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Abstract: The technology of a hybrid solar concentration photovoltaic/thermal (CPV/T) system is
an efficient way of converting solar energy to heat and electrical power, in which overall energy-
extraction efficiency is at its highest. In this study, numerical dynamic simulation models were
developed for a hybrid solar CPV /T system and an adsorption refrigeration system (ARS). Under
the climatic conditions of Riyadh all year round, the electrical and thermal powers generated by the
CPV/T system were used to estimate the ice production of both the vapor compression refrigeration
system (VCS) and the ARS. The CPV/T system can provide a thermal energy of 37.6 kWh and
electrical energy of 24.7 kWh a day on average over the year using a 12.5 m? facing area of Fresnel
lenses. The ARS employed an advanced approach which used Maxsorb III adsorbent packed in
two aluminum foam beds. An optimum cycle time of the ARS was adapted for each month to match
the variation in the thermal energy, while a variable-speed compressor was chosen for the VCS. Due
to its higher coefficient of performance (COP), the proposed solar hybrid system can produce 494.4 kg
of ice per day while sharing 84.5% of the VCS. The average solar COP over the year of the hybrid
system can attain 0.875, which represents a promising value for a solar ice-production system.

Keywords: solar concentration; photovoltaic thermal; adsorption ice production; solar COP; metal foam

1. Introduction

Renewable energy is becoming a favorable source of energy around the world and in
Saudi Arabia in particular, as it is considered environmentally friendly with no pollution
to the atmosphere. The utilization of such an energy source aims to reduce fossil-fuel
consumption and reduce CO, emissions. Solar radiation is considered one of the world’s
largest energy sources and utilizing that radiation to produce energy will reduce reliance
on fossil fuels. Saudi Arabia’s geographical location is strategic, as it sits in the center
of the so-called “Sun Belt” and has a clear sky year round, which has made it a perfect
site for utilizing solar energy [1]. The country is blessed with a huge amount of sunlight,
receiving an average thermal energy of 2200 kWh/m? per year [2]. About 52 percent
of the electricity produced in Saudi Arabia is used by the residential sector [3]; about
70 percent of this consumption is ascribed to refrigeration systems [4]; the bulk of these
systems are run using a vapor-compression technique. The adsorption refrigeration system
(ARS) presents a chance to use solar energy using the heat produced by solar radiation or
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waste heat to produce the needed cooling. The concentrated photovoltaic (CPV) method
is an example of harnessing solar energy and is an appropriate application where solar
energy may be utilized to run an ARS. Several researchers have studied solar-operated
ARSs and have identified several gaps and opportunities to be explored further to achieve
practical applications of ARSs [5]. Some of these challenges include the system’s poor
coefficient of performance (COP) [6], the fact that it can only be used during the day, the
low refrigeration capacity per mass of adsorbent, and the size of the system in comparison
to a vapor-compression refrigeration system (VCS) with an equivalent capacity. On the
other hand, VCS, which is typically powered by electricity generated by the combustion of
fossil fuels, has a high COP, allowing it to dominate global markets. Due to the disparity
between ARS and VCS, many studies have been conducted to combine both refrigeration
systems in various configurations in order to maximize their benefits while minimizing
their drawbacks [7].

An experimental analysis of a solar adsorption ice-maker system using a working
pair of activated carbon and methanol with a 1000 mm x 800 mm solar collector was
reported by Attalla et al. in [8]. According to the study, the system COP was approximately
0.146. In Kunming, China, Luo et al. [9] conducted year-round experimental evaluations
of a solar adsorption ice maker using activated-carbon-methanol as the adsorption pair.
The experiment revealed that the system’s COP ranged from 0.08 to 0.127, and it produced
3.2 to 6.5 kg/m? of ice. According to Wang et al. [10], the COP and cooling capacity of
the ARS can be improved by enhancing the mass transfer during the desorption process
using a micro vacuum pump positioned between the adsorbent bed and the condenser.
The pump was employed to reduce the condenser pressure during the desorption stage
by exhausting the vapor desorbed. The study revealed that the maximum COP was 0.142
and the average COP of the improved model increased by 35.9% in comparison to the ARS
with a natural mass circulation. Ambarita and Kawai [11] evaluated a solar-powered ARS
with a bed filled with various adsorbents. According to the experimental study, the system
with a pure activated carbon and methanol pair produced a higher COP than the system
with a mixed activated alumina and activated carbon adsorbent at different ratios. The
significant heat losses from the solar collector and the low heat transfer coefficient from the
adsorber plate to the generator were the main causes of the overall low COP for all trials
(the maximum average COP was 0.074). Elsheniti et al. [12] quantitatively analyzed the use
of an aluminum fumarate and silica gel as adsorbents in a solar adsorption cooling and
desalination system. The results showed that for normal cooling with inlet chilled water of
15 °C, the COP and gross COPg,; for the SG-based system reached 0.6 and 0.4, respectively;
they were greater than those for the AF-based system due to the MOF aluminum fumarate’s
poor heat conductivity. As a result, improving heat and mass transmission in the adsorbent
beds is crucial to enhancing the ARS’s overall performance. One of the recently suggested
methods in the literature that has to be investigated at the solar-driven ARS level is the
use of superior adsorbent materials such as Maxsorb III combined with advanced foamed
beds [13].

To collect both electrical and thermal energy from PV cells without focusing solar
irradiation, the flat-plate PV /T hybrid system was introduced. Based on weather data from
Alexandria, Egypt, Gado et al. [14] evaluated a PV/T hybrid adsorption-vapor compression
refrigeration system for cooling applications and found that it can save about 30.7 percent of
electrical energy. Using the combined air-water cooling technique suggested by Aghakhani
and Afrand [15], a maximum total efficiency of 81.61 percent was achieved in a PV/T
system. The concentrated photovoltaic/thermal (CPV/T) combination system has been
developed to further enhance the flat-plate PV /T approach through an optical concentrator.
In contrast to conventional PV /T, the CPV /T technology uses an imaging or non-imaging
optical concentrator as the reflector to obtain high-intensity irradiation in a considerably
smaller solar-cell receiver [16]. The development of an effective solar (CPV/T) system with
appropriate use of the generated power by merging several technologies has also been the
subject of numerous studies [17]. The cells’ maximum temperature of 110 °C, depending
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on the available varieties in the global market, controls the temperature level of the thermal
power produced by the CPV /T system. As a result, the system’s exit fluid temperature is
often below 100 °C, producing low-grade thermal energy that some technologies can use.
Different solar cogeneration systems, including the organic Rankine cycle [18], absorption
and adsorption systems [19,20], solar desiccant cooling, and combined heat and power
systems [21], have been the focus of many studies.

A 2-D computational model for the fluid cooling passage combined with a thermal
resistance model for the remaining parts of a CPV/T module was built by Xu and Kle-
instreuer [22]. When using nanofluids and aiming for thermal energy at a temperature
of about 62 °C, the overall efficiency of 70% includes contributions from electrical and
thermal systems of 11% and 59%, respectively. A CPV /T system combined with an inte-
grated adsorption-organic cycle for normal cooling, desalination, and power generation
was examined numerically under three different scenarios in the work carried out by
Albaik et al. [19]. The CPV /T used a multijunction solar-cell assembly on top of a cooling
channel and a Fresnel-lens concentrator. The studies were carried out at 1000 W/m? of solar
irradiation. Maximum energy conversion efficiency for the entire system was 68.47 percent.
A CPV/T system with an integrated small-scale ORC was examined by Alamri et al. [23],
utilizing various working fluids. According to their findings, the system converted solar
energy into electricity with a total efficiency of 46.57 percent when R245fa was used as
the working fluid. Buonomano et al. [24] explored the combination of adsorption and
absorption chillers with CPV /T systems and flat PV/T collectors. A thermodynamic-based
model was developed for the dynamic simulation of several locations in Europe. They
concluded that the adsorption chiller should be used if the thermal performance of the solar
collectors is subpar. In addition, the usage of an electric VCS as a backup device yields the
highest simultaneous energy and cost-effective performance in all the analyzed weather
zones and for all the simulated system designs.

The current paper presents a novel simulated case study on the production of ice using
an integrated solar refrigeration system composed of a CPV /T system that drives both
ARS and VCS to operate simultaneously throughout the year using Riyadh climate data.
By delivering cooling during the day and night, the solar ice maker proposed in this study
can serve as an alternative to solar cooling systems that are intermittent. For the CPV /T
system, a transient three-dimensional CFD model is created to mimic its performance over
the course of a year. A lumped parameter model for the ARS is developed to simulate the
newly emerging aluminum-foam beds packed with the advanced Maxsorb III adsorbent
and coupled with the condenser and evaporator submodels [25]. The ARS model is used
to determine the design parameters to match the available thermal power produced by
the CPV /T system and optimize ARS’s cycle time. In addition, a commercially available
variable-speed VCS is chosen to utilize the electricity generated by the CPV/T system.
A monthly-based simulation is introduced in this study to predict the ice production from
both refrigeration subsystems and show the overall performance of the integrated system.
To obtain more pertinent results, the study considers the different types of losses to evaluate
the proposed hybrid system and report the energy balance sheet.

2. Methodology

The schematic diagram of the proposed hybrid solar CPV /T system, which drives both
the adsorption refrigeration system (ARS) and the vapor compression refrigeration system
(VCS) is shown in Figure 1. The electrical power drives the motor-operated compressor in
the VCS, and the extracted thermal power heats up the adsorbent bed in the ARS to desorb
the refrigerant from the adsorbent. Both the ARS and VCS systems are simultaneously
used to produce ice. The method used in the study entails creating a 3-D CFD model for the
CPV/T system first, then using the results to develop and choose the parameters required
for the integrated system for each component under the real weather conditions in Riyadh.
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Figure 1. Schematic diagram of the proposed integrated solar-operated refrigeration system.

2.1. The CPV/T Model

The system consists of multi-junction solar cells (MJSCs) coupled with a point-focus
Fresnel-lens (PFFL) concentrator. To dissipate the heat generated by the CPV cells and
maintain them within the manufacturer’s suggested operating temperature range, a heat
sink is attached to the bottom of the cells for active cooling. In this study, the simulation
of the CPV cells considers the specifications of AZURSPACE III-V triple-junction solar
cell. This cell has a rated efficiency of 42% under standard conditions. The active area
of the cell is 10 x 10 mm?, with layers composed of GaInP/GalnAs/Ge. The cells are
prefabricated for PFFL application [26]. As shown in Figure 2, the concentrator is a Spot
Fresnel lens made of Polymethyl methacrylate (PMMA), which focuses direct sunlight into
the CPV/T assembly.

\
V

Figure 2. The CPV/T components.

\ \
\'\
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The refractive prisms, which shape the Fresnel lens, focus the incident rays on the
receiver based on the focal length of the lens. The prisms’ geometry can be described
mathematically using the following equations [27,28]:

nsin(a) = sin(0) 1)

tan(6 —a) = )

| =

tan(a) = ©)]

R
ny/R?— f2— f
where R is the distance between incident light and the optical axis, f is the focal length
of a Fresnel lens, « is the prism angle, 6 is an angle between the refractive ray and the
perpendicular direction to the prism surface, and 7 is the refractive index. The Fresnel-lens
parameters are listed in Table 1.

Table 1. Fresnel-lens parameters [29].

Parameter Value
Fresnel-lens area (mm?) 230 mm x 230 mm
Focal length 220 mm
Thickness 5 mm
Groove pitch 0.5 mm

Transmissivity (%) 92%

The active area of the Fresnel-lens aperture is 230 mm x 230 mm (0.0529 m?). Hence,
the resulting geometrical concentration ratio (GCR) is 529X, which is the maximum concen-
tration ratio (CR) that can be achieved if no optical losses occurred. However, this GCR can
be controlled by adjusting the aperture area of the Fresnel lens [30].

ALens
GCR = @)
Aceln
ALens
CR = 5
ACell WOpt ( )

where GCR is the geometrical concentration ratio, Ay, is the aperture area of the Fresnel
lens, Acgy is the CPV cell area (receiver area), and 170, is the optical efficiency of the
Fresnel lens.

Numerical Simulation of the CPV /T Assembly

Using COMSOL Multiphysics, the CPV /T assembly was mathematically investigated
and simulated. Three physics were employed in COMSOL Multiphysics to carry out the
simulation. The first is the geometrical optics physics, which is needed to carry out the
ray-tracing simulation. The second one involves studying the heat transmission of the
CPV/T system using solids and fluids physics. The cooling fluid used in the heat sink
beneath the CPV cell is simulated using turbulent flow physics.

Two coupling multiphysics are also utilized to connect the chosen physics. The link
between geometrical optics, heat-transfer interfaces, and non-isothermal flow is made
using the ray heating physics. The flow is not isothermal. The interfaces between the
physics of heat transport and turbulent flow are coupled via non-isothermal multiphysics.
Fresnel equations and Snell’s laws were utilized in geometrical optics physics to model and
simulate ray tracing for the CPV/T as follows [31]:

dk w

— =——k=2x,v,z 6
dt a%alur ¥ ( )
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where k is the 3D ray vector, f is the time, w is the angular frequency, and g5, is the
position vector.

Due to their efficiencies, the solar radiation energy received by the CPV cells is not
fully converted to electrical power. To calculate the amount of energy that is converted to
heat by the cells, Equation (8) can be used [32].

Gheat = Grad (1 - TICPV) CR (8)

where CR is the concentration ratio, g,, is the direct solar-radiation incident on each CPV
cell, and #¢cpy is the CPV cell electrical efficiency, which is a function of the cell operating
temperature and can be calculated using Equation (9) [33].

1Py = Mref (1 = Binermal (Tcpv — Tref)) )

where 7, is the reference cell efficiency and Bypermar is cell-efficiency coefficient. The heat
generated from the solar radiation and dissipated into the CPV cell is conducted from the
top solid layers of the cell to the heat sink by a conduction heat-transfer mechanism that
can be expressed by Fourier’s law.

Geond = _kcondVT (10)

where k4 is the thermal conductivity of the material and 4.4 is the conduction heat
transfer. To consider the heat loss from the assembly to the ambient air by convection,
Equation (11) is used.

Qcono =h A (TSurf - Tump) (11)

where Qconv is the convective heat-transfer rate, A is the surface area exposed to the ambient,
and h the heat-transfer coefficient by convection, which was fixed to 10 Wm~2 K~! in the
present study for simplicity [34]. To consider and account for the heat transferred to the
surroundings by thermal radiation, Equation (12) is applied.

Qrad = Esurf 0 A (Ts4urf - T;Lurr) (12)

where Q,, is the radiation heat-transfer rate, ¢, ¢ is the emissivity of the material, o is
Stefan—Boltzmann constant, Tsurf is the surface temperature, and T, is the surround-
ing temperature.

The energy balance for the system along with the heat sink can be written as follows:

Qheutsink = Gtotul - Powerelectricul - Qconv - de (13)

The heat extracted by the heat sink Qjnssink is coupled with the ARS model. Gy
is total received direct radiation on the CPV cell, and Power jectricqr is the electrical power
generated by the CPV cell. At the thermal fluid side, the Qpeqtsink can be expressed by:

Qheatsink =m Cp (Ts,out - Ts,in) (14)

The simulations were resolved using the finite element method provided inside COM-
SOL Multiphysics and the fully coupled solver for applied physics. The following assump-
tions were used in the simulations:

1.  Based on monthly average irradiance data taken from the European Commission
PVGIS [35], the direct incoming solar radiation on the Fresnel lens was calculated to
be uniform.

2. Germanium material was depicted as a single layer, 0.1 mm thick, that makes up the
CPV cell.
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3. The heat sink’s entrance flow was a fully developed turbulent flow with a velocity of
0.5 m/s. At the exit, atmospheric pressure was considered.

4. Apart from the CPV assembly sections, the heat sink was assumed to be thermally
insulated.

The input parameters that were used in COMSOL Multiphysics are listed in Table 2.

Table 2. The input parameters used in the CPV /T model [26,36].

Parameter Value
The reference efficiency of the CPV Cell (77,8 f) 42%
The optical efficiency (70p:) 92%
The refractive index of Fresnel lens 1.49
The refractive index of exterior domains (air) 1
Heat capacity of water 4200 kg ' K1
The cell-efficiency coefficient (Bipermar) 0.047% K1

The dimensions and materials selection of the CPV /T along with the heat sink is listed
in Table 3. The arrangement of CPV /T system components is shown in Figure 3.

Table 3. Dimensions of the CPV /T assembly and heat sink [37].

Material Area Thickness
Germanium layer 10 mm x 10 mm 0.1 mm
Copper layer 29 mm x 29 mm 0.3 mm
AlyO3 layer 30 mm x 30 mm 0.4 mm
Bottom copper layer 29 mm x 29 mm 0.3 mm
Aluminum heat-sink channel 30 mm x 10 mm 1.5 mm
(1800 mm length) ’
Top Copper Layer — ------- . pmemeeemeeeea- Germanium
Bottom Copper Layer ----- A Y AlO3 Ceramic

. . i | \---- Thermal Paste
Aluminum Heat Sink g !

Figure 3. The layers’ arrangement in the CPV /T assembly.

Table 4 lists the thermophysical properties of the material utilized in the simulations
for the CPV/T model.

Table 4. Thermophysical properties of the components of the CPV /T assembly [38].

Density Heat Thermal
Material (ke-m-3) Capacity Conductivity
8 (kg 1K1 W-m-1.K 1)
Germanium 5323 310 60
Copper 8960 385 400
Al,O3 ceramic 3700 880 20
Aluminum 2700 900 170
Thermal paste 4000 800 10
Polymethyl methacrylate 1190 1420 0.19

Cooling water 1000 4200 0.59
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(Mscs + M;Cpy Xp1 + MpCy + Mfoamcfoam)

a7 . .
(MSCS + MsCr Xy + MpCp + Mfoamcfoam)TfZ = (Cbed )[mcaccuem(Tca,i - sz)] -(1- gbed)[mhcheh(Ts,Dut - TbZ)} + Qs M

2.2. Integration of Refrigeration Subsystems
2.2.1. Adsorption Refrigeration System

The model created by Elsheniti et al. [25] served as the basis for the creation of the ARS
model in this study. The detailed pressure-distributed parameter model proposed in [25]
was modified in this work to be in the form of a lumped parameter model to make it easier
to integrate the ARS model with the thermal outputs of the CPV /T model and to optimize
the cycle time of the ARS. Accordingly, a numerical study was conducted in COMSOL
Multiphysics by developing a new lumped-parameter model for the system. The ARS
utilizes an emerging aluminum-foam bed filled with Maxsorb III adsorbent to make ice
using a two-bed configuration system. The evaporator and condenser components of the
ARS model were also coupled with zero-dimensional modelling techniques. An ethylene
glycol/water mixture that enters the evaporator at —2 °C was cooled down using the
ethanol refrigerant that circulates in the AR system. An ice box was chilled using the
mixture that the evaporator cooled. The following is a summary of the governing equations
used to model the ARS.

a. Bed model

The energy balance equations for the two beds (b1&b2) take into consideration the
application of Al-Foam on the bed tubes and can be written as follows:

dT, . . dX
Tfl = (1= Cpea) [11caCeatca(Teai — Tor )] —Cpea[tnCren(Tsout — Tp1)] + QsMs dtbl (15)
dXy (16)

dt

where {4 is an operator used in the programming to switch between cooling and heating
terms in the equations, providing only cooling /heating effect for bed-1/bed-2 and alter-
nating between them each half of cycle. M;Cs, M,Cp, and M ro,C foaim are the masses and
specific heats of the solid sorbent, bed and foam, respectively. C,; is the specific heat of
the adsorbate. The term that includes the amount of adsorbate M;Xj; or M;Xy, is the only
time-dependent mass term of the thermal masses of the two beds, since the two beds are
identical. m., and my, are the bed cooling and heating water mass flow rates, respectively.
Qs is the heat of adsorption. e.; and ¢, are the effectiveness of the foam bed during cooling
and heating. These heat-transfer parameters depend on the thermal resistance in the foam
domain, which is affected by the thermophysical properties of the foam structure and the
adsorbent material along with the foam thickness and heating and cooling temperatures
and mass flow rates. For simplifications required in the present lumped model, the values
of £¢; and e, were adapted from the more detailed CFD model used in reference [25] to be
0.802 and 0.853, respectively, and the results were verified for the given case of study.

b.  Evaporator model

The evaporator component was simulated using a lumped model that describes the
heat balance between the refrigerant and the cooling medium as follows:

dT, . X
[Meva,rl Cp,evart + Mevamet Cp,eva,met] 2% = Meu 61y Cp,Etn,Gly€eva (TEth,Gly,i - Teva) — (1= Cewa ) [LHeva = Cp1(Teond — Teva)] M =5 —

(17)
(1 - l,beva) {LHeva - Cp,rl(Tcund - vaﬂ)] Msdt);itbz

where My 11 Cpeva,r1 are the mass and the specific heat of the liquid ethanol in the evapo-
rator. Meya,met Cpeva,met are the mass and the specific heat of metals used in the evaporator
component. gy gy is the ethylene glycol mass flow rate. Pepq & eva are operators that
take 0 or 1 values depending on the mode of operation at each switching time to determine
the connection with the beds (on/off). M; is the solid adsorbent mass in each bed. The
instantaneous adsorption rate (%) is used to calculate the vapor evaporated during the
adsorption process in the connected bed. LH,y, is the latent heat of evaporation which
was calculated based on thermodynamic functions at different evaporation temperatures,
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{Mcond,rl Cp,cond,rl + Mcond,met Cp,cond,met} ar mcwcp,cwscond(Tcw,i - Tcond)

and the term C), (Teond — Teva) was used to eliminate the effect of vapor evaporated in the
throttling process from the latent heat. The evaporator effectiveness ., can be defined
using the overall heat-transfer conductance of the evaporator, UA,,, as follows:

€opa =1 — exp( - —UAews ) (18)

meth,GlyCp,Eth,Gly

c. Condenser model

The energy balance equation for the condenser was used to identify the condens-
ing temperature. The cooling water of ., mass flow rate was used to absorb the heat
from the condenser. The sensible heat of ethanol vapor per unit mass coming into the
condenser (Cp o (Tp — Teong)) was added to the condenser latent heat LH,,,4. It should
be remembered that the desorption rate, represented by %, is a negative value for the
bed connected to the condenser. §,,,4 and (., are operators used to mimic the switching
process between the two beds in the programming. Therefore, the lumped model for the
condenser component can be written as follows:

chond

(19)

d d
_(1 - gcond ) [LHcand + Cp,rv (Tbl - Tcand)} Ms% - (1 - lpcond> [LHcond + Cp,rv(Tb2 - Tcond” Ms%-

The condenser effectiveness ¢.,,; can be calculated from Equation (20).

—UA
€cond = 1 —exp (cond) (20)

Mew,cond CP,CW

The liquid phase of refrigerant was considered to have fixed masses and specific heats
in both the evaporator and condenser components, while the temperature of liquids varies
with time. The liquid refrigerant in the evaporator was at the evaporation temperature, and
the liquid phase in the condenser was at the condensing temperature. This is represented
by the first term on the LHS of Equations (17) and (19), in addition to the thermal masses of
the metals of both components. This approach has been commonly used in modelling the
condenser and evaporator of the ARS [39,40].

d. Adsorption isotherms and kinetics

The following set of equations was used to determine the equilibrium adsorption
uptake of Maxsorb III/ethanol (X¢q) and the instantaneous amount of adsorbate (X) [25,41].

RT,. /P:\\"
Xeg = Ximax €x {—(ln()) ] (21)
eq max €XP E P
__1592.864
P, = 0.1333 x 10%!1%2 " 25158 22)
0X

e Kipr(Xeg — X) (23)
Kipr = Aexp | —2 (24)

LDF = p Ty

where Xr = 1.2kg-kg™!, R = 0.1805 k] kg -K™!, E = 139.5k]-kg !, and n = 1.8 and
denote the maximum uptake, ethanol-gas constant, characteristic energy, and hetero-
geneity parameter, respectively [42]. Ps and p are saturation pressure at the bed tem-
perature and pressure of the connected evaporator/condenser component, respectively.
The linear driving force model was used to define the adsorption/desorption rate, Equa-
tion (23). Krpr is the overall intra-particle mass-transfer coefficient, 4 = 132.89 st
E, =2297 k]-mol_l, and R, = 8.314 1<]-kmol_1-K_1 denote the pre-exponential constant,
activation energy, and universal gas constant, respectively [41].
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e.  Adsorption-system coupling and performance indicators

The hybrid system’s configuration settings were all set to fixed values. At the given
regeneration temperature, the available amount of regeneration energy will fluctuate each
month. Varying the cycle time of the adsorption system is an option proposed in the present
study. This option was utilized to match the outputs of the CPV/T system with the heating
load required by the ARS. The adsorption system was working under transient conditions.
Therefore, numerical integration was used to average the outputs and calculate the system
performance based on the average performance of the day, as follows:

1
tcycle

tcycle .
Qheut,ads = /O mhwchw (Thw,i - Thw,out)dt (25)

where Q4 445 should be the average regeneration heat provided by the CPV/T system
at a given month by adapting the cycle time, and the heating temperature is equal to the
outlet temperature from the CPV /T system (T}, ; = Tsout). The average cooling capacity
of the adsorption system (Qgyp, 445) can be computed as follows:

1
tcycle

tcycle .
Qeva, ads = /0 e, GlyCEm,Gly (TEth,Gly,i - TEth,Gly,out) dt (26)

The average (COP,;;), the average specific cooling power (SCP,;;), and the daily ice
production (DIP,;;) are calculated as follows:

COP,ys = Qevaads. (27)
Qheat,ads
Qeva,ad
SCPys = %S“ (28)
DIP,, Qevaads * 3600 x Working hours 29)

Cp,w (Tw,in - Tfreezing) + hfg + Cp,ice (Tfreezing - Tice,out)

where Ty, ;,, is assumed to be variable and set according to the ambient temperature for
each month, and T yeezing is the freezing temperature of water. The main parameters used
for the beds in simulation are listed in the Table 5, while Table 6 shows the parameters used
for the condenser and evaporator.

Table 5. Main parameters used in the simulation for the foamed beds [25].

Parameter Value Unit
Activated-carbon density (ps) 2200 kg:m™3
Activated-carbon specific heat (Cps) 1375 Jkg 1kt
Aluminum-foam density (o) 270 kgm™3
Aluminum-foam specific heat (C,, 7, ) 895 J-kg Lkt
Bulk density (opx) 2775 kgm~3
The geometrical and operating parameters of the beds
Adsorbent mass for each bed 1.25 kg
Heating-water mass flowrate (11, ) 5.394 kgs!
Cooling-water mass flowrate (171.,}) 2.543 kg-s~!
Inlet cooling-water temperature (T, ;) 25 °C
Tube length 0.4 m
Tube inner radius 3.15 mm
Tube outer radius 3.96 mm
Aluminum-foam thickness 2 mm

Number of tubes 100 -
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Table 6. Condenser and evaporator parameters [43].

Symbols Value Unit
Meond,i Cpcond st + 2.5 x 3064 + 12 x 368 JKL
Mcond,met Cp,cond,met

UAona 4114 x 1.855 W.K-1

e Cp e 0.6271 x 4180 WK1

Tcwcp,cw 25 °C

Mevart Cpeonr 20 x 2251 + 4.45 x 386 JK!
Meva,met Cp,eva,met
UAeva 2557 x 0.6 WKt
1, GlyCp,Eth,Gly 0.424 x 3574.3 W.K-1
TEth,Gly,out -2 °C

2.2.2. Vapor Compression System

Given the electrical output of the CPV/T system and the higher anticipated ambient
temperature, we decided to choose an off-the-shelf VCS. Table 7 shows the main parameters
of the chosen system, namely, Copeland XHV0181P [44].

Table 7. Vapor compression system parameters [44].

Parameter Value Unit
Power input 0.9-3.7 kW
Cooling capacity (Qeva,oc) 2.6-11.3 kW
Condensing temperature 50 °C
Evaporating temperature =5 °C
Ccor 2.89-3.05 -
Refrigerant R410a -

The daily ice production of the VCS (DIP,) was calculated by:

Qeva,vc * 3600 x Working hours
Cp,w (Tw,in - Tfreezing) + hfg + Cp,ice (Tfreezing - Tice,out)

DIPUC — (30)

where Qeys,vc is obtained from the compressor datasheet and is based on the given power
and the operating conditions.

3. Results and Discussions
3.1. Validation of the CPV/T Simulation Model

The developed thermal model for the CPV/T is compared and validated against two
experimental studies. The first is a validation with the study conducted by Aldossary
et al. [45], where an electrical resistance heater was used to simulate the heat load applied
to the CPV cell. The surface average temperature of the cell was around 52.15 °C. The
simulation performed by Aldossary for the model indicated a maximum cell temperature
of 55 °C compared to 57 °C for the current developed model. The comparison of the
experimental results and the current thermal model shows close agreement at several
selected points, as depicted in Figure 4. The temperature at the top of the CPV assembly
from the experimental works is approximately 8% higher than the thermal model. However,
for other points such as the coolant outlet, sides of the heat sink, and top of the heat sink,
temperatures range between 0.5% for the side surfaces and around 3% for the water outlet
and top of the heat sink.

To confirm the validity of the present CPV/T model under the inputs of the outdoor
dynamic conditions, the present model results were validated with the experimental results
of Wu et al. [46]. They performed an outdoor experimental evaluation for a CPV cell
utilizing a heat sink with double bifurcation channels. The test was performed at 500X
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solar concentration and a water flow rate at 28.7 mL/min and inlet temperature of 30 °C.
The experiment was conducted from 10:30 to 14:30 during the summer season. The study
showed that the maximum average temperature achieved at 12:00 was around 71 °C. This
agrees with the developed thermal model, which achieved an average temperature of
70.3 °C on the CPV cell surface under the same transient conditions using the current

developed model.
60
52.15
50

'S
o

20.07 194 20.5

Temperature (°C)
|65}
(e}

20
10
0
Averageg CPV Cell Coolant Outlet Side surface of Top surface of PV assembly top
Temperature Temperature cooling channel cooling channel surface

B A. Aldossary et al. results B Current Study

Figure 4. The validation of the CPV /T numerical model with reference [45].

3.2. Thermal and Electrical Outputs of the CPV/T System

The thermal model simulation was carried out as per the previous sections” assump-
tions and methodology. The simulation was run based on the weather data of the city of
Riyadh for a full year; therefore, the ambient and normal irradiance varied accordingly.
Figure 5 shows the variations in the direct solar irradiance and ambient temperature over

the daylight of each month in Riyadh city [35]. Figure 6 shows the average daily total direct
irradiance received in each month.
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Figure 5. Solar radiation and ambient temperature profiles of a representative day of each month:
(a) solar irradiance and (b) ambient temperature.
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Figure 6. Average DNI distribution.

A mesh sensitivity analysis was conducted for the study to compare the difference in
the coolant temperatures versus the mesh elements. The analysis showed that the difference
between the inlet and outlet temperatures was converging after 1.76 million elements with
an error percentage of less than 0.5%, as illustrated in Figure 7.

14
13
12
11
1

AT (°C)

g O NN o O

700,000 1,200,000 1,700,000 2,200,000

Number of elements

Figure 7. Mesh sensitivity analysis.

Since the ARS requires an outlet temperature of 90 °C from the CPV /T, multiple CPV
cell were connected in series in order to achieve the required temperature. According to
the simulation model, a minimum of four CPV cells were needed to achieve a temperature
of approximately 90 °C. Concurrently, it was confirmed that the maximum operating
temperature of the CPV cell did not exceed 110 °C [17]. The simulation confirmed that
the maximum operating temperature of the cells was acceptable when four CPV cells
were connected in series with an inlet flow temperature of 89.75 °C and at a flow rate of
5.67 L-min~!. Even though the cell temperature was higher than 80 °C, the thermal energy
obtained from the system was highly beneficial for the integrated refrigeration system. The
extracted thermal energy from the fluid was used for the ARS, which operates in such
ranges at a higher performance [25,47].

Due to the high inlet water temperature, the cell-surface temperatures were about
100.14 °C, as shown in Figure 8. Based on that, the cell efficiency was lower than the optimal
efficiency of 42% and was around 37-38%.
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Figure 8. Cell maximum temperature at each unit over the cooling channel.

The temperature profile for the CPV /T assembly for one row is shown in Figure 9.
The system consists of four CPV cells in series, where the NDI is uniformly distributed on

the cells. The simulation took into account the water’s input temperature of 89.75 °C and

flow rate of 5.67 L-min 1.

degC

94
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1 90

1 88

1 86

84

82

80

Figure 9. Temperature profile for the CPV /T assembly.
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The thermal power generated by the assembly was calculated using Equation (15) for
each given condition. Based on that, the assembly with four CPV cells in series produced
approximately from 0.574 to 0.722 kWh electrical energy on average per day, and it varied
based on the ambient conditions. The operating hours were 9 or 10 h. This was calculated
using a 500X solar concentration and a water inflow moving at 0.5 m/s. As a result, in order
to operate the adsorption refrigeration system, many sets of assemblies must be connected
in parallel in order to provide the system with the necessary thermal energy in terms of
temperature level and flow rate. In the event that an outlet temperature at a higher level is
required, additional cells must be added to the assembly and connected in series.

The convective heat transmission from the heat sink walls is a crucial factor that
needs to be taken into account. The majority of heat losses from the heat sink to the
environment are caused by convection heat transfer. Ignoring these losses could result
in a 25% reduction in the thermal energy produced. In order to ensure that less energy
be lost to the environment, insulation must be applied to the heat sink. The heat sink in
the presented model was insulated except at the CPV assembly, where some heat was lost
due to radiation and convection heat transfer to the ambient. With those assumptions, the
CPV/T system achieved an overall efficiency of 86.4%. Based on the simulation results
and the required mass flow rate for the adsorption system, a total of 58 assemblies, each
combining four CPV /T, needs to be connected in parallel to operate the ARS. The whole
system was evaluated for the whole year using recorded weather data in Riyadh [28]. The
monthly performance of the CPV/T system is depicted in Figure 10a,b. This figure shows
the variation in the heat and electrical power outputs and cell electrical efficiency over the
representative day of each month from 8:00 to 16:00, which extends to 17:00 in the months
from June to August. The output heat power from the system considers the heat losses
from the CPV assembly, and the electrical power output is directly from the CPV cells.
Overall, the electrical and heat powers attained their maximum values at about 10:00 to
11:00, affected by the highest DNI. The maximum electrical and heat powers were 3.62 kW
and 5.62 kW, respectively, in October at 10:00. However, the cell temperatures were the
highest at these times, preventing the cell electrical efficiencies from becoming higher at
these times.

The daily average energy generated from the CPV /T system each month is summa-
rized in Figure 11. It can be deduced that the system generated a daily electrical energy of
28.0 kWh on average in October, which represented the maximum daily electrical-energy
amount over the year, while the corresponding minimum value of 22.0 kWh was in April.
The associated daily average thermal energy provided by the CPV/T system ranged from
41.9 kWh in October to 33.2 kWh in April and May.

In general, a storage system is required, as with any solar-powered system, to smooth
out output swings. Consequently, the CPV /T needs to have electrical and thermal storage
systems. On average throughout the year, the CPV /T system may produce 24.7 kWh of
electrical energy daily and 37.6 kWh of thermal energy.
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Figure 10. (a) Daily average thermal and electrical power production for months from January to
June. (b) Daily average thermal and electrical power production for months from July to December.
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Figure 11. Average daily energy generation for each month in Riyadh.

3.3. Daily Ice Production of the Integrated System

This section discusses the results of the two refrigeration systems, which are driven
by the average daily outputs of the CPV/T system, considering the use of energy storage
systems. The physical and operating parameters of the adsorption system were adopted to
match the available heat power and provide the best performance in light of the results
of the previous investigations. Therefore, a 2 mm foam thickness was chosen as recom-
mended in reference [25] for a similar application. The feed water for the regeneration was
5.394 kg-s~! at 90 °C during working hours. The heat recovered from the CPV /T system
was incorporated into the developed lumped model, and the simulation was performed by
taking the daily average thermal power for each month, which ranged between 3.7-4.7 kW.

The results of the constructed ARS model used in this study and information from
earlier studies indicate that extending the cycle duration improves the ARS’s COP since less
thermal power is required. By adjusting the cycle time throughout the year, this behavior
of the ARS with the cycle time was used to aid the optimal integration with the CPV/T
system. Figure 12 shows the optimum cycle times selected for each month, which ranged
from 900 to 1160 s. It can be noticed that the months with lower thermal power required
a higher cycle time for the best combination with the CPV /T outputs. The figure shows
that the SCP attained its best value of 487 W-kg~! in October, associated with the lower
cycle time of 900 s, while the minimum SCP of 377.5 W-kg~! in April was reached using
the higher cycle time of 1160 s.

The performance of the VCS was based on the electrical output of the CPV/T system,
which ranged from 0.9 to 3.25 kW depending on the operational conditions. A variable-
speed compressor from the manufacturer Copeland was selected with a minimum electrical
input of 0.9 kW and a maximum of 3.7 kW [44]. This made it possible to operate the VCS
using alternative CPV /T system electrical outputs. It is important to highlight that the
electrical power consumption needed by the auxiliary systems of the integrated assembly
was considered in the final evaluation, such as the losses in the inverter which is typically
coupled with the solar PV.

Figure 13 shows the monthly average daily output of ice that can be made by both
refrigeration systems in the city of Riyadh over the course of a year. Over the course of
the year, the VCS and the ARS generated DIP at rates of 417.7 kg per day and 76.7 kg per
day, respectively. The months of October and May generated the highest and lowest daily
averages of total DIP, 572.9 kg and 416.7 kg, respectively. This was attributable to the levels
of ambient temperature and the amount of direct irradiance during these two months.
A solar COP of 0.875 was achieved for the integrated system’s energy conversion efficiency
on average over the course of the year, which is a promising result when compared to
earlier research [11,48].
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Figure 13. Average daily ice production of each month in Riyadh from the VRS and ARS.

3.4. Energy Balance Sheet

An energy balance sheet was created for a selected case on an average day in October
to assess the proposed hybrid solar ice-production system discussed in the present study.
The energy assessment in the balance sheet shows the power consumption of the auxiliary
systems and the power losses that are typically associated with the operation of such
a system, including:

Optical solar losses from the Fresnel lens.
Inverter losses.

Thermal losses from CPV assembly surfaces.
VCS electrical losses.

ARS losses.

The available DNI on the proposed CPV/T system was approximately 9 kW on
average during the operating hours of October, in Riyadh, considering the CPV /T assembly
covered an area of approximately 12.5 m? as the facing area of Fresnel lenses. The generated
electrical power was converted to AC through a 90% efficient inverter and distributed
between the VCS and the auxiliary systems. It was assumed that the auxiliary systems
consumed 0.5 kW and the remaining 2.3 kW was used to power the VCS. An additional
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electrical power of 0.32 kW was used for the associated components of the VCS, such as the
condenser fan. The heat losses from the CPV /T assembly, connections, piping, and other
fittings were assumed to be 0.5 kW.

Figure 14 illustrates the energy balance chart for the integrated solar-driven refriger-
ation system and outlines the system’s performance. According to the given conditions
and assumptions, the combined cooling capacity of the hybrid system was around 8.1 kW,
which resulted in a daily ice production of approximately 572.9 kg. Due to its higher COP
than the ARS, the VCS contributed to the production of ice to an extent of roughly 85%.
An excellent opportunity to implement such a system in Riyadh and similar locations is
provided by the anticipated standalone CPV /T system’s overall solar COP of 0.9, which
can be achieved in October. In actuality, the operational circumstances of the hybrid system
can be efficiently optimized by adapting an appropriate control system [49]. The present
study’s findings can be used to identify the necessary control strategies.

Available solar power (9 kW)

|

Thermal power (5.2 kW) Electrical power (3.1 kW)

ARS thermal power input (4.7 kW) Vcs(g%w'g:‘v;nput

YYYYVYY
Power demand for
aux systems and
system lossess

Figure 14. Power distribution chart for the integrated system.
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4. Conclusions

The current study proposed and mathematically investigated a combined solar CPV /T
system that drives two refrigeration systems, a vapor compression type and an adsorption
type, to produce ice under Riyadh weather conditions. To make the best utilization of
the available input power, matching the time variations of the solar-power intensity was
accomplished in this study by choosing a variable-speed compressor for the VCS and
optimizing the cycle time of the ARS. In addition, the integrated system power losses and
power demand for the auxiliary systems were considered in evaluating the performance of
the overall system. The following were the main outcomes:

e The integrated system managed to achieve a maximum DIP of about 573 kg-day ~*, on
average, in October, while the minimum DIP was in May of 416.7 kg -day !, affected
by the low DNI along with higher ambient temperature in May compared to April.

e  The VCS contributed to about 84.5% of the total ice production over the year, utilized
from its higher COP compared to the ARS.
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e  Theaverage solar COP of 0.875 was attained using the proposed hybrid ice-production
system.

e  The solar ice maker suggested in this study can replace intermittent solar cooling
systems, which produce chilled water, by providing cooling both during the day and
at night using the cooling power stored in the ice.
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Nomenclature

A Area (m?)

A Pre-exponential factor (s~1)

C Specific heat <] kg1 K’1>

CR Concentration ratio

E,; Activation energy of surface diffusion (] . molfl)

f Focal length (mm)

h Convective heat transfer coefficient <W m~2. K’1>
k 3D ray vector

Keond Thermal conductivity of the material (W -m~1. K’1>
Kipr Overall intra-particle mass transfer coefficient s
LH Latent heat (J - kg™1)

M Mass (kg)

] Mass flow rate (kg-s!)

n Refractive index (-)

P Saturation pressure (Pa)

p Pressure (Pa)
Qcono Convective heat (W)
Qheatsink  Heat extracted by the heat sink (W)

Qrad Radiation heat (W)

Qs Adsorption heat (J - kg 1)

Geond Conduction heat transfer (W - m~2)

Gheat Input energy converted to heat (W - m~2)

Frad Solar radiations (W - m~2)

R Distance between incident light and the optical axis (m)
Ru Universal gas constant (] ~mol~!. K’l)

T Temperature (°C)

t Time (s)

UA Heat transfer conductance <W . K_l)

X Uptake (kgref kgd )
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Xeg Equilibrium adsorption uptake (kgref . kg;f)

Xinax Maximum adsorption uptake (kgref . kg;dl)

Greek Symbols:

Esurf Emissivity of the material (-)

Eeva The evaporator effectiveness (-)

€cond The condenser effectiveness (-)

Biherma  Cell-efficiency coefficient (% - K~1)

Ncpy Cell efficiency (%)

Hopt Optical efficiency (%)

Href Reference cell efficiency at 25 °C

o Prism angle (rad)

Ched An operator used for the programming of Equations (15) and (16) (-)

€ Effectiveness (-)

0 The angle between the refractive ray and the perpendicular direction
to the prism Surface (rad)

o Stefan-Boltzmann constant (W - m 2 ~K_4)

w Angular frequency (rad sfl)

Subscripts and superscripts:

ads Adsorption refrigeration

amp Ambient temperature

bl First bed

b2 Second bed

bed Adsorption bed

ca Cooling water to adsorber

cond Condenser

w Cooling water

Eth,Gly Ethylene Glycol

eva Evaporator

foam Al foam on bed tubes

h Hot water

hw Heating water

i Inlet

met Metal

out Outlet

rl Refrigerant liquid

v Refrigerant vapor

S Sorption material

s,in Heat-sink fluid inlet

s,out Heat-sink fluid outlet

surf Surface temperature

surr Surrounding

ve Vapor compression refrigeration
w Water

Abbreviations:

v Adsorption refrigeration system
cor Coefficient of performance

CPV Concentrated photovoltaic
CPV/T  Concentrated photovoltaic thermal
DIP Daily ice production (kg - day 1)
DNI Direct normal irradiance

GCR Geometrical concentration ratio
MJsC Multi-junction solar cells

PFFL Point-focus Fresnel lens

PMMA  Polymethyl methacrylate

scp Specific cooling power (W - kg™ 1)
VCS Vapor compression refrigeration system
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