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ARTICLE INFO ABSTRACT

Keywords: In the current context of global warming, where district cooling systems are increasingly burdening power grids
Solar cooling systems worldwide, it is important to design and operate alternative systems that are not only environmentally friendly,
System modeling but also cost effective for sustainable energy transition. This paper investigates the potential of two, previously

Optimization

X o . . unexplored, solar cooling systems while considering economic and environmental criteria: a Solar Thermal and
Multiple criteria decision analysis

Electrical Cooling System (STECS) that relies solely on solar energy, offering a significant environmental
advantage, and a Hybrid Solar Cooling System (HSCS) that combines a compression chiller and an absorption
chiller for improved efficiency. First, novel Mixed-Integer Linear Programming models are proposed to aid in
generating cost-effective designs and operations for each of STECS and HSCS. Second, the Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) is adapted to evaluate both systems and benchmark them
against conventional cooling systems previously studied in the literature. The proposed framework allows de-
cision makers to assess the potential of these systems using three criteria; namely, cost, carbon dioxide emissions,
and noise levels, which are crucial for ensuring the social acceptance of district cooling technologies worldwide.
A computational study is presented to show the practical relevance of the proposed framework using real-
demand data obtained from an educational district in the State of Qatar. Results show that the integration of
solar energy into conventional cooling systems has the potential to significantly reduce the annual total net cost
by 61%, CO; emissions by 60%, and noise levels by 53%, on average. Additionally, the benchmark results
demonstrate that the zero-carbon dioxide emissions solar cooling system achieves the highest overall perfor-
mance score when all criteria are considered together.

Otanicar et al. [19] that provides an analytical approach to indepen-
dently evaluate the economic and environmental benefits of different
thermal cooling systems. To the best of knowledge, this paper is the first
to propose a multi-criteria assessment framework that provides planners
and decision-makers with a holistic understanding of the economic and
environmental benefits of different solar cooling systems. It includes (1)
an optimization module that is responsible for generating cost-effective
design and operations of a selected solar cooling system and (2) a multi-
criteria decision analysis tool that enables finding trade-offs between
economic and environmental benefits simultaneously rather than inde-
pendently, hence, providing-decision makers with a comprehensive
view of alternatives to select the one that best matches their specific
requirements.

The concept of integrating renewable energy in the form of photo-
voltaic (PV) panels and solar collectors into conventional cooling sys-
tems, known as solar-assisted cooling systems, has been addressed in
recent research. A detailed survey is given in Section 2. This paper adds

1. Introduction

The presence of Greenhouse Gases (GHG) in the atmosphere has
increased by around 47% over the last decade, escalating further global
warming while increasing demand for cooling services [33]. Nowadays,
cooling demand is mainly satisfied by conventional cooling systems such
as split air conditioners, window air conditioners, and district cooling
systems. These systems consume excessive electricity for their opera-
tions, thus, putting significant stress on the power grid globally.
Renewable cooling technologies offer a climate-friendly alternative for
reducing conventional energy use and their resulting GHG emissions.
Their environmental benefits depend on various design and operational
factors that consequently influence their cost effectiveness and ulti-
mately impact their market adoption. The current literature on
comparing the potential of different cooling systems is primarily focused
on cost-related metrics, except the work done by Fumo et al. [14] and
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Nomenclature

Abbreviation

Greenhouse Gases GHG

Photovoltaic PV

Solar Thermal and Electrical Cooling System STECS

Hybrid Solar Cooling System HSCS

Baseline Conventional Cooling System BCCS

Solar Electric Cooling System SECS

Mixed Integer Linear Programming MILP

Technique for Order of Preference by Similarity to Ideal
Solution TOPSIS

Thermal Energy Storage TES

TraNsient SYstem Simulation TRNSYS

Coefficient of Performance COP

Cooling, Heating, and Power CHP

Annualized Operational Cost AOC

Annualized Investment Cost AIC

Qatar University QU

to the body of literature in this area by comparing the economic and
environmental benefits of two types of solar-assisted cooling systems
that have not been studied yet in the literature. The first system is a Solar
Thermal and Electricity Cooling System, henceforth referred to as
STECS. This system can be classified as a zero-carbon emissions system
from an operational standpoint. It completely depends on solar energy
for its operation; the required electricity and thermal energy for the
operations of its chillers are generated from PV panels and solar col-
lectors, respectively. The second system is a Hybrid Solar Cooling Sys-
tem, henceforth referred to as HSCS. This system is designed to operate
both an electricity-driven compression chiller and a thermally-driven
absorption chiller to meet the cooling demand. It uses PV panels and
solar collectors to produce respectively the electricity and thermal en-
ergy needed to operate the system. Unlike SETCS, this system can use
electricity from the grid for operations. The STECS and HSCS are
allowed the use of net metering options that enable selling excess energy
back to the grid, thus, allowing users to generate revenues as a way to
incentivize the use of renewables. Such variations in systems’ compo-
nents dictate a need for system-specific solution approaches to better
capture each system’s dynamics and operational realities.
To this end, this paper makes the following contributions:

o It introduces the design of two efficient integrated solar cooling
systems that have not been studied before, namely a Solar Thermal
and Electrical Cooling System (STECS) and a Hybrid Solar Cooling
System (HSCS) while considering three important criteria: annual
total net cost, CO, emissions, and noise level. To achieve this, this
paper develops computationally-tractable mathematical optimiza-
tion models for the design and operations of a STECS and a HSCS
using Mixed-Integer Linear Programming (MILP). The objective of
the optimization models is to find the best system configuration that
minimizes total annualized investment and operational costs while
maximizing the revenue generated from selling excess energy back to
the grid. To demonstrate the computational effectiveness of these
models, this paper utilizes real data from an educational district in
Qatar.

It performs a comparative analysis of four optimized solar cooling
systems-two drawn from existing literature and two introduced
within this paper namely, a Baseline Conventional Cooling System
(BCCS) [3], a Solar Electric Cooling System (SECS) [3], STECS, and
HSCS—, to determine the most effective system considering all
criteria simultaneously. To evaluate all criteria simultaneously, this
paper applies a multi-criteria assessment tool, namely, the Technique
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for Order of Preference by Similarity to Ideal Solution (TOPSIS)
method coupled with Shannon’s entropy method, to aid decision-
makers in evaluating systems that trade-off annual total net system
cost, CO; emissions level, and operational noise level.

Fig. 1 depicts a flowchart illustrating the step-by-step methodology
employed in addressing the novelty of this paper.

2. Literature Review

This section presents a summary of related work. It first discusses
research that focused mainly on using simulation and/or optimization
approaches to design solar-assisted cooling systems. Then, it discusses
efforts that are aimed at comparing the potential of different solar-
assisted cooling systems. Finally, it highlights the novelty of this work
in relation to the existing literature. This paper refers the reader to
Section 1 of the supplementary material that has the detailed description
of the contribution and outcomes of each related work to keep the length
of the paper at a reasonable length.

2.1. Simulation and Optimization Methods for Solar Assisted Cooling
Systems

The design of solar-assisted cooling systems from a simulation lens
has gained ample attention in the literature during the last decade (see
for example Abusaibaa et al. [2], Khan et al. [16], Sokhansefat et al.
[25], and Soussi et al. [27]), where these work are the most recent in
that area. The cooling systems structure investigated in current research
primarily included absorption chillers, solar collectors, and cold-water
thermal energy storage (TES) while using TraNsient SYstem Simula-
tion (TRNSYS) software to analyze and assess their designs and opera-
tional strategies. Key investigated decisions include determining the
absorption chiller, storage tank, and auxiliary boiler capacities, solar
collector area and orientations, and chiller coefficient of performance
(COP). Another stream of research used an optimization approach to
design cooling systems either by using a simulation-based optimization
framework (see for example Bilardo et al. [8], Calise et al. [11], where
these work are the most recent in that area) or a standalone optimization
procedure (see for example, Al-Noaimi et al. [5], Gang et al. [15], and
Reda et al. [23], Alghool et al. [3] and Khir and Haouari [17]). In their
paper, Alghool et al. [3] developed a MILP model to optimize the design
and operation of a solar electric cooling system and a conventional
cooling system. Both models addressed the optimal design which was
reflected in specifying the capacity, investment cost, and efficiency of
each system component. Both models also determined the optimal
operating policies which were reflected in specifying the quantities of
cold thermal energy produced and stored and quantities of electricity
produced and sold. Abdollahi and Sayyaadi [1] and Brandoni and Renzi
[9] have studied the existence of both absorption chiller and compres-
sion as a part of cooling, heating, and power (CHP) generation systems
from an optimization perspective. Nevertheless, their developed systems
are not classified as hybrid systems since the compression chiller is used
as an auxiliary chiller, and the chillers are a part of a larger system.
Other efforts focused on studying and analyzing the thermodynamics of
hybrid solar cooling systems (see for example Wang et al. [31], Zeng
et al. [34], and Zhang et al. [35]), where these work are the most recent
in that area. Both absorption and compression chiller systems were in-
tegrated, where the output of the absorption sub-system is the input to
the compression sub-system. These studies differ from this work in terms
of components, the type of renewable energy employed, and optimiza-
tion objective(s).

2.2. Comparative studies of Solar Assisted Cooling Systems

Comparing different types of cooling systems has gained ample
attention recently, mainly to better assess the feasibility and
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Fig. 1. The methodology of this paper.

effectiveness of different cooling technologies. Ayadi and Al-Dahidi [7]
and Brumana et al. [10], Eicker et al. [12], Noro and Lazzarin [18], and
Shirazi et al. [24] carried out comparison studies between different
types of solar cooling systems that were developed and simulated on
TRNSYS software.Al-Ugla et al. [6], Fumo et al. [14], Otanicar et al.
[19], Papoutsis et al. [21], and Porumb et al. [22] carried out compar-
ison studies between different types of solar cooling systems without
specifying the methods used to develop the systems. The different
assessment criteria used in each study are highlighted in Table 1.

To the best of knowledge, this paper is the first to (1) introduce MILP
optimization models to optimize the design and operating policies of the
STECS and HSCS and (2) perform a comparison study between various
types of mathematically optimized solar-assisted cooling systems using
optimization and a multi-criteria assessment framework that takes into
account important economic and environmental considerations.

3. Solar-assisted Cooling Systems
This section describes the two cooling systems of interest in terms of

setup and primary components. It introduces mathematical notation
that will be used later in the problem formulation. The modeling

considers a time horizon of a year with 1-h time discretization; that is,
this paper investigates designs that optimize hourly operations to cap-
ture real-life system behavior better.

3.1. Solar Thermal and Electrical Cooling System (STECS)

The STECS consists of eight main components, namely, absorption
chiller, ice chiller, auxiliary electric boiler, ice TES, cold-water TES, hot-
water TES, solar collectors, and PV panels. It is designed to operate with
nearly zero-carbon dioxide emissions. Fig. 2 illustrates the system’s
components and highlights its corresponding energy flows in the form of
cold thermal energy, hot thermal energy, and electricity; the arrows
indicate the flow direction and are tracked over time for each period t.
This paper describes the process in what follows; notation in the
parenthesis refers to the mathematical notation used later in problem
modeling. The operation starts with solar collectors generating hot
thermal energy (L5¢), and PV panels generating electricity (LF") using
sun radiation (G;). The electricity generated by the PV panels can be
used to power the ice chiller (LY, and/or the auxiliary electric boiler
(LPVB). If it exceeds the ice chiller and auxiliary electric boiler needs, the
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Table 1
Assessment criteria of different study.

Energy Conversion and Management: X 22 (2024) 100530

Study Economic Criterion

Environmental Criterion Noise Criterion

Otanicar et al. (2012)
Fumo et al. (2012)

Eicker et al. (2014)

Noro and Lazzarin (2014)
Shirazi et al. (2016)
Porumb et al. (2016)
Al-Ugla et al. (2016)
Papoutsis et al. (2017)
Ayadi and Al-Dahidi (2019)
Brumana et al. (2021)
This Paper
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surplus electricity generated is sold to the grid (L?’). The hot thermal
energy generated by solar collectors can be used to power the absorption
chiller directly (F{”A), or get stored at the hot-water TES (M,) to generate
energy (D7) that can be used later to power the absorption chiller. The
absorption chiller can be powered by the hot thermal energy generated
from the solar collectors (F{”A), the auxiliary electric boiler (BtCh), and/or
the hot-water TES (D). The surplus hot thermal energy generated by
the auxiliary boiler (B"™"T) is stored at the hot-water TES. The cold
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thermal energy produced by the absorption chiller (F®) can be used to
meet the cooling demand directly (S¢W) or get stored at the cold-water
TES (E,) to satisfy the cooling demand (D"T) when needed. The ice
chiller uses the electricity from PV panels to produce the energy needed
to cool the water and turn it into ice (P;) which is stored at the ice TES.
The ice chiller supplies the ice TES with the energy required to maintain
the built-up ice at the ice TES (H,). The built-up ice at the ice TES gets
melted, and the resulting cold thermal energy can be used to satisfy the

Ice Chiller Ice TES

Cold Thermal Energy

) (F"“”) (B).
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Cold Thermal Energy
(DFWT

(D,’CE)

Demand

(De)

Fig. 2. An illustration of the STECS components.
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cooling demand (D’F) when needed.
3.2. Hybrid Solar Cooling System (HSCS)

Unlike the STECS, the HSCS operates a compression chiller and does
not include an ice chiller or an ice TES, resulting in different system
structures and dynamics. This paper uses similar notations to those used
to describe the STECS and introduce additional notations where needed
to capture the differences in the system’s dynamics. Fig. 3 illustrates the
system’s components and energy flow in the form of cold and hot
thermal energy and electricity through the system’s components; the
arrows indicate the flow direction and are tracked over time for each
period t. This paper describes the process in what follows; notation in the
parenthesis refers to mathematical notations used later in problem
modeling. The system’s operation starts with PV panels and solar col-
lectors, denoted by G,. Using sun radiation, PV panels generate elec-
tricity (LFV) while solar collectors generate hot thermal energy (L5€). The
electricity generated by PV panels can be used to power the auxiliary
electric boiler (LFV®). If the generated electricity by PV panels exceeds
the auxiliary electric boiler needs, then the surplus electricity generated
is sold to the grid (Lf_v). The grid can be used to power the compression
chiller (F"®) and/or the auxiliary electric boiler (K?). The hot thermal
energy generated by the solar collectors can be used to power the ab-
sorption chiller directly (F{"A) or get stored at the hot-water TES (M;) to
be used to satisfy the cooling demand (Df"") when needed. The ab-
sorption chiller can be powered by the hot thermal energy generated

5 54
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from the solar collectors (FI™), the auxiliary electric boiler (B™"), and/or
the hot-water TES (D). The surplus hot thermal energy generated by
the auxiliary boiler (B?"T) can be stored at the hot-water TES. The
compression chiller, when used, is powered with electricity (FIC)
generated from the grid. The cold thermal energy produced by the ab-
sorption chiller (FO®), the compression chiller (FO°°), or both (F°) can be
used to meet the cooling demand directly (SC%), or get stored at the cold-
water TES (E,) to satisfy the cooling demand (DfWT) when needed.

This paper proposes a deterministic mathematical model for both
STECS and HSCS to find the optimal design and hourly operating pol-
icies given an expected annual hourly demand. The goal is to find the
optimal capacity of each system component as well as production and
storage strategies that minimizes the total system costs while maxi-
mizing generated revenues. Formal definitions of the decision variables
and system’s constraints of the two systems are given in Section 4.

4. Mathematical Modelling

This paper now presents the MILP formulations for the STECS. The
MILP formulation for the HSCS is quite similar to the one developed for
STECS with minor differences. The full description of Model HSCS is
included in Section 3 in the supplementary material. The goal is to find
the optimal design and operating policies of system’s components with
the objective of minimizing the total system’s annualized cost over its
lifetime and maximizing revenues generated from selling excess energy
back to the grid. Key assumptions in the modeling are that (i) each
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Fig. 3. An illustration of the HSCS components.
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system operates in a steady-state mode, (ii) solar collectors and PV
panels efficiencies are constant and known in advance, (iii) a chiller of
any type operates given a pre-defined COP, and its COP varies with the
outdoor temperature, and (iv) TES of any type operates using a pre-
defined efficiency level that is known in advance.

4.1. Decision Variables

The system’s variables were described earlier in Section 3, and they
correspond to various components’ capacity, efficiency, investment
cost, and variable cost. This paper refers the reader to Section 2 in the
supplementary material for a complete list of the notation and
definitions.

The decision variables include design decisions as well as operational
decisions. The design decisions are related to (i) determining whether a
component is included in the system, and (ii) determining the capacity
of each component, if present. The operational decisions are defined for
every operating period (hour). They are related to determining the
quantities of (i) hot thermal energy and electricity generated from solar
collectors and PV panels, (ii) cold thermal energy produced by the ab-
sorption chiller and ice chiller, (iii) electricity generated by the grid and
auxiliary boiler, (iv) cold thermal energy or hot thermal energy stored in
cold-water and hot-water TES, and (v) energy or electricity exchanged
between components. Section 2 in the supplementary material includes
a detailed list of decision variables and their definitions.

4.2. Objective Function

The objective is to generate a system design that minimizes system’s
annual total net costs modeled as

min  p [ZFthyk + > FCEdy + Fxoe + F™xpy + Y FCVg)

kek geG heH
SYr Y
jel i€l
+ D FCMw, | +> VCIFCT 4+ VCEP 4+ VCIVB, — ZSL;TV
qeQ teT el el el

@

The objective function 1 minimizes the difference between the annual-
ized operational and investment costs of the system, denoted henceforth
as AOC and AIC, respectively, and the annual revenues obtained from
selling surplus PV-generated electricity back to the grid (SL?V). The AOC
includes the variable costs of producing cold thermal energy from the
absorption chiller (VCtChF?“b), energy from the ice chiller (VCﬁCPt), and
hot thermal energy from the auxiliary electric boiler (VC{{WB[). The AIC
includes the investment costs of an absorption chiller (FC,fhyk), an ice
chiller (FC? dy), solar collectors (F*x,), PV panels (FPVxpy), a cold-water
TES (FC:"gy), a hot-water TES (FCJHsz), an ice TES (FCP¢;), and an
auxiliary electric boiler (FCZIqu). All investment costs are presented as
annualized equivalence costs using a discount factor p. In the compu-

i(i+1)"

Rt where n is the

tational experiments, this paper sets p to equal to

component’s life time and i is the interest rate.

4.3. Constraints

This section describes capacity, flow balance, and demand con-
straints that need to be accounted for when designing the system. It first
provides a high-level description of each system’s constraints, followed
by their corresponding MILP formulation.

Capacity Constraints. Constraint (2) ensures that a single absorp-
tion chiller is installed with capacity k € K. Similarly, constraint (3)
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ensures that a single ice chiller is installed with capacity g € G while
constraint (4) ensures that an ice TES is installed with capacity i € I.

D=1, 2
> de=1, ®)
=1, @

Constraints (5)—(7) are optional capacity selection constraints for the
cold-water TES, hot-water TES, and the auxiliary electric boiler
respectively, if present.

> el )

heH

> as<l, 6)

Jjel

qusl, )]

q<Q

Constraints (8) ensures that for every period t, the energy produced
by the solar collectors is at most equal to the solar energy collected
by the installed solar collectors. Similarly, constraints (9) ensure that
the energy produced by the PV panels in every period t is at most the
available energy collected by the installed PV panels area.

Ly <n,.GiXye VteT (8)

LY <npy Goxpy, vieT ©)
Constraint (10) ensures that the sum of the installed solar collectors
area and the installed PV panels area does not exceed the maximum
available area.

Xoe +xpy<A (10)

Constraints (11) ensure that the cold thermal energy produced from
the absorption chiller during every period t does not exceed the
selected chiller capacity. Similarly, constraints (12) ensure that the
energy produced from the ice chiller during every period t does not
exceed the selected chiller capacity.

FO<> O, VieT an
kek
P<) Ed,, VieT 12)

g€G

Constraints (13)-(15) ensure that the cold thermal energy inventory
level, hot thermal energy inventory level, and the ice energy in-
ventory level do not exceed the selected cold-water TES capacity,
hot-water TES capacity, or ice TES capacity, respectively.

1> "Digs, VieT a3
heH

<Y Ry, VieT 14)
jel

<> e, VieT (15)

iel

Constraints (16) ensure that the hot thermal energy produced from
the auxiliary electric boiler does not exceed the selected auxiliary
electric boiler capacity.
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B<) L,w,EFF,,
q€Q

VieT (16)

Constraints (17) and (18) introduce the selected absorption chiller
COP and ice chiller COP which varies with time, respectively.

FO = "COPFI"yy, vieT 17)
kek
P<)_COP,L"d,, vreT a1s)
geG

Flow Balance Constraints. Constraints (19)-(21) are the energy
balance constraint of the model. Constraints (19) introduce the en-
ergy balance constraint for the selected cold-water TES, where the
cold thermal energy inventory level of the previous period summed
with the cold thermal energy delivered to the cold-water TES at the
current period is equal to the cold thermal energy inventory level at
the current period summed with the cold thermal energy delivered to
satisfy the cooling demand. Constraints (20) and (21) similarly
introduce the energy balance constraint for the selected hot-water
TES and ice TES, respectively.

6% 428, = IOV 4 eDEVT IV = 1V, ver a9

Oab InA CW SCyCW JHW gls CWT HWT Ch HWT PVyPV ICE 114 PVI PVB
X, Xpy, FOU Py, FIM SOV LSCIOY 1Y 1 E, M, H,, D™, D™ B, B B™ LTVLIY, DIF, FY L™, 17" 30,

I oM, = I 4+ DIV iV = [V

1 vieT (20)

SV + D 4+ DIF = D,, vteT 21

Demand Constraints. Constraints (22) enforce the cooling demand
to be satisfied from the cold-water TES, the absorption chiller, and/
or the ice TES during every period t.

SV +E, = Fo, vieT (22)
Constraints (23) enforce the cold thermal energy produced from the
absorption chiller during every period t to be used to satisfy the
cooling demand directly and/or get stored in the cold-water TES.
Similarly, constraints (24) enforce the absorption chiller demand for
hot thermal energy to be satisfied from hot-water TES, solar collec-
tors, and/or auxiliary electric boiler while constraints (25) enforce
the hot thermal energy delivered to the absorption chiller from the
hot-water TES is from the auxiliary electric boiler and/or the solar
collectors.

SV L E, = Fo vteT (23)
L€ — M, + B + D'V = pin4, VteT 24)
M, +B"" = D" vieT (25)

Constraints (26) enforce that the electricity produced from PV panels
during every period t equals the electricity delivered to the auxiliary
electric boiler while constraints (27) ensure that the electricity pro-
duced from PV panels is used to power the auxiliary electric boiler,
the ice chiller, and/or sold to the grid.

L' =B, VieT (26)
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LB IV = vieT (27)
Constraints (28) enforce that the hot thermal energy produced from
the auxiliary electric boiler could satisfy the absorption chiller de-
mand or be stored in the cold-water TES.

BT + B = B, VteT (28)
Constraints (29) enforce that the energy delivered to the ice TES is
used to maintain the ice state in the ice TES while constraints (30)
enforce that the energy produced from the ice chiller equals the
energy required to decrease the water temperature and build ice.

H =F/L, VieT (29)

vP, = H,+ F)' CofT,,, VieT (30)

Non-Negativity and Integrality Constraints. Constraints (31)-
(31) are the non-negativity and integrality constraints of the model.

ykfglnz/'awwciadg € {071}$ Vk EKthH,q € QviEIag

€G
(31

vteT. (32)

Objective (1) and constraints (2)—(31) constitute the MILP formula-
tion used to optimize for the STECS model.

5. Data Collection

This paper uses real-life data to assess the operational performance of
the proposed models. It obtained data from Qatar University (QU)
campus, an educational district in Doha, Qatar. The operations time of
QU is from 8 am to 8 pm from Sunday to Thursday. Along with the
summer break, there is a winter break from mid-December to mid-
January and a week-long Spring break in March. The campus is char-
acterized by very high cooling demand with a peak cooling demand of
6000 tones refrigeration [3]. The data used in the computational ex-
periments are publicly available; see Alghool et al. [4] for a detailed
description of the data used in the computational experiments. The data
includes information about system parameters, including system ca-
pacity, fixed cost, and efficiency of the system components, namely solar
collectors, PV panels, absorption chiller, compression chiller, ice chiller,
ice TES, hot-water TES, cold-water TES, and auxiliary boiler. The
collected data represents the year 2016. It includes hourly cooling de-
mand and solar irradiance for Qatar over the year, as well as variable
costs of producing and storing cold-water, hot-water, and electricity. As
well, this paper collected additional data on the system parameters of
the compression chiller, PV panels, the ice chiller, and the ice TES. They
are included in Section 4 of the supplementary material. The additional
data related to four system components, namely, the compression
chiller, PV panels, the ice chiller, and the ice TES. For the compression
and ice chiller, this paper collected data on their capacity, COP, in-
vestment cost, and the variable cost of producing a unit of cold thermal
energy from them. For PV panels, this paper collected data on their fixed
cost per m? and efficiency. For the ice TES, this paper collected data on
its capacity, and investment cost.
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To capture equipment sensitivity to environmental factors, this paper
considers the performances of compression, absorption, and ice chillers
to vary depending on outdoor temperatures. For example, a chiller
performs better in cold weather than in hot weather; hence, the COP of a
chiller is expected to be higher in cold weather than in hot weather.
Modeling the exact relationship between the chiller’s COP and outdoor
temperature is complex and difficult to quantify. Therefore, this paper
approximates this relationship based on a set of assumptions typically
used in practice and research literature. Specifically, this paper assumes
that:

e a linear relationship exists between the COP and the outdoor tem-
perature [32],

e the maximum COP,,, value is obtained when the outdoor temper-
ature is at its lowest, and it is assumed to equal the given nominal
COP value [28], and

e the minimum COPy,;, value is obtained when the outdoor tempera-
ture is at its highest T, and it is assumed to equal to half of the
nominal COP value [28].

6. Case Study and Numerical Results

The primary objective of the computational study is to assess and
compare the performances of the resulting designs and operational
strategies to guide managerial decision-making. Toward this goal, both
STECS and HSCS are compared to other systems previously investigated
in the literature, namely a Baseline Conventional Cooling System (BCCS)
and the Solar Electric Cooling System (SECS). The BCCS system is a
conventional cooling system that relies solely on electricity generated by
power grids to operate its chillers. The SECS has a similar system
structure to the BCCS, with the addition of a cold-water TES and PV
panels. It also has the option of selling the surplus generated electricity
to the grid to generate revenue. For brevity, this paper refers the reader
to Alghool et al. [3] for details about the BCCS and SECS modeling and
mathematical formulations. To ensure.

This paper consulted directly with experts in the field to ensure that
problem definition, system setup, and resulting solutions are relevant
and practical. This paper also conducted a comprehensive survey of
related literature, as shown earlier in Section 3, to ensure that the
problem assumptions, parameters, and definitions align with best
practices and current market standards.

In what follows, this paper first examines the behavior of the opti-
mized system regarding demand satisfaction. Following this, it discusses
the operational performance of the cost-optimized solutions and eval-
uate their impact on CO;3 emissions and noise levels.

6.1. Optimized Systems Behavior: Demand Satisfaction

Tables 1-4 in Section 5 of the supplementary material provides
detailed optimal solutions for the four systems. Fig. 4 illustrates the
contribution of renewable and non-renewable energy sources. The main
characteristics of the optimized solutions are:

e The optimized SECS met the cooling demand but relied on PV panels
and the grid to meet the electricity demand. PV panels covered 57%
of the demand and sold 89% of the generated electricity, generating
revenue to cover 75% of the system’s costs.

Table 2
Comparison of models based on operational CO, emissions.
System BCCS SECS STECS HSCS
Quantities of electricity 15,311,750 6,427,689 N/A 12,046,053
supplied from grid (kWh)
CO,, emissions (kg) 2,756,115 1,156,984 0 2,168,290
Rank 4 2 1 3
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Table 3
Average noise level produced by various system components.

Component Noise Level (dB)
Absorption Chiller 55
Compression Chiller 87
Ice Chiller 60
Auxiliary Electric Boiler 44
Table 4
Comparison between the four models based on noise score
System BCCS SECS STECS HSCS
Total Noise Level (dB) 87 40 27.2 54.4
Rank 4 2 1 3

e The optimized STECS had the absorption chiller meeting 83% of the
cooling demand, with the remaining 17% met by the ice chiller. PV
panels covered 100% of the electricity demand for the ice chiller and
auxiliary electric boiler and sold 65% of the generated electricity,
covering 34% of the system’s costs. Solar collectors covered 84 of the
hot thermal energy demand of the absorption chiller. PV panels
occupied 74% of the available area, and solar collectors occupied the
rest.

e The optimized HSCS had the compression chiller covering 76% of the
cooling demand, while the absorption chiller covered the remaining.
PV panels covered 68% of the electricity demand for the auxiliary
electric boiler, and solar collectors covered 89% of the hot thermal
energy demand of the absorption chiller. PV panels occupied 92% of
the available area, while solar collectors occupied the rest. The sys-
tem relied on non-renewable energy from the grid to meet the
electricity demand for the compression chiller and auxiliary electric
boiler. PV panels sold 98% of the generated electricity, generating
revenue to cover 74% of the system’s costs. The HSCS did not use
hot-water TES in its optimal configuration.

6.2. Annual Total Net Costs

Fig. 5 compares different cooling system models based on their
annual total net costs which include both the annual system costs, i.e.,
AIC and AOC, as well as generated revenues where applicable. It is
worth noting that the BCCS is the only setup that does not generate
revenues since it does not have PV panels within its configuration to
generate energy and possibly sell back to the grid. In the SECS, the
generated revenues help in covering 75% of the system costs. Similarly,
the generated revenues in the HSCS cover 74% of the system costs.
Lastly, in the STECS, the generated revenues cover 34% of the system
costs. Fig. 6 provides further details on cost analysis, highlighting key
differences in investment and operational costs based on the contribu-
tion of each selected system’s component. As can be seen,

e The SECS model is 1.67 times cheaper than the BCCS model. Its PV
panels help in fulfilling more than half of the electricity demand
(57%) of the compression chiller, thus, reducing the amount of
electricity withdrawn from the grid, which in turn reduces the
associated cost by 138% when compared to the BCCS.

e The SECS model is 2.22 times cheaper than the STECS model. This
can be explained by the smaller investment cost associated with
installing SECS when compared to STECS since it operates fewer
components.

e The SECS model is 9% cheaper than the HSCS model. This is due to
SECS operating fewer components, which results in reduced annual
investment cost when compared to HSCS, which is slightly cheaper
to operate than SECS.

In summary, this paper findings show that the SECS model is the
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most cost-effective in the presented case study due to its revenue gen- 1. The decision variables related to producing energy from compression
eration, reduced electricity demand, and fewer components. The HSCS chiller, absorption chiller, and auxiliary boiler, are calculated when
model, on the other hand, has a lower operational cost, but it is still more the models are optimized. These components emit carbon dioxide
expensive overall than the SECS model. (COy), because they use the electricity supplied from the grid as
source of energy to produce the required thermal energy. The deci-
6.3. CO2 Emissions sion variables are energy required to produce cold thermal energy
from absorption chiller (F?ab) or compression chiller (F?“’), and hot
This paper computed operational CO2 emissions for each cooling thermal energy from the auxiliary boiler (B,).
system model by following the below steps: 2. The values of these decision variables are then multiplied by a con-

version factor of 0.18 kg/kWh to estimate the quantity of COy
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Fig. 6. Economic analysis of components of cooling systems under study.

emitted during the combustion of natural gas, the primary fuel
employed in Qatar for electricity generation, to yield one kilowatt-
hour of energy as found in [13].

3. The total emissions of each model is then calculated by summing the
calculated CO; of each component over the observed period (i.e.,
8784 h). For instance, for the HSCS model, the total emissions are
calculated using the following equation:

HSCS Total Emissions = 0.18 ZF,O“b + ZF,OC" + ZF?“’Bt

teT teT €T

Table 2 summarizes the results, which show that introducing
renewable solar energy significantly reduces CO2 emissions, with the
STECS system emitting nearly zero. Compared to the baseline BCCS
model, the SECS system reduced CO, emissions by 58% by satisfying
57% of the electricity demand with PV panels, and the HSCS model
reduced CO, emissions by 21% due to the use of an absorption chiller
and solar collectors. The importance of integrating solar energy into
district cooling systems is highlighted as it can significantly reduce
operational CO; emissions. Note that this analysis only covers opera-
tional emissions and not emissions through the life cycle of the
components.

6.4. Noise Levels

Compression chillers can be a significant source of noise pollution in
densely populated urban areas. This noise pollution can lead to serious
health problems and is therefore important to consider when designing
district cooling systems, particularly since they are often located in
urban areas. To address this issue, a proposed method for quantifying
the noise pollution generated by each model is introduced, and a noise
score is calculated for each component and system. The noise score for
each component is computed based on two aspects: the estimated
average noise level produced by each component when it operates and
the noise duration estimated by the operational time of the system’s
components. The noise score is calculated by multiplying the percentage
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of operation time of each component by its estimated noise level and
then adding the noise levels of the components based on a weighted sum
formula:

System’s Noise Score = Zn,»pi,

i€l

where i is the component index, n; is the component’s noise level, and p;
is the percentage of operation time of the component. Table 3 illustrates
the estimated noise levels of each component when it operates
[26,30,20,29], and Table 4 summarizes the comparison results obtained
from the models based on the calculated noise scores during the
observed periods. This paper observes that the baseline BCCS has the
highest noise score among the other models, which is 87 dB. In contrast,
the STECS has the lowest noise score, which is 27.2 dB, since it employs
an ice chiller with a lower noise level than compression chillers, and
does not operate for long periods in the system. It is important to note
that noise scores can be significantly reduced when renewable energy is
introduced into systems in the form of solar energy. When comparing
the baseline BCCS with other systems, the noise scores have decreased
by 54% for the SECS, 69% for the STCES, and 37% for the HSCS. This
highlights the significance of integrating solar energy in district cooling
systems to reduce noise levels.

7. Multi-criteria Assessment

This section addresses the paper’s second fold of the problem. It first
summarizes the ranks of the optimized models based on the three
assessment criteria independently. It employs Shannon’s entropy and
TOPSIS methods to find the best system while considering the three
criteria which are:

e Annualized investment and operating costs. As the expected revenue
is the same for all cooling systems, minimizing fixed and variable
costs is crucial for profitability and return on investment. It is
measured in U.S. dollars.
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Table 5
Summary of the four alternatives ranking
Alternatives BCCS SECS STECS HSCS
Annual Total Net Costs 3 1 4 2
CO, Emissions 4 2 1 3
Noise Level 4 2 1 3
Table 6
The calculated objective weights of the criteria
Criteria Weight
Annual Total Net Cost 0.219
CO, Emissions 0.621
Noise Level 0.160

e Annual CO, emissions resulting from cooling system operation.
Reducing emissions is paramount, given the global focus on tran-
sitioning to a decarbonized economy. It is measured in kg.

e Noise level. Conventional compression chillers are known to
generate noise, making their placement in densely populated urban
areas challenging. Minimizing noise levels enhances social accep-
tance. It is measured in dB.

7.1. General Model Ranking

Table 5 shows the ranks of the four models based on the three
assessment criteria: the annual total net cost, CO5 emissions, and noise
levels. The results show that when considering the annual total net cost
criterion only, the SECS achieves the best performance compared to the
other systems. For the CO5 emissions criterion, the STECS achieves the
best performance. The same is true when considering the noise level
criterion.

7.2. TOPSIS Model Ranking

TOPSIS method is used as a multi-criteria analysis approach to select
the best system based on multiple criteria. First, the Shannon entropy
method is used to find the objective weights of the criteria. After that,
the TOPSIS method is used to assess the system based on the three
criteria simultaneously.

Step 1: This paper uses the Shannon entropy method to find the
objective weights of the criteria.

Table 6 summarizes the results obtained from the Shannon entropy
method which represents the calculated objective weights of the criteria.
The objective weights are used as input to TOPSIS.

From the Shannon entropy method, the CO5 emissions criterion has
the highest weight with 0.621, while the noise level criterion has the
least weight at around 0.160.

Step 2: This paper uses TOPSIS to assess the alternatives Table 7
summarizes the results obtained from the TOPSIS method, which are the
calculated performance score and rank of the alternatives.

Based on the TOPSIS analysis, it can be concluded that the STECS is
the best system from a multi-criteria standpoint, as it achieves the first
rank with a performance score of 0.811. This means that when consid-
ering all three criteria, which are the annual total net cost, CO5 emis-
sions, and noise level, the STECS achieves the best performance when
compared to the other systems. The SECS, HSCS, and BCCS achieve the

Table 7

The calculated performance score and rank of the alternatives
Alternative BCCS SECS STECS HSCS
Performance Score 0.053 0.604 0.811 0.292
Rank 4 2 1 3
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second, third, and fourth ranks, respectively.
8. Conclusion

This paper has addressed two research questions. The first is related
to designing an efficient integrated solar cooling system, namely STEC
and HSCS while considering three important criteria: annual total net
cost, CO3 emissions, and noise level. To achieve this, this paper devel-
oped large-scale MILP models that aimed to determine the optimal
design of system components and the optimal hourly operating policy
throughout the year. To demonstrate the computational effectiveness of
these models, this paper utilized real data from an educational district in
Qatar. The second research question is related to performing a
comparative analysis of four optimized solar cooling systems, namely
BCCS, SECS, STECS, and HSCS to determine the best system when all
criteria are considered simultaneously. To evaluate all criteria simulta-
neously, this paper employed the TOPSIS and Shannon’s entropy
methods.

The results of the first research question have shown that the inte-
gration of solar energy into conventional cooling systems has the po-
tential to significantly reduce the annual total net cost by 61%, CO;
emissions by 60%, and noise levels by 53%, on average. These findings
highlight the environmental and economic benefits of incorporating
solar energy into cooling systems. The results of the second research
question demonstrated that SECS has the best performance in terms of
the annual total net cost criterion, while STECS outperformed the others
in terms of COy emissions and noise levels. However, when all the
criteria are considered simultaneously, the STECS, which relies entirely
on solar energy, emerged as the best-performing system. On the other
hand, BCCS, a conventional electricity-driven chiller, exhibited the
lowest performance score, making it the least desirable option from a
multi-criteria standpoint.

Moving forward, potential research extensions could focus on
addressing stochasticity in demand or supply-side operations. For
instance, a robust optimization approach could be employed to develop
designs that are resilient to changes in demand and supply patterns for
different customers utilizing various energy sources. Such an approach
would enable planners to understand better the trade-offs between the
desired level of system robustness and various operational measures,
including costs and service levels.
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