ + ﬁcz] (523)
where,
Sys
PZ — {PZ Czs tOl (5.24)
F Otherwise

subscript z is data point index set {1, 2, 3, ..., 237} denoted by Z, § is a constant that is manually
adjusted such that SC, sufficiently reduces constraints violation but not large enough to

meaningfully impact the objective function, tol is the constraint relaxation tolerance (taken as
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3% for the analysis), and F penalizes (F > PSY$4¢%) infeasible solutions (C,> tol). Tuning of

the penalty factors eliminated the genetic algorithm problem of premature convergence.
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Figure 5.4: Manufactured Training data with (a) cooling demand v. wet-bulb
temperature and (b) storage dispatch amount and SoC. This set has 237 unique data
points, each an independent input condition for the scheduling problem. A sensible

heat ratio of 0.7 is assumed.
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The optimal system COP for three modes of storage operation (charging, discharging,
and idle) generated for the considered system under a range of cooling loads are shown in Figure
5.5 at a design wet-bulb temperature of 25°C. Despite the problem's high nonlinearity and
complexity, the tuned penalty factor and genetic algorithm parameters resulted in near-smooth
and continuous system performance curves. The curve's shape is a consequence of the three-
chillers system. There are two configurations for operating this system when charging at a rate of
160 tons in Figure 5.5 (a) since the smallest chiller cannot provide sufficient cooling on its own.
At lower than 300 tons, the system utilizes a more efficient configuration of two centrifugal
chillers for charging. When discharging or idling, like in Figures 5.5 (b) and (c), the more
complex shape is caused by the operation of the three chillers. At lower loads, it is sufficient to
use one chiller to reduce parasitic pump power use. However, as the load increase, more
thoughtful consideration is necessary to schedule the remaining chillers. At higher loads, the

system is obligated to use all chillers.

3.9 (a) Charging 5.5 (b) Discharging 5.2 (c) Idle
3.8 5 5
S 3.7 | 4.8
O 4,5
0EJ 3.6 4.6
‘i 4
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Total Load (TR) Cooling Demand (TR) Cooling Demand (TR)

Figure 5.5: System COP for a range of cooling loads at a wet-bulb temperature of

25°C when (a) charging at a rate of 160 tons, (b) discharging at a rate of 160 tons,

and (c) idle I-TES. The total load includes the cooling load and the storage charge
amount.
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Meta-heuristic algorithms are computationally demanding as they depend on exploring
the solution space to locate the globally optimal solution, especially with the large population
needed to solve the examined problem (1000-5000). To tackle the problem of long run time, the
lower-level problem is pre-solved under a range of cooling loads, storage use and SoC, and
ambient air wet-bulb temperatures. A standard sensible heat ratio of 0.7 is assumed for the
cooling load. Tri-linear interpolation is applied between the data points, which reduces the run

time to 1-2 minutes.

5.3 Results and discussion

The proposed optimal control strategy is compared to two commonly used heuristic
strategies for thermal energy storage dispatch: chiller priority control and storage priority
control. In chiller priority control, chillers are loaded at capacity, and storage is used to
supplement additional cooling needs. This strategy aims to maximize the efficiency of the
chillers. In storage priority control, full storage capacity is utilized, and storage dispatch is
prioritized over the chillers. Storage supplies a steady cooling rate while the chillers meet the
residual and fluctuating cooling demand. Storage is charged at the maximum rate the chillers
allow in both heuristic strategies. For storage and chiller priority controls, the scheduling
problem is solved heuristically as follows:

= 212-tons centrifugal chillers with VSD are operated first before the 153-tons screw

chiller is started because of the higher efficiency
= Charging at chillers supply temperature setpoint of -7°C
= Discharging at chillers design supply temperature setpoint of 6°C; temperature is

gradually increased if necessary to maintain storage dispatch amount
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= Cooling tower condenser water temperature setpoint based on design approach
temperature of 3°C (difference between leaving water and ambient air wet-bulb
temperatures)

= QOperating cooling tower is fully loaded before the second one is started

The three storage dispatch strategies are compared in three scenarios of cooling loads
under TOU rates shown in Figure 5.6. I-TES is necessary to satisfy building cooling demand
when the load exceeds the design chillers' cooling capacity of 570 tons. Scenario 1 has the
highest total cooling needs; the demand for cooling begins at 8 AM and terminates at 6 PM. The
load peaks at 600-700 tons and requires 976 TR-hr of stored energy (61% of storage capacity) to
satisfy building cooling demand. Scenario 2 has intermediate cooling needs and similarly starts
at 8 AM and terminates at 6 PM. The load peaks at 550-650 tons and require 544 TR-hr of stored
energy (34% of storage capacity). Scenario 3 has the least cooling needs, starting later at 9 AM
and ending earlier at 5 PM. This demand scenario peaks at 500-600 tons and requires only 144
TR-hr of stored energy (9% of storage capacity).

Simple two levels TOU tariffs are considered with an on-peak period lasting 8 hours
between 8 AM and 4 PM and an off-peak period otherwise. The TOU tariff doubles from
$0.1/kWh in the off-peak period to $0.2/kWh in the on-peak period, coinciding with a high
building cooling load. For all three scenarios, the ambient wet-bulb temperature is lower during
early morning hours and higher during the evening, which overlaps with the cooling load and

slightly depresses the chiller cooling capacity.

153



(a) Cooling Demand

T 800
2700 ¢ [ Scenario 1
| | Scenario 2 1700
2400 [ Scenario 3 II
2100 II II {600
f}: ~
+ 1800 - i
= 500 |ﬂ_f
< 1500t =
o {400 €
c 1]
E 1200 - £
{1300 ¥
9] [a}
0O 900 r
1200
600
300 1100
o Il Il Il Il O
0 4 8 12 16 20
Hour
(b) TOU Rates
0.2r A
0.18+ B
=
Zo.161 1
S~
&
20.14+ A
1]
I
0.12r b
0.1
0 4 8 12 16 20 23
. Hour
28 (c) Ambient Wet-bulb Temperature
T T T T T
27
¢ 26
Q
—
2
© 25
Q
3
g 24
|_
23
22 L 1 L L 1
0 4 8 12 16 20 23

Hour

Figure 5.6: Optimization problem input for three scenarios with hourly (a) cooling
demand, (b) TOU rates, and (c) ambient wet-bulb temperature. A sensible heat ratio
of 0.7 is assumed.
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The formulated problem is solved for the three scenarios using each of the three
considered strategies, and the results are tabulated in Table 5.1. The hourly load contribution
from each chiller and the storage to meet the cooling demand is shown in Figure 5.7. The hourly
system characteristics for all scenarios are shown in Figure 5.8 with (a) system operation cost,
(b) system total energy use, (c) chiller energy use, and (d) auxiliary equipment energy use, and in
Figure 5.9 with (a) system COP, (b) blended chillers evaporator leaving temperature, (c) storage
dispatch amount, and (d) flowrate to I-TES.

Table 5.1: Daily cost, energy use, and storage utilization for all scenarios

t
Optimization Cost Energy Ufil?:tgif)n Cost Difference to
Strategy ($/day) (kWh/day) (% of Capacity) Optimal Control (%)
hiller Priori
_ | Chiller Priority o9 6434 61 17
© Control
— P . .
= | Storage Priority o 6610 100 14
3 Control
Optimal Control 916 5888 96 -
o Chiller Priority 909 5715 14 19
o Control
% Storage Priority 852 5485 100 1
2 Control
Optimal Control 766 4954 96 -
hiller Priori
., | Chiller Priority 4068 9 23
© Control
% Storage Priority 675 4470 100 1
2 Control
Optimal Control 606 4013 96 -

Optimal dispatch and equipment scheduling reduce operation costs by 17%, 19%, and
23%, and total energy use by 9%, 5%, and 1% for Scenarios 1, 2, and 3, respectively, relative to
chiller priority control. Although chiller priority control attempts to maximize chillers'

efficiency, the missed opportunity cost from load shifting combined with sub-optimal chiller
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scheduling resulted in a significantly higher system cost. Relative to storage priority control,
optimal control reduces operation costs by 14%, 11%, and 11%, and total energy use by 12%,
11%, and 11% for Scenarios 1, 2, and 3, respectively. In addition to the cost reduction, the cost-
optimal control system reduced daily energy use, resulting in reduced carbon emissions.
Although auxiliary equipment energy use, shown in Figure 5.8 (d), is small and minimally
impacts the overall system energy use compared to chillers' energy use, shown in Figure 5.8 (¢),
their interaction with the chillers significantly impacts chillers' performance and consequently
their energy use.

I-TES is more efficiently charged in optimal control than heuristic strategies; the cost-
optimal control system only utilizes the more efficient 212-tons centrifugal chillers with VSD for
storage charging. Although it prolongs the charging period by an additional hour compared to
storage priority control, it evades running the chillers at a reduced part-load ratio and thus
increases overall efficiency. The deterioration of I-TES effectiveness diminishes the utility of the
higher flowrate provided by the third chiller. It is worth noting that the storage was not fully
charged in optimal control under all scenarios to avoid the increased thermal resistance around
the I-TES coils at the end of the charging cycle. For all strategies, storage was charged at a
water-glycol mixture inlet supply temperature of -7°C, as shown in Figure 5.9 (b).

In Scenario 1, the cooling demand far exceeded the design chiller capacity, which
required using all three chillers. The higher efficiency attained in the optimal control is primarily
due to the optimal loading of the three chillers. The model results suggested loading the screw
chiller fully and equally part-loading the 212 tons VSD centrifugal chillers. As the demand is
reduced in Scenario 2 and further in Scenario 3, the screw chiller is progressively displaced, and

when operated, it is fully loaded. An exception is in Scenario 3 at 3 PM, where a screw chiller
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was necessary to provide sufficient water flowrate to discharge the I-TES. Not only that, but the
model also attempts to operate the VSD centrifugal chillers at their maximum efficiency point
with a part load ratio between 0.8 and 0.9. This is more easily accomplished in Scenario 3 when
storage dispatch is less constrained by the cooling demand.

Figure 5.9 (d) shows the supply water-glycol mixture flow rate to I-TES. The reduced
flowrate in the optimal control strategy caused by switching off the screw chiller is traded with
an increased supply temperature during discharge, enhancing system COP. Compared to
heuristic strategies, discharging of storage largely terminates before the end of on-peak
electricity pricing, further contributing to cost savings. This was achieved by re-setting the water
supply temperature at the outlet of the chillers above the design point by 2-3°C, which enhanced
the chillers' cooling capacity, particularly the 153-tons chiller with a positive displacement screw
compressor. Other sources of enhanced system COP are lower ambient temperatures combined
with reduced chillers loading, specifically during the discharging period, which benefited the

VSD chillers.
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Figure 5.7: Cooling demand contribution breakdown from each chiller and storage
for the three considered control strategies. From left to right: chiller priority
control, storage priority control, and optimal storage control. The system comprises
two 212-tons chillers with a VSD-equipped centrifugal compressor (Carrier 19XR)

and one 153-tons screw chiller without VSD (Trane RTHB).
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(a) System Cost
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Figure 5.8: For the three control strategies, hourly systems profiles with (a) system operation
cost; (b) total system electric energy use; (c) total energy use by all chillers excluding auxiliary
equipment; (d) auxiliary equipment energy use which includes primary, secondary and
condenser pumps, and towers and coil fans.
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(a) System COP

Scenario 1 Scenario 2 Scenario 3
5 5 [ 5
4 4 -ﬁy 4 l‘. .:g
a w o a
O o o
Q Q ]
3 3 3
2 2 2T
0 4 8 12 16 20 23 0 L 8 12 16 20 23 0 -+ 8 12 16 20 23
Hour Hour Hour
(b) Blended Leaving Evaporator Water Temperature
15 Scenario 1 15 Scenario 2 15 Scenario 3
10 10 “\ 10
s ? . R ﬁu . ulllll‘:
¥ s ¥ s Y s
2 2 2
a 0 48 0 a 0
= = =
5*- 5*- 5*-
-10 -10 =10
4 8 12 16 20 23 0 4 8 12 16 20 23 0 4 8 12 16 20 23
Hour Hour Hour
(c) Storage Dispatch Amount
30 Scenario 1 30 Scenario 2 10 Scenario 3
20#'0- ZOJN’\. 204&_‘
& 10l \ £ 101 £ 10
2 Wt 2 ! ; Wt
w0 [ n 0 g =] w 0 TRy B
) sl ot/ Nepod]
-10 Beat -10 B -10 )
-20 -20 -
0 4 8 12 16 20 23 0 4 8 12 16 20 23 0 4 8 12 16 20 23
Hour Hour Hour
(d) I-TES Flowrate
60 Scenario 1 60 Scenario 2 60 Scenario 3
Q4DF ; i 4 540‘
g ‘{‘ g 2
: 1 o) | z " '
£ 20 D £ 20
of
. . A L
0 4 8 12 16 20 23 0 4 8 12 16 20 23 0 4 8 12 16 20 23
Hour Hour

Hour

|+ Chiller Priority =& Storage Priority Optimal Control]

Figure 5.9: For the three control strategies, hourly system: (a) COP, (b) blended
chillers supply temperature, (c) storage dispatch amount curve, and (d) flowrate to
I-TES. System COP is the ratio of total chiller loading to the system’s electric load.
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In addition to TOU pricing, demand charges are often applied to commercial and
industrial customers as a fee to maintain the reliability and infrastructure of the power grid. They
are charged based on the highest power used during a billing cycle. The application of demand
charges promotes storage use not only for load shifting but also for peak shaving. The formulated
problem was solved with a demand charge of $20/kW applied to Scenario 1, the scenario with

the highest cooling demand assuming it repeats for a month. The added monthly charge is given

by $20/kW X max Ptsy *. The analysis suggests that the cost-optimal system can reduce peak

electric demand by 75 kW and cost from demand charges by 17% relative to storage priority
control and by 113 kW and 26% relative to chiller priority control. However, the inclusion of the
demand charge results in an increase in the daily cost of energy use from $916/day to $928/day.
Despite the increased thermal resistance around the I-TES coils at the end of the charging cycle,
the system fully utilizes the storage capacity for load shifting and peak demand reduction. Figure
5.10 shows the cost-optimal system load contribution breakdown in (a) and energy use in (b)
when a demand charge of $20/kW is applied to Scenario 1.

$20/kW demand charge applied to Scenario 1
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Figure 5.10: Applying a demand charge of $20/kW to Scenario 1 with (a) a
breakdown of cooling contribution from each chiller and storage and (b) system
electric energy use.
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As shown in Figure 5.10 (b), the demand charges oriented storage dispatch around
reducing the peak power use, which produced a near-flat power curve. Unlike the scenarios with
no demand charge, this system utilized the screw chiller to support a higher I-TES charging rate
in the first hour (Hour 0). Furthermore, instead of effectively terminating the discharge process at
the end of on-peak pricing at 4 PM, the storage dispatch continues for two additional hours to

reduce the peak demand and hence, peak demand charges.

5.4 Conclusion

Moving toward a more sustainable power grid based on intermittent renewable energy
requires demand-side management to maintain the reliability and stability of the power grid. As
opposed to today’s power grid which relies on dispatchable power generation, a low-carbon grid
reliant on renewables must adjust the demand to match the supply better. This supply matching
can be accomplished via demand-side management, which requires energy storage and load
adjustment. Cooling is responsible for half of the electricity demand in Qatar, thereby making
cooling systems the primary target for demand-side management. However, the operation of
CWS tends to be complex from the interaction of its constituent components.

Hybrid steady-state models developed in Chapter 3 for I-TES and the key power-
consuming components, including the chillers, cooling towers, water pumps, and cooling coil
fans, were used to formulate the scheduling and dispatch problem. The formulated problem is
highly non-linear and too cumbersome to solve using traditional optimization methods. The
solution strategy is to decompose the problem into bi-level optimization to decouple the
equipment scheduling problem from storage dispatch, which sufficiently simplifies the problem.
The genetic algorithm is used to solve the simplified problem. The upper level minimizes

operation costs and decides the storage dispatch amount fed to the lower-level optimizer to solve
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the equipment scheduling problem sequentially and return the subsequent system power
consumption to update the guess for the next iteration. Constraints in the lower-level problem are
handled using the penalty function method. Tuning the penalty factors and genetic algorithm
parameters using an optimizer and training data diminished and eliminated the premature
convergence problem. This approach negates the need for simplistic system models for complex
space cooling and heating applications. While computationally taxing, the run time for the
proposed approach can be reduced to 1-2 minutes by pre-solving the lower-level problem under a
range of input conditions and tri-linearly interpolating between them. CWS plant operators can
use the developed strategy to optimize plant operation. For CWS without I-TES, the lower level
problem can be solved at each time step to determine optimal chillers loading and sequencing.
Limitations of the strategy include no considerations for minimum chiller uptime and additional
energy savings that could be enabled through better modeling of the air distribution side.

The developed optimal control strategy is compared to two commonly used heuristic
storage strategies: chiller priority control and storage priority control, in three scenarios of
cooling demand under TOU tariffs. The model results suggest that the optimal control strategy
consistently offered cost reduction by 17-23% relative to chiller priority control and 11-12%
relative to storage priority control. Furthermore, optimal equipment and scheduling dispatch
reduced energy use by 1-9% relative to chiller priority and 11-12% relative to storage priority
control. When Scenario 1 is reconsidered with a demand charge of $20/kW, the optimal system
can reduce peak demand power and cost from demand charge by 75 kW and 17%, respectively,
relative to storage priority and by 113 kW and 26% relative to chiller priority controls. The
benefits of the proposed strategy are amplified when a more sophisticated tariff structure is
present. Lastly, the proposed approach can be used to decide storage dispatch over a more

extended period than 24 hours at the expense of increased computational time.

163



Chapter 6: Conclusions and recommendations for future works

6.1 Main Conclusion

Moving to low-carbon electricity grids is necessary to mitigate climate catastrophe and
remains humanity's greatest challenge. The pathway to a low-carbon electricity grid will not be
universal. Instead, each region must tailor a plan specific to its energy needs, climate, and
geology. Qatar is attractive for utilizing solar PV since it has relatively high and predictable solar
insolation with a global horizontal irradiance of 2200 kWh/m?/yr. synergetic with electricity
demand. With a hot desert climate, space cooling drives the electricity demand and is responsible
for nearly half the electricity consumed.

The work described in this dissertation aims to examine and analyze a decarbonization
pathway for the cooling-driven electricity sector in Qatar using PV generation combined with I-
TES and BESS for load shifting from multiple perspectives in a top-down approach, with (i)
assessing the potential for large-scale deployment from a utility-scale perspective, (ii) examining
the subsequent distributed energy resources capacity sizing problem, and (iii) proposing a
solution to the arising demand side management problem. Carbon pricing policy was examined
in the form of the carbon tax to facilitate the transition to more sustainable renewable energy
sources that otherwise would be challenging with Qatar's access to plentiful and cheap natural
gas. Carbon pricing enables renewable energy to compete with carbon-based energy sources and
mobilize investments in alternative energy sources for carbon abatement.

The utility-scale perspective in Chapter 2 provided insight into the renewable penetration
potential, overall emissions reduction, and the impact on power grid operation for large
deployment of PV generation combined with centralized BESS and decentralized building-scale

I-TES, which was modeled using a stochastic linear program. Linear programs are also useful for
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describing the aggregate behavior and performance of the systems, which tend to exhibit simpler
behavior than their constituents. The analysis suggests that BESS is cost-prohibitive under the
current gas price of $3.3/MMBtu and capacity cost of $250/kWh. Nevertheless, at the current gas
price, 8 GW of PV and 28 GWh, of I-TES capacity introduced in the national grid can reduce
CO; emissions by 43% while cutting annual system costs by 20%. Emissions can be reduced by
60% in a system with carbon pricing at $60/ton of CO; with higher investments in PV and I-
TES. Several hurdles impede further emissions reduction, including (i) misalignment of
electricity demand, which peaks in August, and solar insolation, which peaks in June, producing
less when needed, (i1) I-TES cannot outcompete existing gas generation for seasonal cooling
needs, (iii) reduced idle chiller capacity in the peak cooling season, and (iv) chiller capacity
degradation due to higher ambient temperatures in the high demand season. However, I-TES is
well suited to utilize idle chiller capacity that is a consequence of a highly seasonal cooling load
for load shifting in the shoulder season. More so in less efficient cooling systems, such as AC
systems, due to an equal tank volume corresponding to greater electric load shifting.

BESS becomes cost-effective with a carbon price above $100/ton of CO, at the current
capacity cost of $250/kWh. While BESS does not displace I-TES for cooling load shifting, either
at higher carbon pricing or lower capacity cost, it is primarily used to manage non-cooling loads.
This is because BESS requires a high daily capacity utilization rate of about 90% to become
cost-effective, making it unsuitable for seasonal cooling demands. A system with a carbon price
of $140/ton of CO2 can achieve a deep decarbonization rate of 92%, supported by BESS. Further
emissions reductions realized with higher carbon pricing are limited.

Naturally, decentralized I-TES must ultimately be adopted by individual buildings. While

simpler models were used for large-scale deployment analysis, they cannot be applied to
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individual systems. Chapter 3 developed more sophisticated models for WC CWS, the
conventional way of cooling large buildings in Qatar. Hybrid steady-state models are developed
for the major devices in CWS, including chillers, pumps, cooling towers, cooling coils, and I-
TES. Hybrid models combine the physical insight of physics-based models with the efficiency of
data-driven models in a simpler formulation achieved with empirically obtained parameters. The
developed models are used for the site analysis in Chapter 4 and the scheduling and dispatch
problem in Chapter 5.

The site analysis performed in Chapter 4 encompassed proposing a solution to the
equipment capacity sizing problem and gaining insight into the integration of distributed-scale
renewable generation. To overcome the lack of building energy demand profiles in Qatar,
demand profiles were simulated for two typical buildings with two uses, business-commercial
and residential, which generally have opposing occupancy rates as people move from home to
the workplace. The developed strategy formulates the problem into a bi-level optimization with a
simplified components model. The upper level minimizes and decides the installed design
parameters using particle swarm optimization, and the lower level solves the scheduling and
dispatch problem in a mixed-integer linear program with piece-wise linearization. This strategy
can be broadly applied to new and existing buildings with different cooling system technologies
under different climatic conditions.

The site analysis affirmed the suitability of distributed-scale PV generation. Buildings
with diurnal demand synergetic with solar insolation are particularly well suited for exploiting
PV generation and can achieve a decarbonization rate above 60% without carbon pricing. I-TES
is suitable for utilizing the large idle chiller capacities during the shoulder cooling season for

cooling load shifting and could reduce building carbon emissions by 5-10%. Similar challenges
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to the utility-scale perspective are confronted when applying carbon pricing to promote I-TES.
The chillers' cooling capacity must be remarkably oversized for I-TES to be utilized in the high
cooling demand season. BESS becomes cost-effective with carbon pricing above $75/ton of CO»
and is used to meet the near year-round constant building baseload. With carbon pricing above
$100/ton of COy, the cost-optimal system can yield a decarbonization rate of about 90% for
either building using distributed-scale solutions.

Although buildings are well suited for exploiting PV generation, Qatar is bettered suited
for utility-scale implementation. Utility-scale implementation offers (i) reduced generation cost,
(i1) reduced curtailment from demand aggregation, (iii) higher output from solar tracking
technology, and (iv) better accessibility for cleaning since soiling on PV is identified as a major
challenge in Qatar. BESS, as well, is better suited for utility-scale due to a more reliable
aggregate non-cooling loads that can permit high daily capacity utilization needed for BESS to
be cost-effective.

Since intermittent renewable generations are not dispatchable, nor can they be perfectly
predicted. High penetration of PV generation combined with I-TES and BESS requires demand-
side management, a tool the electric utility uses to adjust the demand to match the power supply.
A method to control demand is using dynamic pricing in the form of TOU. Due to the high load
from space-cooling, cooling systems are a crucial target for demand side management. However,
operating CWS to maximize savings from demand-side management can be challenging and
requires careful consideration of chillers' staging and part-load performances, as well as the
performances of associated auxiliary equipment.

The solution strategy developed in Chapter 5 was to decompose the problem into bi-level

optimization to decouple the equipment scheduling problem from storage dispatch, which
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sufficiently simplifies the problem. The genetic algorithm is used to solve the simplified
formulation. The upper level decides the storage dispatch amount, and the lower-level optimizer
solves the equipment scheduling problem at each hour. The constrained optimization in the
lower-level problem is turned into an unconstrained optimization using the penalty function
method. The genetic algorithm problem of premature convergence was eliminated by tuning the
penalty factors and genetic algorithm parameters using an optimizer and training data.

The proposed approach negated the need for simplistic system models often used in
complex space cooling and heating applications. Compared to two commonly used heuristic
storage dispatch strategies, the model suggests optimal control reduces cost and energy by 11-
14% and 10-12%, respectively, relative to storage priority control, and 16-33% and 1-9%,
respectively, relative to chiller priority control. In an investigation with a demand charge,
optimized control reduces demand charges by 17% relative to storage priority and 26% relative
to chiller priority control. The utility of the proposed approach is augmented when a more
sophisticated tariff structure is present, which is expected with high penetration of intermittent
renewable generations.

There are possible approaches to overcome the challenges identified in this work that
would better address future sustainable urban development needs, which include (i) more
considerable reliance on WC systems that are more efficient and could reduce the seasonality of
cooling and electric loads; (i1)) DXS capable of ice charging as standards for better future
integration with I-TES; (iii) more energy-efficient buildings with passive design to reduce peak
cooling demand; (iv) removing energy subsidies and further promoting energy conservation
awareness; (v) reducing urban heat island effect, which impact cooling need and cooling systems

performance, by planting more trees and considering lighter colors for sidewalks and home
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exterior. Lastly, by using existing decarbonization solutions at current prices, Qatar could
substantially reduce its carbon footprint and decrease the reliance on gas generation for cooling
and electric loads using solar PV generation, energy storage, and moderate carbon pricing.

6.2 Recommendations for future work

The scope of this work could be expanded to explore the limitations identified during this work.

The recommendations, in no particular order, are as follows:

6.2.1 Examining the cost of retrofitting DXS

Currently sold and installed DXS are not designed for operation with I-TES. The direct
expansion cooling systems were charged using additionally installed dedicated ice chillers at a
cost in the large-scale deployment problem analyzed from the utility-scale perspective in Chapter
2. Investigating the cost of retrofitting the existing DXS to allow them to be capable of storing

ice can unlock the potential for a larger amount of I-TES at a reduced carbon tax.

6.2.2 Alternative energy storage technologies

The low thermal capacity of 0.04 MJ/kg of chilled water storage compared to 0.4 MJ/kg
for I-TES, combined with a higher initial cost, makes stratified chilled water storage less
economically favorable. However, producing cooling to store ice substantially lowers the
chillers' COP and cooling capacity limiting the amount of usable excess energy. Investigating
alternative thermal energy storage could yield a more promising storage technology. The desired
storage technology must have: (i) thermal energy density comparable to ice, (ii) a melting point
higher than ice to reduce the problem of performance and capacity degradation in chillers, and
(ii1) good thermal properties to maintain comparable charge and discharge rates. This largely

remains a challenge with phase change material storage. In addition to thermal energy storage,

169



long-term energy storage can use a large amount of excess generation from the misalignment of

the PV generation peak with the electricity demand peak.

6.2.3 Alternative decarbonization pathway

Excellent climatic conditions in Qatar combined with low-cost PV generation make
exploiting solar energy exceptionally attractive. However, the sole use of diurnal PV generation
requires sufficiently large energy storage to store a full night's worth of cooling and electricity
needs. Energy storage needs can be alleviated by considering alternative energy sources and
decarbonization pathways, such as carbon capture and sequestration for gas generation, wind
energy, and energy efficiency. However, historical data in Qatar shows wind to be interannually
correlated with PV generation, which could limit its benefits. Furthermore, a challenge identified
when analyzing the decarbonization pathway for electricity in Qatar is the highly seasonal
cooling needs between mid-July to mid-September. Examining the energy efficiency pathway
can attenuate the peak cooling demand from better building insulation, higher efficiency cooling

systems, and tighter building constructions.

6.2.4 Determining the ideal electricity tariffs structure

The considered tariff structure in Chapter 4 is from bulk customers with a load exceeding
5 MW. The tariff, which lacks subsidies, was used to examine the impact of carbon pricing. In
scenarios with high PV adoption, it is likely for the tariff structure to reverse to charge more for
nighttime electricity needs. This raises the question of what tariff structure could maximize PV

generation utilization at a distributed level.

6.2.5 Incorporate BESS in the I-TES dispatch problem
The CWS equipment scheduling and I-TES dispatch problem examined in Chapter 5 do

not incorporate the BESS dispatch problem to maximize renewable penetration in the grid. While
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a simple linear BESS model was considered for utility-scale analysis in Chapter 2 and building-
scale analysis in Chapter 4, an optimal dispatch of BESS should also consider the impact of

capacity degradation from cycling and charge/discharge rates.

6.2.6 Inclusion of seawater desalination in the model

The current approach to meeting Qatar's electricity demand is using gas-powered
integrated water and power plants that sometimes are sub-optimally operated to sustain
desalination, especially in the winter when the dispatch is concerned with water demand. While
other desalination technologies, such as reverse osmosis, are gaining ground due to their higher
efficiency, a more accurate analysis should include water demand balance considering
desalination plants' energy use, carbon emissions, and impact on the thermal efficiency of power
plants.
6.2.7 Modeling the impact of electrifying the transportation sector

The transportation sector in Qatar mainly runs on gasoline and diesel-powered internal
combustion engines and electric-powered subway and light rail systems. This dissertation did not
address the impact of grid-connected battery electric vehicles expected over the coming decades,

which could be used to aid decarbonization efforts by contributing to load shifting.
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Appendix A: Simulation of buildings' cooling and electric loads

Simulation of building cooling load can be accomplished by summing heat gains from all
major sources. Heat gains sources in buildings can be classified into heat gains from internal
sources, including:

=  Occupant load

= Electric load from devices, appliances, and lighting

and heat gain from the building envelope, which includes:

= Infiltration and ventilation

= Solar gain through glazing

= Conduction through the building envelope
Several assumptions are made to estimate the heat gain from each source. The aim is to capture
generic and non-specific diurnal and interannual demand profiles for the two most common
building types in Qatar, residential and commercial buildings, without specific knowledge of
building interior zoning, orientation, and construction details that would be required with energy
simulation software. The assumptions, in no particular order, are as follows:
General:

= The two buildings have identical total daily electric and cooling needs with different

hourly demand profiles.

= The building interior is maintained at 22°C and 50% relative humidity at all times.

= Building occupancy is assumed based on typical working hours in Qatar.

= Building electric load is calculated based on assumed occupancy and typical electric

energy consumption in residential and business-commercial (office) settings.
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= QOccupant activity level is based on resting for the residential and light-office work for the

commercial building.

Building construction:

= 30% of the building fagade is covered with glazing, which is on par with typical high-rise
buildings worldwide and in Qatar.

= No specific building orientation is supposed; instead, a quarter of the building envelope is
assumed to be perpendicular to horizontal sun rays at all times when estimating the
cooling load from admitted solar insolation.

= Building thermal insulation is on par with Qatar’s building code (overall heat transfer
coefficients of 0.6 W/m?-K for walls, 1.8 W/m?-K for windows, and 0.6 W/m?-K for the
upper-most roof) with exterior surfaces at the ambient temperature.

= The assumed combined infiltration and ventilation rate for the entire building is on par

with typical modern construction and Qatar of 1.25 ACH (air change per hour).

The assumed building characteristics are tabulated in Table A.1 below. The building consists of
30 floors with a floor height of 3 m and an area of 2000 m? square in shape. The building's gross
area is 60,000 m? with an envelope opaque surface area of 112,700 m? and a glazing surface area
of 48,300 m?, constituting 30% of the building fagade.

Table A.1: Considered building characteristics

Parameter Value Notes

Number of Floors 30 -

Floor Height 3m -

Gross Floor Area 60,000 m? 2000 m? floor, square
Window-to-Wall Ratio 30% Building Envelope
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A.1 Occupant load

Buildings’ occupants contribute to thermal load from human metabolic heat generation
depending on their activity level [171]. Most metabolic heat generation is sensible in an air-
conditioned environment and under light work activity. As the work and activity load increases,
more metabolic heat generation is latent from perspiration. The metabolic heat generation rate
for commercial and residential settings is in Table A.2.

Table A.2: Occupant heat gain in residential and commercial buildings

Parameter Residential Commercial
Sensible Gain (W/person) 70 75

Latent Gain (W/person) 45 55

Total Heat Gain (W/person) 115 130
Maximum Occupancy Rate (m?/person) 50 40

The heat rate for an office setting with light activity levels is a metabolic heat generation
rate of 130 W/person, of which 75/W/person is a sensible load and 55 W/person is a latent load.
In homes with reduced activity levels, the metabolic heat generation rate is 115 W/person, of
which 70/W/person is sensible load and 45 W/person is latent load. Commercial and residential
buildings can have an inverse occupancy rate as people transition from their workplace to the
place of their residence. Figure A.1 shows the assumed occupancy rate representative of
residential and commercial settings. Occupancy is higher in the evening and at night in
residential settings and primarily during the day in commercial buildings. The metabolic heat

generation rate in moderately occupied buildings minimally impacts the overall thermal load.
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Figure A.1: Assumed occupant load in (a) residential setting and (b) business-
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A.2 Electric load

from the workplace to residence.
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Building electric load from using electric devices, appliances, and lighting contributes to

building heat load as the energy consumed in a closed system is ultimately absorbed as heat. The

assumed electric load serves two purposes: (i) it measures the contribution to the building's

thermal load, and (i1) it represents the building's electricity use. The electric load is influenced by

building use, activities, occupancy, and time of day. The assumed electric load is shown in

Figure A.2 (a) for the residential setting and (b) for the business-commercial setting. The

residential setting load is characterized by a pre-work morning spike, a post-work evening spike,

and a generally higher evening load, as observed in demand data published in the literature. For a

commercial setting, the load is assumed to be driven by sensible load from electronic devices

such as personal computers, printers, and screens. Higher latent load in residential buildings is

from appliances such as dishwasher machines, washers and dryers, and food preparation and

cooking. The average daily electric load for both buildings is 515 kWh (8.6 W/m?).
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Figure A.2.: Simulated electric load in (a) residential setting and (b) business-
commercial setting. Energy consumed by the electric load ultimately ends up as
heat.

A.3 Infiltration and ventilation

Building infiltration is the unintentional introduction of outside air into the air condition
spaces through the building envelope, contributing to building thermal load. On the other hand,
ventilation is the intentional introduction of outside air by mechanical means, such as fans, to
maintain indoor air quality. Forced ventilation is typically introduced in kitchens and bathrooms
and in densely occupied office buildings, which are needed to maintain healthy indoor air
quality. Forced ventilation is typically introduced in kitchens and bathrooms and in densely
occupied office buildings, which are required to maintain healthy indoor air quality. The
simulated thermal load from infiltration and ventilation is shown in Figure A.3. The thermal load
depends on the differences between outdoor and indoor pressure, temperature, and humidity
level. The combined infiltration and ventilation rate is assumed to be 1.25 ACH (air change per

hour), typical in modern construction and Qatar [39]. The sensible load is given by:

-{resh,sen — meHCp’a(TfreSh — 22) (A.l)
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and the latent load is given by:

~{resh,lat = W ImACH (wfTesh — 0,0087) (A.2)

where m#ACH is air change rate per second, ¢ is the specific heat of air, T/7¢" and w/"*" are

supplied fresh (ventilation and infiltration) temperature and humidity ratio, respectively, and h/9

is the latent heat of the vaporization of water.
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Figure A.3: Simulated infiltration and ventilation load with (a) average daily load
and (b) hourly load during peak demand day. A combined infiltration and
ventilation ACH of 1.25 is assumed for residential and commercial buildings.

A.4 Solar gain

Solar gain through fenestration provides the occupants with natural lights. Due to the
greenhouse effect, admitted solar radiation is retained inside the building, increasing the thermal
load. Windows coating and shading can reduce solar gain. The amount of solar gain is related to
the solar angles, building orientation, and windows structure and construction. For
simplification, 25% of the building envelope surface area is assumed to receive incident

horizontal solar radiation. The solar gain is given by:
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y[restlat — sHGC AYn(IE cos(B) f + IPY) (A-3)

where SHGC is the fraction of incident sunlight admitted indoors and is taken to be 0.5, AW" is
the total glazing surface area, IZ is beam solar irradiance, I? is the diffused solar irradiance, Y is
the ratio of diffuse irradiance on a vertical surface to a horizontal surface from reference [172],
is the solar angle, and f is the fraction of total building glazing surface area exposed to direct

sunbeam and is 0.25. Daily and hourly thermal load from solar gains are in Figure A.4.
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b) Hourly Gains
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Figure A.4: Thermal load from solar gain with (a) average daily load and (b) hourly
load during peak demand day. 25% of the building envelope is exposed to the sun at
each hour of the day.
A.S5 Shell heat gain

The building envelope experiences a diurnal temperature swing caused by solar
insolation and outside temperature fluctuations. The conductive heat gain through transparent
and opaque surfaces is proportional to the surface temperature difference between indoor and
outdoor and building insulation. The assumed building insulation is on par with Qatar’s building
code (overall heat transfer coefficients of 0.6 W/m?-K for walls, 1.8 W/m?-K for windows, and

0.6 W/m?-K for the upper-most roof). The heat load from building shell heat gain is given by:
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Q'tshell — [AwinUWin + AroofUroof + AwallUwall](Ttdb _ 22°C) (A4)

Where A”", A7°°F  and A¥*" are windows, roof, and walls surface area, respectively, and UW™,
UT°%F and UV are windows, roofs, and walls' overall heat transfer coefficient. Conductive

thermal gain through the building shell is shown in Figure A.5.
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Figure A.5: Thermal load from envelope heat gain with (a) average weekly load and
(b) hourly load during peak demand day. Negative heat gain in the winter was
omitted from this figure.

A.6 Total heat gain

The simulated load from individual heat gain sources is combined to form the overall
building cooling load. The simulated buildings' main heat gain sources are infiltration and
ventilation, followed by internal generation from electricity use. Loads from internal sources
drive daily variations, while seasonal variations are driven by infiltration and ventilation heat
gain, particularly from latent load during the humid period from late July to early September.
The average weekly thermal load, identical for both buildings, is shown in Figure A.6, along

with ambient dry and wet-bulb temperatures on the right y-axis.
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Figure A.6: Normalized average weekly thermal load from all sources on the left y-
axis and ambient temperatures on the right y-axis. While hourly demands differ for
residential and commercial buildings, the total daily cooling demand is identical.

The simulated building loads were validated using EnergyPlus building simulation
software with arbitrarily decided building orientation and geometry, producing a comparable
estimate. Figure A.7 compares the EnergyPlus model output, which utilizes simulated weather
data, with the estimated building cooling and electric demand for three consecutive days in 2016

(March 23-26 and October 5-7) for both buildings.
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Figure A.7: Normalized thermal load from the simulated load (blue) compared to
the EnergyPlus software output (orange) for the commercial building (top) and the
residential building (bottom). EnergyPlus software utilizes simulated weather,
which does not perfectly align with 2016 meteorological weather data.
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Appendix B: Chapter 4 Models Parameters

Table B.1: Selected WC chillers' characteristics

Ttem WC Chillers
© Carrier 19XR Carrier 19XR Carrier 23XL
) . . 1284 kW [365 1196 kW [340
Design cooling capacity fons] 1347 kW [383 tons] tons]
Evaporator temperature o o o
differential 8.3°C 8.3°C 7.9°C
Condenser temperature o o o
differential 6.7°C 6.7°C 7.7°C
Reference COP 6.4* 7.9 6.4
Compressor type Centrifugal Centrifugal Screw
Capacity control Guide Vanes VSD Slide Valve
Evaporator water 36.84 kg/s 36.84 kg/s 36.53 kg/s
owrate
Condenser water flowrate 53.37 kg/s 53.37 kg/s 42.71 kg/s
Refrigerant type R-134a R-134a R-134a

*Adjusted from 6.2 to better reflect representative centrifugal chiller performance

Table B.2: Fitted parameters in Gordon-Ng model for the selected chillers

WC Chillers
Item Carrier 19XR (w/o . Carrier 23XL (w/o
VSD) Carrier 19XR (w/ VSD) VSD)
ASI 0.1886 kWw/K 0.2282 kWw/K 0.0540 kWw/K
AStth 0.1612 kWi, -0.3868 kW 0.1782 kW
R 0 K/kW 0.0218 K/kWw 0 K/kWw
yLeak.equ -121.41 kWi -205.7867 kWi, 134.6552 kW,

t

Table B.3: Pumps and fans constants

Item Chiller Notes
Primary 0.020 kW/kW, Per cooling capacity
Condenser 0.015 kW/ kW Per cooling capacity
Variable Speed 0.010 kW/ kW Per cooling capacity
Tower fan 0.009 kW/ kW Per heat rejection capacity
Coil fan 0.045 kW/kW Per cooling capacity
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Table B.4: Cooling tower characteristics

Item Symbol  Value Note

NTU correlation parameters c 3.76  Cooling towers based on Dallas/Fort
n -0.63  Worth Airport [117]

Design tower approach Tsw 3°C Difference between leaving water

temperature — Twb temperature and wet-bulb temperature

Design wet-bulb temperature TWb 25°C  Reference temperature
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Figure B.1: Illustration of piecewise linearization for the three chiller types at three
inlet condenser temperatures in refrigeration mode with a supply water
temperature of 7°C and ice-making mode with a supply water temperature of -6°C.
A single segment was sufficient for chillers without VSD.
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Figure B.2: Comparison of (a) predicted COP v. COP from EnergyPlus, and (b)
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Appendix C: Chapter 5 Models Parameters

Table C.1: Selected WC chillers' characteristics

Item WC Chillers .
Trane RTHB Carrier 19XR

Design cooling capacity 531 kW [151 tons] 742 kW [211 tons]
Evaporator temperature differential 9.3°C 9.8°C
Condenser temperature differential 9.4°C 10.8°C
Design COP 4.6 4.7
Compressor type Screw Centrifugal
Capacity control Slide Valve VSD
Evaporator water flowrate 13.50 kg/s 17.79 kg/s
Condenser water flowrate 15.77 kg/s 19.56 kg/s
Refrigerant type R-22 R-134A

Table C.2: Fitted parameters in Gordon-Ng model for the selected chillers

Item WC Chillers .
Trane RTHB Carrier 19XR
ASInt 0.0432 kWw/K 0.0749 kWw/K
AS™M 0.0001 kWi -0.0002 kWi,
R 0.0292 K/kWw 0.0450 K/kW
) eeteeay 93.376 kWi 132.946 kWi,
Table C.3: Pumps and fans constants
Ttem Chiller .
Trane RTHB Carrier 19XR
Primary 5 kW 7kW
Condenser 4 kW 5 kW
Variable Speed 10 kW
Tower fan 10 kW
Coil fan 100 kW
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Table C.4: Cooling tower characteristics

Item Symbol  Value Note
NTU correlation parameters c 3.76 Cooling towers based on Dallas/Fort

n -0.63 Worth Airport [117]
Design heat rejection capacity - 1266 kW  Per tower

[360 ton]

Design air flowrate hatwr 20 kg/s Maximum fan speed
Design water flowrate mbew 28 kg/s  All chillers are operating (per tower)
Design tower approach Tsw 3°C Difference between leaving water
temperature — Twb temperature and wet-bulb temperature
Design wet-bulb temperature TWb 25°C Reference temperature

Table C.5: Cooling and dehumidification coil characteristics

Item Symbol Value Note
ai¢ 0.596x 1073 K/kg -
5 15
: . mz - s+
S:;i‘é}éfgial resistance as’ 0.217x gO_TSK/kg - High-performance coils
mz - s+
as’ 0.286 K/kW
Design air flowrate mhecades 120 kg/s Maximum fan speed
Max air inlet enthalpy patdes 55.6 kl/kg 27°C at 50% RH
Design air outlet enthalpy hae.des 34.1 kl/kg 12°C at 100% RH
Design air-side temperature ~ T% — . 27°C - 12°C
drop T ae.des 15°C
Design water-side Teerw 13.5°C 3.5°C > 16°C
temperature differential — Teesw '
Coil face area Aface 39 m? Normal to air-flow direction
Number of rows NTOW 5.1 Thickness of the coils
Design water face velocity =~ [/W.d4es 1 m/s Normal to flow direction
Design air face velocity | w.des 2.5 m/s Normal to flow direction
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Figure C.1: Comparison of (a) predicted COP v. COP from EnergyPlus, and (b)
chiller capacity as predicted from thermodynamics v. EnergyPlus for the two
selected chillers in Chapter 5.
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