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This study investigates the thermodynamic performance of a solar-powered absorption cooling system. The system uses a lithium
bromide-water (LiBr-H2O) absorption refrigeration system (ARS) integrated with evacuated solar collectors (ETSC) and thermal
energy storage (TES) to provide a 3 kTR cooling capacity for a university campus. The paper examines the performance of the
integrated system under different design and operating conditions as well as the performance of each subsystem, i.e., ETSC,
TES, and ARS. Furthermore, a parametric energy and exergy analysis is applied, where different parameters are studied, such
as the temperatures of the generator, the condenser, the evaporator, and the absorber. In addition, the system performance is
examined with the variation in environmental conditions. The coefficient of performance (COP), exergetic efficiency, exergy
destruction, and fuel depletion ratio (FDR) are used to evaluate the system’s performance. The ETSC and the TES are studied
under the variation in solar radiation through the day in two seasons: summer and winter. The results revealed that the
increase in generator temperature positively impacts the COP of the ARS while lowering the condenser and absorber
temperature gives the same positive effect. Furthermore, the main reason for the exergy destruction is found to be the solar
collector, which is responsible for destroying 89% of the input solar exergy. Additionally, 4.7% of the inlet exergy is destroyed
in the generator, which makes 4.5% of the total exergy loss. The TES destroyed 4.8% of the total solar exergy input. The
energy analysis shows that the ARS achieves an energetic COP of about 0.77, while the exergy analysis revealed that the
exergetic COP is 0.21.

1. Introduction

Many factors, such as the fast rise in energy costs, supply
security concerns, pollutant emissions, and global climate
change, have all rendered current refrigeration systems
unsustainable [1]. Concerns about the continuous use of tra-
ditional refrigeration systems and their environmental
implications, such as ozone layer depletion and global
warming, are growing. As an alternative, environmentally
friendly refrigeration systems must be taken into consider-
ation. Absorption systems use low-grade heat to produce a
cooling effect. The required heat can be provided from
renewable sources to reduce electricity demand and cost
made by conventional vapor-compression systems.

In this regard, enhancing absorption refrigeration sys-
tems (ARS) has been one area of attention [2]. Ammonia-

water and water-LiBr have become the most effective work-
ing fluid pairings in the majority of ARS applications [3].
However, water-LiBr solution has a lower environmental
effect compared to vapor compression and NH3-H2O
absorption systems [4].

Solar energy has many advantages over other energy
sources because it is abundant and clean. However, solar
energy is intermittent, and energy storage is required to pro-
vide energy from solar continuously [5]. Solar collectors are
heat exchanger technology that were developed to efficiently
capture solar thermal energy. However, it still needs further
improvement and development, which has attracted the
interest of scientists over the past few decades [6]. Evacuated
tube solar collector (ETSC) is one option of the mature solar
collector technologies, in which a vacuum is created between
the absorber and the glass cover, which enables higher
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thermal efficiency compared with flat plate solar collectors.
This vacuum gap lowers the convectional and conductional
heat losses from the collector. Lower heat losses in the evac-
uated tube solar collectors led to higher working liquid outlet
temperatures. Higher temperatures and pressures are more
valuable for industrial applications, so ETSC would be pref-
erable [7].

Several studies have been conducted using an exergy-
based analysis to assess the performance of absorption
refrigeration systems (ARS) [8]. For example, Gomri [9]
used the first and the second laws of thermodynamics to
analyze the changes in the coefficient of performance
(COP), exergetic efficiency, and exergy destruction of the
components of the system. The results showed an increase
in the COP with the rise of the generator and evaporator
temperatures and a decrease with the rise of the condenser
temperature. An exergy-based thermoeconomic approach
was applied to a single-effect H2O-LiBr absorption system
for air-conditioning purposes [10]. Şencan et al. [11] present
a thermodynamic analysis of LiBr-H2O absorption system
for cooling where the exergy loss was calculated alongside
COP and exegetic efficiency, focusing on the effect of the
heat source temperature on the system performance.
Kaynakli and Kilic [12] applied energy and exergy analyses
to evaluate the performance of an H2O-LiBr ARS. The effec-
tiveness of the heat exchanger and the operating conditions
were studied for their influence on system COP. According
to their findings, COP increases as generator and evaporator
temperatures rise and decreases as condenser and absorber
temperatures rise. Kaushik and Arora [13] designed an
H2O-LiBr ARS with a series flow double effect and evaluated
it using energy and exergy calculations. The outcomes were
contrasted with a single-effect ARS, and energy and exergy
studies were used to investigate the impact of operating con-
ditions on the efficiency of the heat exchanger and ARS
components. Rivera et al. [14] investigated the exergy and
energy performance of an experimental single-effect LiBr-
H2O system, and they found that the maximum values of
COP and exergetic coefficient of performance (ECOP) are
achieved at the highest solution concentrations, while the
cycle’s improvement potential and exergy destruction stay
essentially constant about the main operation parameters.
Also, it was demonstrated that the COP and ECOP fall as
absorber temperature rises while the improvement potential
and the exergy destruction rise. Modi et al. [15] developed
a numerical program to calculate the energy and exergy of
a single-effect ARS. Their results show that at 87°C, the
generator achieves its optimal COP and exergetic efficiency
values of 0.74 and 25%, respectively. Kaynakli et al. [16]
presented a thermodynamic simulation for a double-
effect H2O-LiBr ARS. They examined the impact of oper-
ating temperatures on the heat capacity and exergy
destruction of the high-pressure generator, the overall sys-
tem COP, and the mass flow rates of three various heat
sources. They reported that the exergy destruction rate
increases with increasing the heat source temperature
while raising the temperature of the high-pressure genera-
tor leads to a decrease in its exergy destruction rate.
Mohtaram et al. [17] used the exergy concept to investi-

gate the performance of a lithium bromide ARS. The
result showed that the absorber has the highest exergy
destruction rate reaching 35% of the whole exergy destruc-
tion. Ahmad et al. [18] apply an energy analysis for single
ARS for LiBr-H2O and lithium chloride-water (LiCl-H2O)
with different operational parameters, and their result
shows that the LiBr-H2O system’s maximum COP is
found to be between 0.741 and 0.902, whereas the LiCl-
H2O system’s maximum COP is between 0.809 and 0.926.

The development of an effective connection between
solar energy collecting and the absorption unit has been
the subject of several research studies [19, 20]. Leonzio
[21] presents a thermodynamic analysis on the performance
of solar-powered LiBr-H2O ARS used to extract water from
the air. They observed that the largest water output occurs in
January owing to the comparatively high relative humidity,
while the maximum cooling production occurs in July due
to the high solar radiation. Similarly, the performance of a
solar-aided absorption heat pump system with a 100 kW
cooling capacity was presented by Ileri [22]. He reported
that the COP gives inaccurate guidance on how to set the
reference temperature in both the winter and the summer,
whereas FNP (the fraction of nonpurchased energy) offers
a more meaningful measure than the COP. Rezaie et al.
[23] studied the exergy and energy performance of thermal
energy storage in a district energy system to enhance the
effectiveness of solar collectors. They found that the overall
exergy and energy efficiencies are 19% and 60%, respectively.
A solar-powered LiBr-H2O absorption refrigeration system
of 10-ton cooling capacity was studied by Pongtornkulpa-
nich et al. [24]. They showed that 81% of the chiller’s annual
average thermal energy needs were met by the 72m2 evacu-
ated tube solar collector, while the remaining 19% was cov-
ered by an LPG- (liquefied petroleum gas-) fired backup
heater. Onan et al. [25] applied an exergy analysis on a
solar-driven absorption cooling system and studied the
exergy loss on an hourly basis. The solar collectors and gen-
erator were found to obtain most of the system’s energy
losses. Exergy loss varies between 5% and 8% in the genera-
tor and 10% and 70% in the collector. Sumathy et al. [26]
developed an integrated solar ARS system for air-
conditioning purposes. They found that the maximum exer-
getic efficiency of the solar collector and the ARS can be
achieved when ARS is supplied with a hot fluid temperature
between 70 and 80°C with an inlet temperature between 65
and 75°C for the solar collector. Kerme et al. [27] applied
an exergy and energy analysis on a solar-powered H2O-LiBr
ARS combined with a flat plate collector; it was noticed that
the increase in the inlet generator temperature resulted in a
slight increase in the COP and increase in the exergy loss
for the ARS component, and most of the exergy losses was
done by the solar collector. Rosiek [28] investigated a
solar-powered single-effect H2O-LiBr ARS in which the best
result from an exergetic approach can be obtained with a
temperature range between 70 and 80°C supplied to the
ARS with the support of two chilled water tanks.

From the previous literature, one can realize the role that
absorption systems play in replacing the conventional cool-
ing systems that are responsible for consuming large
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amounts of electricity, especially in countries with large
cooling loads such as Saudi Arabia, in which cooling load
can reach as much as 70% in some cities. Therefore, the cur-
rent work investigates using an H2O-LiBr absorption system
powered by solar energy to replace a conventional large-
scale vapor-compression system used for a university cam-
pus to provide cooling. Although the exergy analysis of
single-effect absorption refrigeration systems has been the
subject of several scientific studies, the current study con-
tributes to multiple areas that have been overlooked in the
previous studies. The contributions of this work can be sum-
marized in the following points:

(i) The current analysis considered the designing and
optimization of the entire system based on the sec-
ond law, i.e., the exergy efficiency

(ii) The effective integration and modeling of the TES
are considered to achieve continuous operation
maintaining the ARS system operation day and
night when needed

(iii) The actual weather data for the representative days
for summer and winter in a typical high-cooling
load city in Saudi Arabia is considered

(iv) The detailed system exergetic performance is pre-
sented and discussed for the entire system as well
as each component of the system

2. System Description

A solar-driven single-effect lithium bromide was presented
in this project, a traditional ARS with the main component’s
absorber, generator, condenser, evaporator, heat exchanger,
solution pump, and expansion valve supported with evacu-
ated tube solar collector as a heat source, thermal storage
for the storing process, and two cooling towers for heat
reject. The system is designed to provide a desired cooling/
refrigeration load of three tons of refrigeration with no emis-
sion alongside the process for environmental care.

2.1. Solar-Evacuated Tube. An evacuated solar collector is
integrated with the ARS, as shown in Figure 1, where the
Syltherm 800 (heat transfer fluid) [29] is circulated between
the ETSC and TES, and the solar energy absorbed by the col-
lectors is transformed into heat energy in (13) and (14).
ETSC was selected for this design because of the need for a
higher temperature than a flat plat collector can achieve
[30]. Syltherm 800 was selected as the solar system thermal
oil due to the need for a higher temperature exceeding
100°C, so water was not an option. The input data for the
sun radiation was taken for 24 hours on 23 June 2002 for
the summer case and on 11 December for the winter case
by NREL and KACST for Al-Madinah City in Saudi Arabia
(see Table 1). In Table 2, the performance parameters of the
ETSC are listed. Figure 2 shows the sectional view of the
ETSC.
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Figure 1: Schematic diagram for the solar-powered LiBr-H2O ARS.
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2.2. TES. The absorption cooling system is supported by a
thermal storage tank to store the solar energy captured and
offer continuous heat supply when there is not enough sun
radiation to ensure the system operates continuously for 24
hours. The fluid within the insulated storage tank is assumed
to be fully mixed with the water returning to the tank from
the collector and the generator to simplify the model. As
shown in Figures 1 and 3, TES gets the energy from the solar
collector (14, 13) and supplies the generator with the energy
needed (15, 11).

2.3. ARS. The single-effect lithium bromide ARS consists
of an absorber, generator, condenser, evaporator, heat
exchanger, solution pump, and expansion valve. As shown
in Figures 1 and 4, the generator is provided with the
high temperature from the TES (11 and 16), which led
to an increase in the lithium bromide solution tempera-
ture where the water vapor is driven out of the solution
at (7), leaving as a strong solution [4] of LiBr. The con-
denser cools down the superheated vapor temperature
and condenses it to a saturated liquid state (8). The liquid
enters the evaporator after passing through the throttle
valve, where the pressure drops (9). Then, the water
(refrigerant) is transferred from the evaporator to the
absorber as a saturated vapor, where it is absorbed by
the LiBr solution (10) and then pumped up to a higher
pressure through the pump (1) and then boiled out of
the solution due to the increase in the heat added through
the process (2 and 3). Simultaneously, the strong solution
in the generator (4) returns to the heat exchanger and
passes via the throttle valve toward the absorber (5 and
6). In Table 3, the reference case input parameters are
provided.

2.4. Cooling Towers. The system is backed up with two
cooling towers that were added to the cycle connected
to the condenser and absorber where the heat rejected
through the water circulates between them and both the
condenser and absorber (17, 18, 19, and 20) to enhance
the system performance by increasing both heat rejection
for the condenser and the absorber in parallel. The cool-
ing tower’s design temperature ranges between 30 and
35°C, based on standard absorption chiller specifica-
tions [32].
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Figure 2: Evacuated tube collector diagram [31].
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Figure 3: Thermal energy storage tank diagram.

Table 1: Location and average data for Al-Madinah City on 23
June (Aljeddani [43]; NERL [44]).

Direct normal radiation 984.3W/m2

Latitude 24.55N

Altitude 39.70 E

Average relative humidity 19.5%

Average ambient temperature 32.5°C

Extreme ambient temperature 38°C

Lowest ambient temperature 26.6°C

Table 2: Parameters of the evacuated tube solar collector.

Input parameters Values

FRUl [22] 3.3 (W/m2 °C)

FR ατ [22] 0.7

T in 90°C

Tout 120°C
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3. Energy and Exergy Analysis

For the sake of system modeling and performance evalua-
tion, the following assumptions are made in addition to
the details provided in the system description section:

(i) All the components of the ARS operate in a steady-
state condition

(ii) The friction and pressure losses within the pipes
are negligible

(iii) The refrigerant phase is saturated liquid at the con-
denser outlet and saturated vapor at the evaporator
output

(iv) The changes in chemical exergy are neglected, as
no chemical reactions are involved

(v) The dead-state conditions for the environment are
taken at 25°C and 1 atm pressure

(vi) The weak solution leaves the absorber at the
absorber temperature. Similarly, the strong solu-
tion leaves the generator at the generator
temperature

(vii) The convection heat losses due to wind from the
ETSC surface are neglected
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Figure 4: Schematic diagram of the ARS and the cooling towers.

Table 3: Baseline input data are used to analyze solar-powered
LiBr-H2O ARS.

Input parameters Values

Tcond = Tabs 40°C

Teva 10°C

Tgen 95°C

Generator inlet temperature T16 110°C

Effectiveness of solution heat exchanger [42] 0.64

Cooling capacity (Qeva) 3000 TR

5Modelling and Simulation in Engineering



(viii) The cooling tower operating temperatures range
between 30 and 35°C [32]

The general energy balance equation for a control vol-
ume, under steady-state conditions, can be expressed in the
following:

Qin +W in +〠
in
mh =Qout +Wout +〠

out
mh 1

Refrigerant mass flow ratemref is calculated from the fol-
lowing equation of the evaporator:

mref =
Qeva

h10 − h9
2

The cooling water mass flow rate mw is calculated by
applying energy balance on the evaporator and condenser.

mw =
Q

hin − hout
3

For the cooling tower, the air and makeup water mass
flow rates mair are calculated as follows:

mair =
mw,5 h5 − h6

hair,2 − hair,1 − ω2 − ω1 h6
4

Equations for exergy destruction for the system compo-
nents are shown as follows:

The exergy at any point can be defined as the following
[33]:

ex = h − h0 − T0 s − s0 5

The exergy destruction rate of a control volume at a
steady state for each component of the system can be defined
as follows [10]:

E =〠
in
mex −〠

out
mex+〠Q 1 −

T0
T

−W, 6

where E represents the exergy loss throughout the process or
any irreversibility that was placed. The exergy of the input
and outflow streams of the control volume is the first two
terms on the right side of Equation (6). The third and fourth
terms represent the exergy connected to the heat transmitted
from the source while conserving it at a constant tempera-
ture T . The final term is the mechanical work exergy added
to the control volume.

3.1. Solar-Evacuated Tube. The application of energy and
exergy balance equations represents the basic thermody-
namic modeling of an ETSC. The equations for an ETSC
in a steady state for energy and exergy were collected from
Eltaweel et al. [34], Kalogirou et al. [35], and Duffie and
Beckman [36]. The balance equation of energy is given by

Qu =QAbs −Qloss, 7

where Qu is the useful energy gain and QAbs is the absorbed
solar radiation from which losses Qloss have been subtracted
where the losses happen due to the conduction, convection,
and radiation between the collector and the atmosphere.

The loss can be calculated by

Qloss = FRUlAc T in − Ta 8

The useful energy is described as

Qu = AcFR I ατ −Ul T in − Ta 9

The thermal efficiency of the collector is given by

ηc =
Qu

Ac ∗ I
10

The exergy destruction rate within the PTC can be calcu-
lated using

EETSC =msolar E13 − E14 + Exs − ExL 11

The exergy of incident solar energy can be determined
according to

Exs =QAbs 1 −
4
3
∗

Ta

Ts
+
1
3
∗

Ta

Ts

4
, 12

where Ts is the solar surface temperature, which is taken as
5777K. The exergy loss can be represented as

ExL =Qloss 1 −
T0
Tr

13

The exergy efficiency can be represented as

ηII−ETSC =
msolar E13 − E14

Exs
14

3.2. TES. An energy and exergy balance for a thermal system
can be written according to Dinçer and Rosen [37].

The energy balance is described as

Energy input − energy output = energy accumulation,

Qin−TES − Qout−TES +Qloss−TES = ΔE

15
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The exergy balance can be obtained as follows:

Exergy input − exergy output − exergy consumption
= exergy accumulation,

Exin−TES − Exout−TES + Exloss−TES − I = ΔEx
16

The calculation for the total mass of the TES is

Qin =mtes ∗ h15 − h11 17

Energy is transported to and from the TES with water.
The mass which flows during charging can be written as
follows:

mTES,c =
Qin−TES

Cp T14 − T13
18

The mass which flows during discharging can be writ-
ten as follows:

mTES,d =
Qout−TES

Cp T15 − T11
19

The energy loss to the ambient surroundings can be
obtained as follows [38]

Qloss−TES =UA T14 − T0 20

Here the TES overall heat transfer coefficient is taken
as 11.1?W/K [27]. If Qin−TES and Qout−TES are considered
constant with the loss over a time period Δt, the TES tem-
perature can be expressed as [36, 39]

T tes,new = T tes +
Δt
mCp

Qin−TES −Qout−TES −UA T tes − T0 ,

21

where T tes,new is the liquid final temperature in TES at the
end of the time interval Δt.

The exergy loss is expressed as

Exloss−TES =Qloss−TES 1 −
T0
Tavg

22

The exergy accumulation is expressed as

ΔEx = Exf − Exi 23

The input exergy equation is expressed as

Exin−TES =mTESc ex14 − ex13 24

The exergy destruction for the TES is obtained as

I = Exin−TES − Exout−TES + Exloss−TES − ΔEx 25

The energy efficiency can be defined as

ηTES =
Qout−TES
Qin−TES

26

The exergy efficiency can be defined as

ηex−TES =
Exout−TES
Exin−TES

27

3.3. ARS. The absorber energetic balance is given as

Qab =m10 ∗ h10 +m6 ∗ h6 − m1 ∗ h1 =m13 h18 − h17
28

The condenser energetic balance is given as

Qcon =m7 ∗ h7 − m8 ∗ h8 =m20 h20 − h19 29

The heat exchanger energetic balance is given as

QHX =m3 ∗ h3 − m2 ∗ h2 =m4 h4 − h5 30

Throttling valve energetic balance for solution is given as

h5 ≅ h6 31

Throttling valve energetic balance for steam is given as

h8 ≅ h9 32

The evaporator energetic balance is given as

Qeva =m9 ∗ h9 − m10 ∗ h10 =m21 h21 − h22 33

The energetic balance for the generator is given as

Qgen =m3 ∗ h3 −m7 ∗ h7 − m4 ∗ h4 =m11 h16 − h11 34

The work done by the pump is given as

Wpump = m1 ∗ v1
Phigh − Plow

1000
35

The exergy destruction rate of the absorber is given as

Exab =m10 ∗ ex10 +m6 ∗ ex6 −m1 ∗ ex1 +m17 ∗ ex17

−m18 ∗ ex18 −Qab 1 −
T0
Tab

36

The heat exchanger is defined as

ExHX =m2 ∗ ex2 −m3 ∗ ex3 +m4 ∗ ex4 −m5 ∗ ex5 37
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The condenser is defined as

Excon =m7 ∗ ex7 −m8 ∗ ex8 +m19 ∗ ex19 −m20 ∗ ex20

−Qcon 1 −
T0
Tcon

38

Throttling valve exergy is calculated as

Exexp 1 =m5 ex5 − ex6 39

Throttling valve exergy steam is calculated as

Exexp 2 =m8 ex8 − ex9 40

The evaporator is shown as

Exeva =m9 ∗ ex9 −m10 ∗ ex10 +m21 ∗ ex21

−m22 ∗ ex22 +Qeva 1 −
T0
Teva

41

The exergy destruction for the generator is defined as

Exgen =m3 ∗ ex3 −m7 ∗ ex7 −m4 ∗ ex4 +m11 ∗ ex11

−m16 ∗ ex16 +Qgen 1 −
T0
Tgen

42

The pump is calculated as

Expump =m1 ex1 − ex2 +Wpump 43

COP of the refrigeration cycle is given as

COP =
Qeva

Qgen +Wpump
44

Exergetic efficiency for the refrigeration cycle is given as

ηex =
Qeva 1 − T0/Teva

Qgen 1 − T0/Tgen +Wpump
45

3.4. Cooling Towers. Energetic balance for the cooling tower
is given as

Qct1 =mwat h19 − h20 =mair hair,2 − hair,1 , 46

Qct2 =mwat h17 − h28 =mair hair,4 − hair,3 47

By neglecting the pressure difference through the cooling
tower P = P0 , the air exergy is determined as follows [40]:

exair = Cpa + ωCpv T − T0 − T0 ln
T
T0

+ RT0 1 + 1 608ω ln
1 + 1 608ω0
1 + 1 608ω

+ 1 + 1 608ω ln
ω

ω0

48

Exergy destruction for the cooling tower is given as

Exct1 =mwat ex19 − ex20 +mair exair,1 − exair,2 −Qct 1 − T0
Tct

,

49

Exct2 =mwat ex17 − ex18 +mair exair,3 − exair,4 −Qct 1 −
T0
Tct

50

Total irreversibility of ARS the system is obtained as

Extotal = Exeva + Exgen + Excon + Exab + ExHX + Expump

+ Exexp + Exct1 + Exct2
51

The ratio between the amount of exergy lost in each
component and the system’s overall exergy destroyed is
known as the irreversibility ratio for each component of a
solar-powered absorption cooling system, and it is calculated
as follows [41]:

IRk =
Exk
Extotal

52

The exergetic fuel depletion ratio (FDR) of a specific
component is determined by the relationship between the
rate of irreversible exergy loss in each component and the
total exergy input to the system [41].

FDRk =
Exk
Exs

, 53

where Exs is the overall exergy input to the solar-driven
absorption refrigeration system.

4. Results and Discussions

The results of the numerical analyses are presented in this
section, which were obtained through a computer code for
simulating the cycles developed using Engineering Equation
Solver (EES) software for solving the model equations (EES
software) and to study the different effects of the operating
and design parameters on the integrated system energy
and exergy performance. These parameters include, on the
one hand, the ambient conditions, such as temperature,
humidity, and solar radiation, and, on the other, the ARS
design parameters, such as generator, condenser, and
absorber temperatures. Thus, the effects of the variation in
sun radiation on the ETSC and TES are examined. In addi-
tion, the effect of variation in the relative humidity on cool-
ing towers exergetic performance is evaluated.
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The initial conditions mentioned in Table 1 are utilized
to simulate the system. The results of the energetic and exer-
getic analysis of the reference case are shown in Table 4 for
the various state points as pretested in system layout shown
in Figure 1.

4.1. Validation of the Model. Before using the model for fur-
ther analysis and parametric study, the model is validated
using some published studies [15]. Table 2 represents the com-
pression of the current model results of the energy rates, COP,
and exergetic efficiency compared with that of Modi et al. for a
single-effect absorption refrigeration system. The error is very
minor and can be attributed to some approximations. How-
ever, the results are in agreement with the published data,
and the model is considered valid. A cooling tower is added
to the cycle instead of the internal heat exchanger to assist
the performance. The validation results are listed in Table 5.

4.2. Evacuated Tube Solar Collector. The variation of exergy
and energy is present for the ETSC with different parame-
ters, such as sun radiation on typical summer and winter
days, i.e., 23 June and 11 December 2002 for Al-Madinah
City in Saudi Arabia. Figure 5 shows the variations in the
mass flow produced by the solar collector in kilograms per
hour over time in summer and winter. According to this fig-
ure, the mass flow increases with the increase of solar radia-
tion, where it peaks at 13 : 00 in summer and 12 : 00 in
winter, and then decreases with sunset. When there is no
radiation, the collector ceases to supply the mass flow in

both seasons, and the ARS must utilize the thermal energy
stored in the TES.

In Figure 6, the exergetic and energetic efficiencies of the
solar collector are observed to follow the sun’s radiation over
the daytime, in summer, and in winter. In summer, the max-
imum energetic and exergetic efficiencies are achieved at
about 13 : 00 with a value of 48% and 10%, respectively,
when the sun radiation value peaks, then decreases slightly
till 18 : 00, and rapidly drops due to the diminishing sun
radiation. In winter, the maximum sun radiation is
detected at 12 : 00; at that hour, the energetic and exergetic

Table 4: Solar-powered ARS thermodynamic analysis operation data.

Point Temperature (°C) h (kJ/kg) s (kJ/kg K) m (kg/s) x (% LiBr) Ex (kJ/kg)

1 40 94.07 0.2462 30.59 0.5491 25.21

2 40 94.07 0.2462 30.59 0.5491 25.21

3 66.31 148.2 0.4122 30.59 0.5491 29.86

4 95 246.2 0.5027 26.1 0.6435 100.9

5 59.8 182.7 0.3213 26.1 0.6435 91.49

6 59.34 182.7 0.3213 26.1 0.6435 91.49

7 74.3 2639 8.454 4.49 124.2

8 40 167.5 0.5724 4.49 1.464

9 10 167.5 0.5944 4.49 -5.079

10 10 2519 8.9 4.49 -128.4

11 100 227.8 0.7598 787.5 6.659

12 90 210.5 0.7129 649.7 3.278

13 90 210.4 0.7129 649.7 2.429

14 120 262.7 0.8535 649.7 12.9

15 110 245.4 0.8066 787.5 9.516

16 110 245.3 0.8066 787.5 9.407

17 30 125.7 0.4368 631.8 0.08774

18 35 146.6 0.5051 631.8 0.6118

19 30 125.7 0.4368 531 0.08774

20 35 146.6 0.5051 531 0.6118

21 20 83.91 0.2965 504.5 0.0688

22 15 60.45 0.2245 504.5 0.6874

Table 5: Model validation table.

Component
Study of [15]

(kW)
Present work∗

(kW)
Relative

difference (%)

Generator 4.617 4.651 0.00731

Absorber 4.409 4.472 0.014088

Condenser 3.708 3.699 -0.00243

Evaporator 3.5 3.52 0.005682

SHX 0.9941 0.7989 -0.24434

Pump 0.000075 0.00009059 0.172094

COP = 0 758 COP = 0 7568 -0.001585

ηex = 0 24 ηex = 0 2329 0.02958
∗ Input parameters for validation: Tcond = Tabs = 40°C, Tgen = 87°C, Qeva = 1
TR.
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efficiencies peak recording 35% and 7%, respectively. The
energy and exergy efficiencies of the solar collector are
higher for the summer season compared with the winter
season, and the reason for that is the reduced ambient
temperature during the winter season which causes larger
heat losses from the solar collector as shown in equation
(8). A similar result was reported for ETSC efficiency by
Eltaweel et al. [34], where they studied the effect of multi-
walled nanotubes and water nanofluid as a working fluid

on the energetic and exergetic efficiencies of the evacuated
tube solar collectors.

Figure 7 shows the magnitude of the useful solar energy
and associated exergy destruction that can be produced
using ETSC with different areas based on the location pro-
vided in Table 1. The figure also shows how the collector
area plays a significant role in achieving the energy needed
for thermal storage to power the ARS considering the addi-
tional energy needed for continuous operation and to
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overcome heat losses. The collector area required to achieve
the cooling load of 3000 TR for the ARS for 24 h is evaluated
at 72060m2. It must be mentioned that the variation
between solar collector production in summer and winter
is significant as radiation availability significantly varies;
however, for the cooling systems, the design is typically done
for summer, which advantageously coincides with high solar
radiation. On the other hand, during winter, the cooling
loads reduce considerably, and the low radiation may be just
enough. In addition, these results are related to the location

considered in this study, for example, another location with
higher or lower solar radiation, and cooling load is expected
to have a different set of design requirements, i.e., collector
area and thermal energy storage.

4.3. TES. Analyze the TES energy and exergy to ensure the
proper energy supply for the ARS and how the different
parameters affect the TES. Figure 8 describes the effect of
sun radiation on the solar useful heat gain over the variation
of time with the cooling load of the ARS and the energy
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stored in the TES. It shows that solar useful heat gain
increases with increasing the sun radiation from 7 : 00, the
maximum value reached at 13 : 00, after which it begins to
decrease till it reaches 18 : 00 when there is little to no solar
radiation. The red line represents the magnitude of the
energy flowing to and from the TES according to the charg-
ing and discharging processes. For example, the thermal

storage tank discharges the heat during nighttime to power
the ARS, and with the sunrise (between 6 : 00 and 8 : 00),
the heat discharging reduces to stop and converts to charg-
ing when the mass flow rate coming from the solar collector
is more than that needed for operating the ARS. It can be
observed that the TES receives maximum flow rate at maxi-
mum radiation, and the charging process for a typical
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summer day starts at about 7 : 00 unit 18 : 00; after that, it
operates in discharging mode. It is determined that a tank
volume of 43292m3 is required to meet the desired cooling
load (evaporator capacity) of 3000TR of the ARS so that
the system can operate for a whole day. The TES energetic
and exergetic efficiencies for the day selected for the analysis
are 99% and 98%, respectively. These figures are typical for
TES with high insulation.

4.4. ARS. Different key parameters are defined to analyze the
energy and exergy performance of the ARS, such as genera-
tor, condenser, absorber, and evaporator temperatures. All
the parameters that may affect the system’s performance
are considered. For instance, a summer representative day
is selected, i.e., 23 June 2002 for Al-Madinah City in Saudi
Arabia. Table 1 shows the values of the parameters used in
the analysis. Figure 9 shows the effects of changing the

75 80 85 90 95 100
0.4

0.5

0.6

0.7

0.8

Tg (°C)

CO
P

Teva 8 °C
Teva 4 °CTeva 10 °C

Teva 12 °C

Figure 11: Effect of generator temperature on COP and evaporator temperature at Qeva = 3TR and Tcon = 40°C.

4 5 6 7 8 9 10 11 12 13 14 15
0.7

0.72

0.74

0.76

0.78

0.8

0.82

0.1

0.15

0.2

0.25

0.3

Te (°C)

CO
P

�
EX

sy
s

COP
�EXsys

Figure 12: Effect of evaporator temperature on COP and exergetic efficiency at Tgen = 95°C.

13Modelling and Simulation in Engineering



generator temperature on the COP of the ARS for different
absorber operating temperatures. The COP shows a slight
increase with increasing the operating temperature of the
generator. However, at higher absorber temperatures, e.g.,
45°C, the COP considerably reduces when the generator
temperature drops below 88°C.

Figure 10 describes the change in the COP due to the
variation in the generator operating temperature with the
change in condenser temperatures. As shown, the COP
increases with the increase of the generator temperature till

it reaches a specific temperature, and then, the COP shows
less change. Also, it shows how decreasing the absorber tem-
perature affects the COP positively. As for the condenser
temperature, by observing Figure 11, it can be indicated that
it has a similar effect on the COP as the absorber when low-
ering its temperature. The best COP result in the analysis
occurs at 33°C and 30°C of the condenser and absorber tem-
perature, respectively.

In Figure 12, the effect of increasing the evaporator tem-
perature on the COP and the system exergetic efficiency is
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reported. The COP increases with the increase in the evapo-
rator temperature, while the exergetic efficiency has an
opposite trend. The COP shows a linear increase, achieving
0.782 at 12°C. However, the exergetic efficiency decreases
varying between 15% and 28%. These results for both COP
and exergetic efficiency are consistent with literature, for
example, the exergetic efficiency reported to be 14.5% at
15°C [15]. Moreover, Kaushik and Arora [13] observed the

same behavior of the exergetic efficiency with respect to
evaporator temperature.

The same effect analysis has been defined in Figure 13
with the variation of generator temperature where the high-
est value for exergetic efficiency 24% occurs at 82°C and then
decreases due to the increase in the generator exergy loss.
Also, it can be observed that the COP increases with the
increase of the generator temperature. Figure 13 provides a
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useful mean of the system optimization, where a maximum
exergetic performance point is obtained, i.e., generator tem-
perature of 82°C. Therefore, this finding suggests that for the
specified location and cooling load considering the proposed
system, the optimum temperature for operating the genera-
tor is 82°C, and increasing generator temperature, though it
slightly increases the COP, will lead to more exergy destruc-
tion that causes the overall system exergetic efficiency to
decline. This finding also emphasizes the advantage of con-
ducting an exergy analysis as compared to an energy
analysis.

4.5. Cooling Towers. Figure 14 describes the effect of the
cooling towers’ irreversibility rate due to the relative humid-
ity variation. This figure shows that the irreversibility rates
increase with the increase in the relative humidity, where
the higher irreversibility rate values of 0.017 and 0.0143
occurred at 0.8 relative humidity for both the absorber and

the condenser cooling tower, respectively. It is well known
that cooling towers operate more effectively at reduced rela-
tive humidity. Thus, higher specific humidity can be
achieved leading to higher evaporative cooling, the operating
principle of cooling tower. However, when the ambient rel-
ative humidity increases, lower evaporative cooling can be
achieved; thus, cooling towers are less effective. The impact
of this on the overall system can be observed in the increased
operating temperature of the condenser and absorber, which
is reflected in reduced overall system COP, as already
observed in Figures 9 and 10.

4.6. Overall System Performance. The effect of the ambient
temperature on the exergy loss within the collector, TES,
and ARS can be observed in Figure 15. It is shown that the
ARS exergy increases with the increase of the ambient tem-
perature, whereas the solar collector exergy decreases with
a higher ambient temperature. The same occurs for the total
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exergy destruction within the TES. The highest values of
exergy destruction that the solar collector, TES, and ARS
experienced at maximum ambient temperature (at 50°C)
are 44652 KW, 172.2 KW, and 2996 KW, respectively.

The effect of the ambient temperature on the energetic
and exergetic efficiency of the collector and the ARS can be

observed in Figure 16, where the energy efficiency of the
solar collector increases within the rising ambient tempera-
ture. The exergy efficiency of the ARS also increases along-
side the increase in the ambient temperature due to the
exergy of heat. However, the collector exergy efficiency
shows a slight decrease; the collector exergy efficiency
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Table 6: Various solar thermal collectors coupled with vapor absorption chillers [18].

Solar thermal collectors
Collector area

(m2)
Cooling capacity

(kW)
TES tank size (m3) COP Reference

Flat plate collectors 56 12.31 24 — Sayigh and Khoshaim [45]

Evacuated tube
collector

12 4.5 — 0.58 Agyenim et al. [46]

Evacuated tube
collector

108 35.17 — 0.37–0.81 Ali et al. [47]

Flat plate collectors 36 4 0 3 HW + 2 CW 0.54
Van Hattem and Actis Data

[48]

Evacuated tube
collectors

1577 nos. 211.02 15 0.618 Al-Karaghouli et al. [49]

Flat plate collectors 38.2 4.7 2.75 Yeung et al. [50]

Flat plate collectors 113 35.17 5.7 0.63 Meza et al. [51]

Flat plate collectors 316 90 30 053–0.73 Best and Ortega [52]

Flat plate collectors 38 4.7 2.75
0.07

(COP overall)
Li and Sumathy [53]

Flat plate collectors 49.9 35.17 2 0.42 Syed et al. [54]

Flat plate collectors 151 35.17 2.5 0.41–0.66 Zambrano et al. [55]

Evacuated tube
collectors

72 35.17 0.4 0.7 Pongtornkulpanich et al. [24]

Evacuated tube
collectors

72060 10,560 43292 0.77 Current study

HW: hot water; CW: cold water.
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obtained at 25°C is 10%, while the ARS exergy efficiency is
21%. This figure shows that though the energy efficiency of
the collector appears to increase with ambient temperature
due to reduced energy losses, the exergy analysis is less sen-
sitive to these losses as they are low-grade heat, and its exer-
getic quality reduces with the increase in the ambient
temperature. Thus, the advantage of conducting exergy anal-
ysis in addition to energy analysis can be realized, and the
focus of the designer and system optimizer can be directed
to losses that impact exergetic performance.

Figure 17 shows the irreversibilities (exergy destruction
rates) of the system component and their distribution
among the system components. It can be clearly observed
that the solar collector consumes the largest share of 87%
of the total exergy destruction of the system. Thus, this find-
ing indicates, on one hand, that the collector deserves more
research and development for improving exergetic perfor-
mance, while on the other, it shows that the nature of solar
energy capture involves significant exergy destruction. The
TES exergy destruction came second with only 4.6% of the
total exergy destruction. Finally, the generator destroyed
about 4.5%. Here, the generator deserves some effort to
reduce the exergy destruction rate which can be achieved
by enhancing the heat transfer process within the generator
and optimizing the generator heat exchanger for better heat
utilization.

Figure 18 describes the distribution of the FDR between
the system components. It illustrates that the solar collector
depletes 89% of the input exergy; 4.8% goes for TES where
the generator depletes 4.7%. These figures compare the per-
formance of the various components to direct the researchers
and technology developers to the ones that deserves more
attention and can have potential for improvement.

Table 6 represents the compression of the current model
with various LiBr-H2O absorption chillers coupled with
solar thermal collectors working in different collector areas,
tank volumes, and cooling capacities. It must be emphasized
that Table 6 included some systems that use flat plate collec-
tors while some used evaluated tube collectors; this will
clearly show the contribution of the current study and
benchmark the performance of the current system compared
with those studied in the literature.

5. Conclusion

In this study, an energy and exergy analysis is conducted on
a solar-powered LiBr-H2O ARS. An evacuated solar collec-
tor is used in integration with TES to continuously provide
the required heat for the ARS, while cooling towers are used
to provide the cooling required for the condenser and the
absorber. The proposed system is modeled and solved for
two cases, one for the summer and another for the winter.
The results of this study can be summarized in the following
points:

(i) The increase of the sun radiation causes an
increase in solar field mass, collector useful heat,
and energy stored in the TES, where energy stored

reaches its peak at 1 p.m. It also increases the ener-
getic and exergetic efficiencies of the solar collector

(ii) Lowering both temperatures of the condenser and
absorber positively impacts the COP of the ARS;
however, it increases with the decrease in their
temperatures

(iii) Increasing evaporator temperature resulted in
higher COP values of the ARS

(iv) The COP increases with the increase in the gener-
ator temperature, while the exergetic efficiency
peaks at 82°C achieving a value of 24% and then
decreases

(v) The irreversibility rates within the cooling towers
show a linear increase with the relative humidity

(vi) The exergy destruction of the ETSC increases with
the ambient temperature rising, while the TES and
ARS exergy destruction rates decrease. However,
the overall system exergetic efficiency is positively
affected by the rise in ambient temperature

(vii) The solar collector contributes 87% of the total
exergy destruction of the system, 4.6% attributed
to the storage tank and 4.5% in the generator

(viii) The collector area required to achieve the cooling
load of 3000 TR for the ARS for 24h is 72060m2

As the current study is limited to the single-effect ARS, it
is recommended in future work to consider using multieffect
ARS to enhance the performance of the integrated cooling
system. Also, it is worth examining other solar collector
technologies, such as parabolic trough collectors with single-
and multieffect ARS. The variation of TES size is another
critical parameter that must be examined and optimized in
more detailed and dedicated studies.

Nomenclature

Abbreviations

Ac: Area of the collector
Cpa: Specific heat of dry air at constant pressure (kJ/kgK)
COP: Coefficient of performance
E: Exergy destruction
ex: Exergy destruction (kW)
FR: Heat removal factor
h: Enthalpy (kJ/kg)
I: Total solar radiation (W/m2)
m: Mass flow rate (kg/s)
mw: Mass flow rate of water (kg/s)
Q: Heat transfer rate (kW)
Qloss: Energy loss to the ambient surroundings (kW)
Qu: Useful heat gained by the collector (kW)
R: Gas constant (kJ/kgK)
s: Entropy (kJ/kgK)
T : Temperature (°C)
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Tavg: Average thermal storage temperature (°C)
T0: Ambient temperature (°C)
Ts: Solar surface temperature (°C)
Ul: Overall heat transfer coefficient
v: Specific volume (m3/kg)
W: Work (kW).

Greek Symbols

ω: Humidity ratio (kgw/kga)
ηex: Exergetic efficiency of absorption system
ηTES: Energetic efficiency of thermal storage
α: Absorptivity
ηc: Efficiency of the collector
ηex−TES: Exergetic efficiency of absorption system
τ: Transmissivity.

Subscripts

exp: Expansion valve
0: Dead state
ct: Cooling tower
eva: Evaporator
ref: Refrigerant
con: Condenser
ab: Absorber
gen: Generator
in: Input
out: Output
HX: Solution heat exchanger
TES: Thermal energy storage.
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