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Abstract: The use of solar energy for cooling processes is advantageous for reducing the energy
consumption of conventional air-conditioning systems and protecting the environment. In the present
work, a solar-powered cooling system with parabolic trough collectors (PTC) and a phase change
material (PCM) tank is numerically investigated in the arid climates of Saudi Arabia. The system
contains a 160-kW double-effect absorption chiller powered by solar-heated pressurized water as a
heat transfer fluid (HTF) and a shell and tube PCM as a thermal battery. The novelty of this paper is
to investigate the feasibility and the potential of using a PTC solar field coupled to a PCM tank for
cooling purposes in arid climates. The numerical method is adopted in this work, and a dynamic
model is developed based on the lumped approach; it is validated using data from the literature.
The functioning of the coupled system is investigated in both sunshine hours (charging period) and
off-sunshine hours (discharging period). The PTC area in this work varies from 200 m? to 260 m? and
the cooling capacity of the chiller ranges from 120 kW to 200 kW. Obtained results showed that the
160-kW chiller is fully driven by the 240 m?-solar PTC during the charging period and about 23% of
solar thermal energy is stored in the PCM tank. It was demonstrated that increasing the PTC area
from 220 m? to 260 m? leads to a reduction in the PCM charging time by up to 45%. In addition, it
was found that an increase in the cooling loads from 120 kW to 200 kW induces a decrease in the
stored thermal energy in the PCM tank from 450 kWh to 45 kWh. During the discharging period, the
PCM tank can continue the cooling process with a stable delivered cooling power of 160 kW and an
HTF temperature between 118 °C and 150 °C. The PCM tank used in the studied absorption chiller
leads to a reduction of up to 30% in cooling energy consumption during off-sunshine hours.

Keywords: parabolic trough collector; double-effect absorption chiller; phase change material;
solar-powered cooling

1. Introduction

In hot regions, heating, ventilating and air-conditioning (HVAC) systems are known
to consume the largest part of electricity [1,2]. In Saudi Arabia, for example, it was reported
that as much as 40% of the total electricity is used to cool commercial buildings [3]. The
International Energy Agency (IEA) also predicted that by 2050 about two-thirds of the
world’s buildings will be equipped with air-conditioning systems [4]. Presently, there is
tremendous research on the utilization of renewable energy (especially solar energy) for
cooling. This interest stems from the desire to reduce dependence on fossil fuels and to cut
down on energy bills.

A solar cooling system consists of three main elements: (1) a solar collector, (2) a
refrigeration system and (3) a heat sink. The main solar cooling and air-conditioning
systems are mainly of three types: solar absorption, solar adsorption and solar desiccant
systems. In absorption cycles, the cooling process depends on the evaporative cooling of a
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refrigerant. Desiccant cooling systems depend on cycling dehumidification-humidification
processes while the solar mechanical cycles combine conventional cooling systems with
solar-powered mechanics.

Solar cooling has the potential benefit of providing cooling systems to countries that
are unable to cope with the high costs of conventional cooling systems. However, as
mentioned by Alahmer et al. [5], solar cooling and air-conditioning systems are yet to gain a
competitive edge over traditional electric-driven vapor compression cycle systems. This is
due to higher capital costs, lower performance and intermittent availability of solar energy.
Despite these limitations, research should continue towards overcoming these challenges
through novel and smart configurations.

A large number of studies are available in the literature on solar cooling systems.
Aljuhani and Abdel Dayem [6], for instance, carried out the design of a solar absorption
cooling system combined with a chilled water system for a hypothetical pilgrimage tent in
Saudi Arabia. Al-Ugla et al. [7] discussed the performance of three types of energy storage
used in solar absorption systems. Their analysis found that the largest collector area and
the smallest mass are required for the cold storage system. By comparison, the hot storage
system had the highest mass required and the highest coefficient of performance when
used at night. Rahman et al. [8] carried out simulations of an absorption-type solar air-
conditioning system for the city of Lahore, Pakistan. Habib et al. [9] used TRNSYS software
to simulate an integrated absorption system. Rahman et al. [10] designed a solar energy
absorption system for the United Arab Emirates weather. Ramadas et al. [11] studied the
use of a solar absorption chiller for student residential buildings in Australia. Lahoud
et al. [12] examined the use of a single-effect absorption chiller. Moreover, the authors
carried out a thermo-economic feasibility analysis for a 700-kW sports stadium. The use
of phase change materials (PCMs) as a storage medium is advantageous for concentrated
solar power technologies [13]. Mohamed Ali et al. [14,15] have shown the potential of
using the PCM tanks to reduce energy consumption and to overcome the problem of a
mismatch between energy supply and energy demand. Recently, a solar cooling system
using sensible thermal storage and evacuated tube collectors was proposed by Yadav
et al. [16]. The system is designed to drive a combined cooling and power system. Ghaith
and Dag [17] have investigated the feasibility of using ice as a sensible storage medium
for space cooling applications. They found that the use of this thermal storage system
contributed to significant savings in annual electricity consumption.

We can conclude from this short review that most of the published works are focused
only on the use of the following: (1) single-effect solar absorption chillers, (2) ordinary flat
plate solar collectors or evacuated tube collectors and (3) conventional sensible storage
in water or oil tanks. The main contribution of this work is to numerically investigate a
novel double-effect absorption chiller system powered by a solar concentrator (parabolic
trough collectors) and a latent PCM storage tank. This proposed coupled solar-powered
cooling system with PCM thermal storage could be advantageous to reduce the energy
consumption of conventional air-conditioning systems during both daytime and nighttime
operations. Parabolic trough collectors (PTCs) are used mainly to capture solar energy and
to produce hot pressurized water for driving a double solar absorption chiller system for
air-conditioning. Since the heat transfer fluid is pressurized water, the system can also be
used during cooled periods to produce hot water and satisfy the heating requirements.

2. Solar-Powered Cooling System Description

The proposed solar-powered system for cooling applications is illustrated in Figure 1.
This solar system is composed of PTCs, a latent heat storage system in a PCM tank and a
double-effect solar absorption chiller system for air-conditioning. The main advantage of
this proposed system is its ability to provide the needed thermal energy for operating the
solar absorption chiller during sunshine and off-sunshine hours. In addition, this proposed
system can also be used during the cold periods of the year (no cooling needs) for the hot
water production process, as the used heat transfer fluid (HTF) is pressurized water. In



Energies 2023, 16, 4235

30f25

this paper, the performance of this solar system is investigated during the hot periods of
the year in Riyadh (Saudi Arabia), and it is used mainly for driving a double-effect solar
absorption chiller. The functioning mechanism of the investigated solar system can be
described as the following;:
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Figure 1. Schema of the proposed solar power system during the charging period.

2.1. Charging and Cooling Period

During this period (sunshine hours), HTF (pressurized water) passes through the
absorber tube of the PTC where it receives direct solar irradiations. The heated HTF at
the outlet of the PTC is then directed simultaneously to both the PCM tank for storing
the thermal energy produced in excess and to the generator of the chiller for the cooling
process. The PCM tank is composed of concentric cylinders where the HTF circulates in
the inner tubes and the PCM fills in the space between the tubes and the shell. The heat is
transferred from the hot HTF to the PCM, and the thermal energy is stored in both sensible
and latent forms (phase change process from solid to liquid state). More details about the
functioning of the used PCM tank are given in Section 3.2. In the absorption chiller side,
the hot HTF provides the necessary heat for driving the chiller generator and to maintain
the stable operation of the solar air-conditioning system. The considered commercial
water-lithium bromide (H,O-LiBr) absorption chiller type has a nominal cooling capacity
of 160 kW and an average coefficient of performance (COP) of 1.3 [12]. It is interesting to
note this double-effect absorption chiller is chosen due to its high COP compared to the
single-effect absorption chiller and its ability to provide high cooling capacities [3,18]. The
characteristics of the considered water-lithium bromide double-effect absorption chiller
are summarized in Table 1. At the outlet of both the chiller generator and the PCM storage
tank, the HTF is recovered and then transferred to the PTC solar loop for receiving solar
heat, increasing its temperature. It can be noted that this charging and cooling period is
activated when the thermal energy produced by the PTC solar collector is higher than
120 kW and the HTF temperature is between 110 °C and 170 °C. This operation condition
will allow the solar cooling system to produce 160 kW of cooling power and to store the
excess thermal energy produced in the PCM tank for later use.
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Table 1. Properties of the used commercial absorption chiller BROAD model [19].

Characteristic Value
Cooling capacity 160 kW
cor 1.33
Generator operation temperature (Tg) 110-170 °C
Outlet temperature at the generator Te —10°C
Generator flow rate 2.87kg/s
Inlet temperature at the evaporator 12°C
Outlet temperature at the evaporator 7°C
Evaporator flow rate 77kg/s
Inlet temperature at the condenser 30°C
Outlet temperature at the condenser 37°C

2.2. Discharging and Cooling

During this period (off/low-sunshine hours), the solar field is defocused and the
circulation of the HTF in the PTC is stopped. The schematic of the operated system during
this period is illustrated in Figure 2. The PCM tank is used as the heat source to extend the
functioning of the absorption chiller during this period and therefore continue the cooling
process using the stored thermal energy. It is important to note that the stored thermal
energy will be used to cover only a part of the required thermal energy for the cooling
process and will thus reduce the energy consumption of the absorption chiller. During this
process, both sensible and latent heat stored in the tank are released and the PCM changes
its phase from liquid state to solid state. This thermal energy is recovered by the HTF and
then passed through the chiller generator for chilled water production. If the storage tank
is fully discharged (complete solidification of the PCM) and the produced HTF temperature
is not sufficient to drive the chiller machine, the absorption machine auxiliary heater is
turned on and the required additional heat is produced for the cooling process. Through
this operation strategy, the absorption chiller energy consumption will be minimal, and its
energy efficiency will be improved.
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Figure 2. Schema of the proposed solar power system during the discharging period.

3. Model Development and Verification
3.1. PTC Model

This concentrated type of solar collector (PTC) is able to produce HTF temperatures
in the range of 60-300 °C with high thermal efficiency compared to traditional flat plate



Energies 2023, 16, 4235

50f 25

and evacuated tube solar collectors [20-23]. This type of solar collector is chosen in this
work due to its suitable temperature range for supplying the necessary thermal energy
to drive the chiller generator and to ensure a complete charging process of the PCM tank
with high phase transition temperatures (higher than 100 °C). In fact, using traditional
flat plate collectors leads to the production of low HTF temperatures, i.e., between 30
and 80 °C, which is not suitable for double-effect solar absorption chillers (See Table 1).
The used PTC in the present study is able to produce the needed HTF temperature range
(110 °C to 170 °C), and it contains a reflected mirror, a receiver tube and a sun-tracking unit.
The characteristics of the commercial PTC (Eurotrough ET-150 [24]) used in this work are
given in Table 2. During the functioning of this solar collector, the received direct normal
irradiation is first reflected and then absorbed by the receiver tube. The absorbed heat is
then transferred by conduction and by convection to the HTF (pressurized water) and this
leads to an increase in its temperature. A cross-section of the used PTC is illustrated in
Figure 3.

Table 2. Used parameters of one PTC unit in the proposed solar system.

Parameter Value
Area [m?] 200, 220, 240, 260
Absorber diameter [m] 0.034
Absorber thickness [m] 0.002
Glass cover diameter [m] 0.056
Glass cover thickness [m] 0.0025
Absorber absorptance 0.9
Absorber emittance 0.14
Glass cover transmittance 0.95
Glass cover emittance 0.86
Angle modifier K(0) 1

vAg
g

£ v Q HTF

Absorber

Glass tube

Reflector

Figure 3. PTC cross-section.

To predict the functioning of the considered solar PTC, the beam irradiation (Gy) is
used as the received solar irradiation of the PTC aperture area (A.), and the useful solar
irradiance by the PTC is computed as follows:

Qsolar = Ach (1)
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The useful thermal power of the pressurized water (working fluid) between the inlet
and the outlet of the PTC collector can be determined using Equation (2):

Qu= mHTFCp(Tout - Tz’nlet) ()

where mpyr is the HTF mass flow rate, and C, is the HTF heat capacity. Tout and Ty, are
the HTF outlet and inlet temperatures, respectively.

The thermal efficiency of the PTC collector is defined as the ratio between the use-
ful thermal power of the HTF to the received solar power, as shown in the following
equation [21]:

Qu
T Qsolar

In this investigation, the thermal efficiency equation for a commercial PTC (Eurotrough
ET-150) is used. This equation establishes a relationship between the thermal efficiency, the
ambient temperature, the used solar beam irradiance and the temperature of the HTF at
the PTC inlet. This equation is given as the following [24,25]:

®)

Tinlet — Tumb Tinlet — Tamb 2
N = 0.74K(6) — 0.000045( Tjpier — o) — 0.039 ( —eL——amb ) _ 003G, ( —inlet — —amb @)

Gy Gy

By solving all previous equations (Equations (1)—(4)), the PTC thermal performances
are simulated by calculating thermal efficiency and the HTF temperature at the outlet. To
verify the accuracy of this thermal model, obtained numerical results were compared with
experimental from references [26,27]. Figure 4 shows that the model can predict the real
behavior of the PTC with a maximal relative error of 5%.
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Figure 4. Variation of numerical and experimental PTC thermal efficiency from [26,27].

3.2. PCM Tank Model

Using a latent heat storage system for solar applications is known as an efficient way
to minimize the mismatch between energy supply and energy demand and to extend
the operation of these solar-powered systems during the off/low-sunshine hours. In this
work, the PCM tank is used for the solar cooling application, and it is coupled to the
solar field during the charging process (daytime period) and to the generator absorption
chiller for the discharging process (off/low-sunshine period). The studied PCM tank is a
shell-and-tube heat exchanger where the HTF circulates in the inner tubes, and the PCM
fills in the empty space between tubes (Figure 5). During the charging process, the HTF
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coming from the solar field with a high temperature enters the PCM tank and the flow is
divided into the tubes. Heat is transferred from the HTF to the PCM, and this leads to an
increase in its temperature and stores the heat in the sensible form. If the PCM temperature
reaches the phase transition temperature, the fusion of the PCM starts and the heat is
stored in the latent form at nearly constant temperature. At the end of the charging process,
the PCM temperature will be higher than its melting point, and its physical state will be
liquid. During the discharging process, the HTF coming from the solar field is stopped,
and the PCM tank is used for driving the solar chiller generator. In this period, the HTF
circulates between the PCM tank and the chiller generator, and the heat is transferred
from the PCM to the HTF (solidification process of the PCM). This recovered thermal
energy will be used to extend the functioning of the solar chiller and to cover a part of its
energy consumption during off/low-sunshine hours. The choice of a suitable PCM for
this application is an important design step, and its transition temperature is one of the
main factors to be considered. In fact, the PCM melting point must be chosen based on the
required temperature for driving the chiller generator. According to the technical operation
parameters of the commercial double-effect absorption chiller, the required temperature
of the generator must be between 110 and 170 °C. Based on these operation temperatures,
A118 from the PlusICE® company (Yaxley, Peterborough, UK) was chosen as a commercial
PCM with a transition temperature between 117 °C and 119 °C. In addition to this criterion,
the chosen PCM must also have a high latent heat of fusion [21,28] and a high thermal
conductivity [29]. The design of the tank and thermophysical properties of the chosen
commercial PCM (A118) are summarized in Table 3.
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Figure 5. The studied PCM storage tank for the solar cooling system.

Table 3. Properties of the considered PCM in the proposed solar system [30].

Properties Value
Thermal conductivity (W/m-K) 0.22
Density (kg/m?) 900
Transition temperature (°C) 117-119
Specific heat capacity (J/kg-K) 2200
Latent heat capacity (kJ/kg) 195
PCM tank volume (m?) 2.446
PCM tank length (m) 3.42
Number of tubes in the PCM tank (-) 400
Tube diameter in the PCM tank (m) 0.036

To model the dynamic behavior of the PCM tank, the lumped-capacitance approach
is adopted. The latter has several advantages and is characterized by its fast calculation
time [31,32] where only ordinary differential equations (ODEs) are solved instead of solving
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complex differential equations (PDEs) [33,34]. The ODEs are constructed by applying
energy balances for each component of the PCM tank, i.e., the PCM domain and the HTF
domain. To determine the space-time variation of the temperature inside the PCM tank, the
latter is divided into several horizontal control volumes (See Figure 5) where the energy
balance is applied in each control volume. It is important to note that during the application
of the lumped approach, the temperature in each control volume is assumed to be uniform
and the HTF flow is considered to be unidirectional. The energy balances can be expressed
as the following:

- Control volume 1 (HTF):
T )
(mCp) 2T hpA (Tst,l - Tf,l) +mgCp ¢ (Tf,inlet,l - Tf,out,l) )

- Control volume 1 (PCM):

(mCp) 4 1 agstffl = A(Tyy = Ty ) (©)
- Control volume 2 (HTF):
aTs, .
(mcp)fIZT =hfA (Tst,Z - Tf,z) +mgCp (Tf,inlet,2 - Tf,out,2) )
- Control volume 2 (PCM):
(mcp)st,z% = hyA(Tpa ~ Tuz) ®)
- Control volume N (HTF):
oT¢ N ,
(mCp) N9 T hA (Tst,N - Tf,N) +mpCp (Tf,inlet,N - Tf,out,N) )
- Control volume N (PCM):
(mcp)st,NaTa%'N = iy A(Tyn = Tun) (10)

where Ty and Ty are the HTF temperature and the PCM temperature of each control volume,
respectively. A is the exchange heat transfer area, and myrr is the HTF mass flow rate
in the PCM tank. It is interesting to note that the HTF temperature at the outlet of a
control volume (i) is considered equal to the input temperature of the control volume
(i + 1). The used convective heat transfer coefficient (/) is determined using the following
equation [15,29]:

' 4.36 R, <2300
_ 5 (§) (Re—1000)P, (1)

hg ( R, > 2300
D 1+12.7(§)0'5<(p,)%71) ¢

To simulate the phase change phenomena in the PCM during the functioning of the
solar-powered system, the effective heat capacity method is used. The approach used for
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modeling is based on the use of an equivalent PCM heat capacity where its value depends
on the PCM temperature. The expression of the PCM heat capacity is given by [35,36]:

CPrPCW(T) = Cbase(T) =+ Cexcess(T) (12)

where:
Case(T) = Cp,s(T) + Cp,l(T) (13)
Cexcess(T) = Lsa];i(TT) (14)

In the previous expression, the PCM heat of fusion is denoted by Ls, and the PCM
average liquid fraction is denoted by f(T). When the PCM temperature is lower than the
melting one, the f(T) is equal to zero and the Cy,, is equal to the solid PCM heat capacity
(Cps)- However, if the PCM temperature is higher than the melting point, the f(T) is equal
to one and the Cy is equal to the liquid PCM heat capacity (Cp). During the phase
transition period, i.e., 0 < f(T) < 1, the PCM liquid fraction is given by:

f(T) = % [arctun AT

This expression of the PCM liquid fraction is integrated into Equation (12) and the
final expression of the PCM heat capacity can be expressed as:

2y
Cp,pcm(T) = Cbase(T> + Ls AL (16)

(GRS

All the previous coupled equations were implemented in EES code (Engineering
Equation Solver) [37]. This tool was chosen mainly due to its ability to solve several coupled
ordinary differential equations, and it offers users routines to calculate the thermodynamic
properties of various heat transfer fluids.

To ensure the validity of both the PCM modeling approach and the PCM tank dynamic
global model, obtained results were compared with experimental results from the litera-
ture [35,36,38]. Medved et al. [35] have experimentally measured the variation of the PCM
heat capacity with the temperature. The same design and operation conditions were used
as input parameters in the developed EES code, and the obtained results were compared
with measured data. Figure 6a shows the variation of the PCM heat capacity with the
temperature using the developed model and measured data from the reference [35]. This
result indicates that the proposed approach can estimate with good accuracy the PCM heat
capacity variation in both the sensible heat transfer domain (constant low values of Cp) and
the latent heat transfer domain (a jump of Cp with T). This validated PCM heat capacity
function is used in the PCM tank model, and the simulation results were compared with
real-scale shell-and-tube PCM tank measurements [38]. The present PCM tank has the
same used design in the experimental work of [33] where it is used to provide hot water for
a district heating substation in France. More details about this study could be found in our
previously published works [34,39]. By using the same previous validation methodology,
obtained results from the proposed dynamic model were compared with the experimental
measurements, and the obtained results are given in Figure 6b. By analyzing this result, it
can be seen that the PCM tank model predicts with acceptable accuracy the real dynamic
thermal behavior of the storage system. The maximum relative error is equal to 5%. In
fact, the produced water temperature from the PCM tank model follows the measured
one, where it decreases until reaching the phase transition period. During this period, both
the simulated and the measured outlet water temperatures become stable due to the high
amount of produced latent thermal energy from the PCM. At the end of the phase change
process, the water temperature drops, and only sensible thermal energy is released.
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Figure 6. (a) PCM heat capacity method validation: numerical results vs. measured data [36],
(b) PCM tank numerical results vs. experimental results from [38].

Finally, and based on the previous validation studies, it can be concluded that the
proposed dynamic models for both the PTC solar system and the PCM tank are validated
and can be used to successfully predict the dynamic behavior of these systems. These
models will be used in the following section to produce and store renewable thermal energy
for the solar cooling process in Riyadh (Saudi Arabia). This renewable thermal energy will
be mainly used in the generator of a double-effect absorption chiller with a cooling capacity
of 160 kW, and a generator operation temperature between 110 °C and 170 °C [19].

4. Results and Discussion

In this section, the dynamic thermal behavior of the studied solar-powered cooling
system is investigated in the meteorological conditions of Riyadh. The solar thermal system
is designed to deliver 120 kW of thermal power to drive the chiller generator and produce
160 kW of cooling power (COP = 1.33) during a representative day of the summer season
(21 June). The excess produced solar thermal energy from the PTC solar field will be stored
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in the PCM tank. This stored thermal energy will be used to extend the operation of the
absorption chiller during low- or off-sunshine hours, thus reducing its energy consumption.

4.1. Weather Data and Operation Conditions

As mentioned previously, the proposed solar-powered system is investigated using the
weather data of Riyadh. The monthly variation of solar radiation and ambient temperature
is given in Figure 7a. These data show that Riyadh is characterized by a hot climate
from April to September, which will induce a high cooling energy demand. The maximal
monthly air temperature during this hot period is reached between June and August, and
it is up to 38 °C. The maximal monthly solar radiation is reached during the same period
of the year, particularly in June, with a value of 236 kWh/m?. These data confirm two
points. The first is that the energy consumption for the cooling process of buildings and
industrial sectors will be high during this period. The second is that using solar cooling
systems in such weather conditions will be advantageous and could significantly reduce
the high energy consumption, protecting the environment. As June is the hottest month
of the year in Riyadh, a representative day of summer (21 June) from this month will be
used as an input parameter in the developed dynamic model. The hourly variation of
the beam solar irradiance and the ambient temperature are plotted in Figure 7b. It can
be observed that the maximal ambient temperature during this day can reach 43 °C at
3 p.m., and the maximal direct solar irradiance is up to 905 W/m?2. These data are used as
input parameters to simulate the real functioning of the PTC. This high amount of received
solar irradiance could be used successfully to power the chiller generator by providing the
necessary thermal energy for the solar cooling process.

By using these previous meteorological data of the representative summer day, the
variation of the produced solar thermal power from the PTC field is presented in Figure 8.
It can be seen that the solar PTC field is able to provide the necessary thermal energy for
driving the chiller generator. In fact, the produced solar thermal energy follows the solar
irradiance behavior and reaches a value higher than 120 kW (necessary thermal energy
for the cooling process) from 9 a.m. to 5 p.m. During this period, the PCM tank can be
used as a thermal battery for the storage of excess produced solar thermal energy and to
maintain a stable operation of the solar cooling process. During the early morning or in the
late afternoon, this stored thermal energy in the PCM tank will be used when the produced
solar thermal power is insufficient (lower than 120 kW) to meet the cooling power demand.
Figure 8 shows also the hourly variation of the PTC solar field thermal efficiency. During
sunshine hours, the PTC thermal efficiency varies between 73% and 74% as the received
solar energy is lost due to the reflection coefficient of the PTC mirror and the convection
heat losses between the PTC receiver and the exterior air.

4.2. Charging and Cooling Period

The charging and cooling period refers to the period of the day when the produced
solar thermal power from the PTC field is higher than the required power to drive the
chiller generator. This period is fixed in the representative summer day in Riyadh from
9 am. to 4 p.m,, i.e., 420 min. During this period, both the solar irradiance and the ambient
temperature in the city reach their maximal values, and therefore the cooling demand will
be high. The variation of the instantaneous thermal power at the PTC solar field, at the
PCM tank and at the cooling generator are given in Figure 9a. It is interesting to note that
the used PTC area is equal to 240 m?. The obtained results show that the maximal value of
produced solar thermal power can reach 160 kW during this period. By using the PCM tank,
this excess of produced solar thermal power is stored, and therefore the chiller generator
operates in a stable condition with a fixed thermal power of 120 kW. This proposed design
operation is advantageous for solar-powered systems as it maintains the stable operation
of the solar cooling system under variable solar radiation and without using any additional
regulation or auxiliary system. The cumulated thermal energy in the investigated solar
system is shown in Figure 9b. It can be shown that most of the produced solar thermal
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energy from the PTC field is used to drive the chiller generator for the cooling process and
the rest of the produced thermal energy is stored in the PCM for later use. At the end of the
charging and cooling operation, about 77% of the produced solar thermal energy is used
for the cooling process and 23% is stored in the PCM tank. The diagram of the energy flow
during the charging and cooling period is illustrated in Figure 10. It can be seen clearly
that not all the available solar energy is used in the solar-powered system, but only 73% of
it is used by the PTC for thermal energy production. These energy losses are due to the
temperature difference between the PTC absorber and the environment and are due to the
PTC optical losses. As the nominal COP of the used commercial double-effect absorption
chiller is 1.33, the used thermal energy at the generator is converted into cooling thermal
energy and increased from 836 kWh to 1114 kWh. The rest of the produced thermal energy
of about 250 kWh is stored in the PCM tank.
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Figure 7. (a) Monthly variation and (b) hourly variation of ambient temperature and solar radiation
in Riyadh (Saudi Arabia).
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Figure 8. Hourly variation of produced thermal power from the PTC solar field and the PTC thermal
efficiency during the 21 June in Riyadh.

4.2.1. PTC Field and PCM Tank Dynamic Behavior

The dynamic behavior of the coupled PTC solar field and PCM tank with the double-
effect absorption chiller is presented in this section. Figure 11 illustrates the time-wise
evolution of the HTF temperature at the inlet and the outlet of the PTC solar field. This
period is assumed from 9:00 a.m. to 5:00 p.m., and the used ambient temperature and
received beam radiation are given in Figure 7b. It can be seen that the difference between
the HTF inlet and outlet temperatures is about 10.5 °C with a mass flow rate of 13.2 m3/h;
this is a 160-kW solar concentrator thermal power. The HTF temperature at the inlet of the
PTC, coming from the PCM tank and the double-effect chiller, increases at the beginning of
the system operation before it reaches a stable value of around 118 °C. In fact, the produced
hot HTF passes simultaneously through the PCM tank and the chiller generator which leads
to a decrease in its temperature. When the PCM melting process starts (at a melting point
between 117-119 °C), the HTF inlet temperature stabilizes around this melting point due to
the latent heat storage process. After completing the phase process, the HTF temperature at
the outlet of the PTC increases and reaches its maximal value of 160 °C. It is interesting to
note that the used 160-kW PTC is advantageous for the solar-powered double-effect chiller
as the PTC allows the chiller to reach suitable operation temperatures (110-170 °C) during
the whole cooling period and also to complete the PCM charging process.

To verify if the PCM tank is completely charged or not (storage process), the variation
of PCM temperature at three different locations inside the tank, i.e., top, middle and bottom,
is given in Figure 12a. It is interesting to note that the PCM tank is coupled to the solar
field and thus the same previous design and operation are used. These results indicate that
the PCM temperature at different locations follows the same behavior. At the beginning
of the charging operation, the temperature increases until reaching the melting interval
(117-119 °C). During this period, only the sensible heat is stored in the tank by increasing
the PCM temperature level. When the PCM temperature reaches the melting point, the
latent heat storage process starts at a nearly constant temperature. It is interesting to note
that the charging process is carried out from the top to the bottom of the PCM tank, which is
translated into a rapid increase in the PCM temperature at the top compared to the bottom.
Another important parameter during the latent heat storage process is the PCM liquid
fraction, which indicates the progress of the physical phase change process (Figure 12b).
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As the PCM at the top of the tank is the closest to the hot HTF, its liquid fraction increases
quickly compared to other locations, and it reaches a value of 1 (complete charging) after
only about 100 min from the beginning of the charging process. However, the PCM located
at the bottom of the tank needs about 300 min to become liquid, thus completing the
charging process. Overall, the proposed solar-powered system is able to completely charge
the PCM tank as all of the PCM becomes liquid during the charging and cooling operation,
and therefore both sensible and latent heat is stored in the tank for later use.
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Figure 9. Instantaneous thermal power (a) and cumulated thermal energy (b): produced by the PTC,
stored in the PCM tank and used by the chiller generator for the cooling process.
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Figure 10. Diagram of energy flow during the charging and cooling process.
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Figure 11. Variation of inlet and outlet HTF temperatures at the PTC solar field.

4.2.2. Effect of the PTC Solar Field Area

To evaluate the influence of the used PTC solar field area on the charging operation,
four different PTC areas were used in the developed dynamic model: 200 m?, 220 m?,
240 m? and 260 m?. Figure 13a shows the evolution of instantaneously produced solar
thermal power from the PTC during the functioning of the coupled PTC-PCM tank-chiller.
As expected, increasing the PTC area from 200 m? to 260 m? leads to an increase in the
amount of produced thermal power, and its maximal value varies from 134 kW to 174 kW.
The effect of the chosen PTC area on the stored thermal energy is clearly indicated in
Figure 13b. It can be seen that reducing the used PTC area leads to a reduction in the
amount of stored thermal power in the PCM tank. In fact, the role of the proposed PCM
tank is to store only the excess of the produced thermal power. As the necessary thermal
power to drive the chiller generator is fixed at 120 kW, minimal stored thermal power is
observed for a lower solar PTC field area. The maximal stored thermal power in the PCM
tank is equal to 14 kW, 27 kW, 40,5 kW and 54 kW for a PTC area of 200 m?, 220 m?, 240 m?
and 260 m?, respectively.
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Figure 12. Variation of PCM tank temperature (a) and PCM liquid fraction (b) during the charging process.

This result could also be presented in the form of a correlation that predicts the
produced thermal power from the PTC collector and the stored thermal power in the PCM
tank as a function of the PTC area as the following;:

Pprc (kW) = Ppase,prc + 0.6415(Aprc — ApTc pase)

(17)

where Pg,, prc is the produced thermal power in kW during the functioning of the system
at the base case (Aprc pase = 200 m?), and Aprc is the actual PTC area.
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Figure 13. Variation of produced solar thermal power (a) and stored thermal power in the PCM tank (b).

The same methodology is used to determine the correlation of the stored thermal
energy in the PCM storage unit for different values of the PTC area, and it is given as
the following:

Ppea (kW) = Ppase + 0.6093(Aprc — Aprc pase) (18)

Figure 14 illustrates the variation of the average PCM liquid fraction during the
charging and cooling operation for different values of the PTC solar field. It is worth noting
that the cooling need is fixed at 160 kW. These results show that reducing the PTC solar
field reduces the PCM storage efficiency by reducing the amount of melted PCM inside
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the tank. It can be observed that the phase change kinetic is rapid for the high value of
the PTC solar field, and it reaches its suitable value of 1 only for 240 m? and 260 m? of
PTC solar area. The charging time of the PCM tank is reduced by about 45% as the PTC
collector area is increased from 220 m? to 260 m?. However, the PCM charging process
is not completed for a PTC area lower than 220 m?. Therefore, it is recommended for
the proposed solar-powered system to use a PTC area higher than 220 m? in order to
ensure a complete charging process of the PCM tank and a stable operation of the 160 kW
double-effect absorption chiller.
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Figure 14. Variation of average PCM liquid fraction during the charging and cooling operation for
different PTC field areas.

4.2.3. Effect of the Cooling Power Demand

The influence of the required cooling power needs on the charging operation is in-
vestigated in this section. The considered cooling power demands in the double-effect
absorption chiller are fixed at 120 kW, 160 kW and 200 kW. It is important to note that
during this analysis, the PTC solar field area is fixed at 240 m2. Figure 15a shows the
instantaneous stored thermal power in the PCM tank during the charging operation. This
result indicates that the increase in the cooling load demand reduces the amount of stored
thermal energy. This behavior is justified by the increase in consumed thermal power
by the chiller generator with the cooling load; therefore, the available excess of thermal
energy for the PCM storage process is minimal. This cumulated stored thermal power
is given in Figure 15b. It can be seen that the maximal amount of stored thermal energy
is equal to 450 kWh, 250 kWh and 45 kWh for 120 kW, 160 kW and 200 kW of cooling
demand, respectively.

To verify the state of the charging process in the PCM tank, the average PCM liquid
fraction at the tank for each cooling power demand is given in Figure 16. It is observed that
for all cases, the liquid fraction is equal to zero at the beginning of the charging process
which is translated by the sensible heat storage process without change in the PCM physical
state. When the PCM temperature reaches the melting interval, the latent heat storage
process starts, and the liquid fraction increases. It can be seen that for 120 kW and 160 kW
cooling power demand cases, the charging process in the PCM tank is completed, i.e., a
liquid fraction equal to 1. The time needed for the charging process is increased by about
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64% as the cooling power demand increases from 120 kW to 160 kW. However, for a higher
value of cooling power of 200 kW, the use of the present PCM tank is not beneficial as its
melting fraction does not exceed 10% and thus its charging process is not completed.
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Figure 15. Variation of instantaneous stored thermal power (a) and stored thermal energy (b) in the

PCM tank: influence of the cooling power demand.
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Figure 16. Evolution of PCM average liquid fraction during the charging and cooling operation for

different cooling power demands.

4.3. Discharging and Cooling Period

The functioning of the coupled PCM tank and absorption chiller is analyzed in this
section, and the potential for using the PCM tank to deliver a part of the necessary thermal
energy for driving the chiller generator during the discharging period is investigated. As
in the charging period, the cooling power load is fixed at 160 kW and thus the required
thermal power to drive the chiller generator is equal to 120 kW (COP = 1.33). This cooling
load is assumed to be consumed during the nighttime period for 6 hrs, i.e., from 6:00 p.m.
to 11:00 p.m. The main role of the proposed PCM tank is to deliver stored renewable
solar thermal power and thus reduce the chiller energy consumption during the nighttime
period. The storage system is designed to deliver constant thermal power during the
discharging period through the regulation of the HTF mass flow rate. For this purpose,
the used pump flow rate is regulated, and it has a minimal mass flow rate of 0.2 kg/s and
a maximal one of 1.58 kg /s [33,34]. Initially, the PCM tank is assumed to be charged at a
liquid state with an initial temperature of 150 °C (See Section 4.2). If the released thermal
power from the PCM is not sufficient to drive the chiller generator, the chiller auxiliary
heater will be turned on to deliver additional heat. Figure 17a shows the variation of the
HTF temperature at different locations in the PCM tank during the discharging period.
It is interesting to note that the discharging process is carried out from the bottom to the
top, and the return temperature from the chiller generator is fixed at 110 °C. It can be
seen that the HTF temperature increases from the bottom to the top of the tank due to
the released thermal energy from the PCM. At the beginning of the discharging period,
the HTF outlet temperature (top of the tank) remains constant at 150 °C for about 50 min
due to the stored sensible heat in the PCM. After this period, the outlet HTF temperature
drops, and it reaches the second plateau where it becomes stable at around 118 °C. This
temperature stabilization is advantageous for the chiller operation in stable conditions.
During this period, the phase change process of PCM starts and leads to the production of
a constant HTF temperature close to the melting interval of the used PCM [117-119 °C]
(Figure 17b). At the end of the discharging period, both the outlet HTF temperature and the
PCM temperatures at the top of the tank become equal to the inlet temperature (bottom),
and the PCM liquid fraction is equal to zero (Figure 17b) (PCM at solid-state).
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Figure 17c confirms the advantage of using the proposed PCM tank in the solar-
powered cooling system, where it shows its ability to provide the required thermal power
of 120 kW. Thanks to the HTF mass flow rate regulation system, the PCM tank provides
the necessary thermal power for driving the generator with 120 kW and with a suitable
HTF temperature of 150 °C (Figure 17a) during the first hour. As the discharging operation
progresses, the delivered thermal power decreases, and the HTF mass flow rate increases
and reaches its maximal value of 1.58 kg/s. During this first hour of the discharging period,
the backup system of the chiller generator is turned off as the PCM tank is able to deliver all
required thermal power for the cooling process (Figure 17c). After this period, the released
thermal power from the PCM tank decreases and the chiller auxiliary heater is turned on to
provide additional heat.
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Figure 17. (a) Time-wise evolution of the HTF temperature, (b) the PCM temperature and liquid
fraction in the tank and (c) the HTF mass flow rate and the released thermal power.

The advantage of using the PCM tank in the proposed solar-powered cooling system
is shown in Figure 18. This figure illustrates the variation of the released thermal energy
from the PCM tank and the chiller energy consumption with and without using the PCM
tank. The cumulated released thermal energy from the tank increases from the beginning
of the discharging process until the end of the operation where it becomes constant and is
equal to 240 kWh (end of the discharging). Through analyzing the cooling system with the
PCM tank, it can be seen that the chiller energy consumption is equal to zero during the
first hour as the PCM tank is able to provide all the necessary thermal power for the cooling
process. This result is advantageous compared to the use of sensible storage systems such as
water or oil and as proposed by the literature [24,25]. With the progress of the discharging
process, the chiller auxiliary heater is turned on as the produced thermal power from the
PCM tank is lower than 120 kW (See Figure 17c). Through the comparison of the energy
consumption of the two systems (with and without the PCM tank), it can be concluded
that using the PCM tank provides a stable operation of the cooling system and reduces its
energy consumption by up to 30%.
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Figure 18. Evolution of released thermal energy from the PCM tank and the chiller energy consump-
tion with and without PCM.
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5. Conclusions

A novel solar-powered cooling system coupled with a parabolic trough collector (PTC)
and phase change material (PCM) tank is proposed and numerically investigated. The
considered water-lithium bromide absorption chiller has a nominal cooling capacity of
160 kW, and it is driven by pressurized hot water under the climatic conditions of Riyadh,
Saudi Arabia. A dynamic model for the coupled solar-powered system is developed and
validated with experimental measurements from the literature. Both daytime and nighttime
operations of the coupled solar cooling system are investigated, and the main results can
be concluded as the following:

e  Using solar concentrators (PTC) in Riyadh is able to provide necessary thermal power
with suitable temperatures ranging from 110 °C to 170 °C for driving double-effect
absorption chillers.

e  Coupling the PTC collectors with the PCM tank is beneficial for the cooling process
due to the PCM tank’s ability to store the excess of the produced solar thermal power
and to maintain a stable operation of the chiller.

e  During the sunny period of the day in Riyadh (from 9 a.m. to 4 p.m.), 77% of produced
solar thermal energy from the PTC is used to drive the 160 kW absorption chiller, and
23% is stored in the PCM tank.

e Increasing the PTC area in the solar-powered system from 200 m? to 260 m? leads to
an increase in the amount of produced and stored thermal energy of 22%.

e  The charging time of the PCM tank is reduced by about 45% as the PTC collector area
is increased from 220 m? to 260 m?2.

e By maintaining a fixed PTC area of 240 m?, the increase in the cooling loads from
120 kW to 200 kW induces a decrease in the stored thermal energy in the PCM tank
from 450 kWh to 45 kWh.

e  During the nighttime period, the stored thermal energy in the PCM tank is able to
continue the cooling process with a stable delivered cooling power of 120 kW and a
suitable HTF temperature between 118 °C and 150 °C.

e  The use of the PCM tank in the studied absorption chiller leads to a reduction of up to
30% in cooling energy consumption during off-sunshine hours.

Finally, it can be concluded that the proposed solar-powered cooling system with the
PTC solar field and the PCM tank is beneficial, and it is recommended for arid regions
with high solar radiation and sunny hours. As perspectives of the present work, a detailed
environmental analysis and a life cycle cost assessment will be presented and analyzed in
future work.
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