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Abstract: The scientific aim of this work is to encourage energy conservation. This article offers a
fresh perspective on renewable energy in the air conditioning sector, the country’s economic growth,
and environment-friendly techniques to overcome global warming challenges. In this research, a solar
vapor absorption refrigeration (SVAR) system was combined with a conventional vapor compression
refrigeration (VCR) system to analyze their combined performance, employing a compound parabolic
collector (CPC). The goal was to assess the performance of a solar hybrid cooling system using this
non-tracking solar collector. CPC was validated for heat output with 2.9% uncertainty by utilizing an
engineering equation solver (EES). Other system components were also validated with EES and then
extended to a larger-capacity solar hybrid cooling system. The results of this research indicate that
CPC is effective in providing the required heat to SVAR throughout the year without any tracking,
and the integration of SVAR in series with the VCR condenser produces 83% higher COP than the
system that integrates VCR with the condenser of the SVAR system for Riyadh. The configuration
results in high values of exergy COP and an efficiency of 88% and 84%, respectively, increases the
cooling capacity of the VCR by 68%, and decreases the carbon emission by 166.4%.

Keywords: renewable energy; SVAR system; CPC collector; solar hybrid cooling system; energy
conservation

1. Introduction

While evolution in science and technology undoubtedly contributes to the economic
growth of the country, in the long term it might exercise an adverse effect on sustainability
if its future impact is overlooked. The excessive emission of global greenhouse gases (GHG)
when fossil fuels are utilized for power generation and the utilization of hydrofluorocarbons
(HFCs) and hydrochlorofluorocarbons (HCFCs) for cooling and heating applications have
harmful effects. The Kingdom of Saudi Arabia’s (KSA) commitment to Saudi Vision 2030
to use cost-effective and efficient energy-producing technologies makes solar energy a
sourceof interest [1].

The causes of climate change include generating power, manufacturing goods, cutting
down trees, using transportation, producing food, powering buildings, and unsustainable
depletion of resources. The temperature of the atmosphere has already increased more
than one degree Celsius, 1.1 ◦C with an average increase of 0.18 ◦C per decade for the last
40 years [2]. The Paris Agreement pledged that the participants would reach net zero by
2050, the greatest challenge humankind has ever faced. The dependency on fossil fuels has
to be minimized to maintain a balanced ecosystem, and this brings renewable energy into
the limelight.

The KSA is a petro-rich country with more than 60% of its national budget, 75% of
export revenues, and 40% of its gross domestic product (GDP) comingfrom oil exports [3].
The KSA produces nearly 12 million barrels per day of oil, of which 4 million barrels (34%)
are consumed locally. The electricity demand in the kingdom is increasing dramatically
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every year by 4–7% despite the relatively small population. Saudi Arabia uses 16% of its
total energy production to generate electricity, a consumption largely influenced by the
use of air conditioning systems. Air conditioning in the KSA uses 70% of its electricity
production [4]. The price for one barrel of oil in the international market is around Saudi
Riyal (SR) 300 as of June 2023 [5]. The KSA is spending almost SR40 billion/per year on
air conditioning, which is a huge amount. An enhancement in the performance of the air
conditioning system and the implementation of an inexpensive source of heat can help in
utilizing this amount to support the kingdom economically and reduce the emission of
environmentally polluting gases from conventional air conditioning systems.

The KSA is presently the fifth largest consumer of oil but in 47th position in terms
of population. The KSA generates more than 99% of its electricity from fossil fuels [6]. It
is considered one of the important contributors to global climate change in several ways,
such as producing, supplying, and subsidizing fossil fuel. The KSA witnesses early climate
change since it has an arid geography and seasonal factors [7]. Other factors include the
increase in prices for local electricity consumption due to heavy usage, etc. As the average
temperatures of the earth’s atmosphere go up globally and countries continue to develop,
the global demand for air conditioning is projected to triple by 2050 [8]. A report by the
Ministry of Energy, KSA, specifies that building energy in the KSA’s residential, commercial,
and government sectors uses 73% of the generated power; of this total, 70% is used for air
conditioning [9].

Air conditioning has become not just a luxury and comfort but an important part
of healthy survival. The use of air conditioning is growing faster than any other energy-
consuming technology globally and contributes to over 10% of greenhouse gas emission [8].
Energy from renewable sources creates far lower emissions than conventional fossil fu-
els [10]. The term hybrid refers to the combination of two or more systems integrated for
increasing the efficiency of the whole system. The use of renewable energy has attracted
more and more attention globally [11]. The evolution toward solar air conditioning has
emerged in recent years to alleviate energy consumption and environmental problems [12].
Solar energy is the green and free form of energy available to the world and can be utilized
as an alternative to energy from conventional resources. In recent years, solar energy has
become one of the research hotspots for building applications [13]. The solar photovoltaic
using phase-change material for panel cooling decreases the panel temperature by 10 ◦C
and increases the power output [14]. The average solar radiation received in Riyadh at
coordinates 24.7◦ N and 46.6◦ E is around 5.8 kWh/m2/day [15]. Analysis shows that
among many cities in the KSA, Riyadh receives the maximum solar radiation, whereas
the minimum is at Yanbu (24.0◦ N and 38.19◦ E) [16]. During the summer months of
May-August, Riyadh receives a high intensity of solar radiation: 7.15 kWh/m2/day to
7.87 kWh/m2/day [17]. The average daily global radiation varies from minimum values
of 4493 Wh/m2 at Tabuk (28.3◦ N and 36.5◦ E) to a maximum of 7014 Wh/m2 at Bisha
(19.9◦ N and 42.5◦ E) [18]. The demand for air conditioning is rapidly increasing due to the
increase in the social lifestyle and increasing global warming [19]. Solar air conditioning is
vital to reduce electricity consumption and CO2 emission [20]. Complete evaluation and
design methods to achieve the maximum benefits of solar air conditioning are crucial [21].
Although the performance of various solar hybrid cooling systems has been evaluated
from various viewpoints such as energy, exergy, exergoenvironment, and economics, there
is often conflict concerning the cost and efficiency of a solar air conditioning system [22].

A hybrid cooling system is a combined system of VCR and VAR. The experimental
results of a hybrid cooling system using the evaporator of VAR to cool the condenser of the
VCR system resulted in the increased exergy and energy efficiency of the conventional VCR
system [23]. The number of conventional vapor compression refrigeration air conditioning
systems is gradually increasing with 2 billion air conditioning units in operation globally,
which contributes directly to greenhouse gases [24]. Analysis reveals that the coefficient of
the performance of a solar-assisted cascade refrigeration system in series brings about 44.7%
of savings in energy during peak load demands in the KSA [25]. Thermally driven solar
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cooling systems are considered sustainable because they have no moving parts and are
driven by renewable energy sources [26]. The analysis of a hybrid system using LiBr-H2O in
VAR and R74 in VCR results in a 28.6% and 26.9% increase in COP and exergetic efficiency,
respectively, when compared to a conventional VCR system. With a payback period of
1.8 years, this is 17.8% less than for the conventional VCR system [27]. The experimental
results lead to the conclusion that liquid desiccant (LiBr) is effective for high latent heat
cooling loads with an inlet temperature of 24–32 ◦C and a concentration of 30–42% [28]. The
investigation of a VCR-VAR configuration with LiBr-H2O as a working fluid in the VAR
and R410A as a refrigerant in the VCR for a cooling load of 170 kW observed reductions of
50%, 76.8%, and 88.3% in the compressor power consumption respectively by using parallel,
series, and combined configurations [27]. The performance of a 66.67 kW cascade VCR-VAR
was evaluated, where R22, R407C, R410A, and R134A were the refrigerants in the VCR
and LiBr/H2O/in the VAR. The results indicated that the electric power consumption was
reduced by 61% and the COP increased by 155% compared with the stand-alone VCR [29].
Solar collectors are heat exchangers specially designed to transform solar radiation energy
into the internal energy of the transport medium [30]. Machine-learning algorithms can
mitigate the challenges of intricate mathematical modeling and costly experiments and
enhance the performance of the heat exchanger [31]. Artificial intelligence (AI) techniques
in the evaluation of the solar potential, fault detection, and optimization have shown
superiority over physical models [32]. The flat plate collector (FPC) is the most efficient and
simple solar collector for converting solar energy into heat [33]. The heating capacity of
the FPC is 80 ◦C [34]. The solar concentrator is used to focus solar radiation, increasing the
temperature up to 2000 ◦C by using parabolic reflectors, mirrors, and dish systems [35]. The
solar concentrator increases the optical energy flux density on the receiver, hence increasing
the temperature of the receiver [36].

Non-tracking solar collectors are stationary and usually have concentration ratio less
than 5, which makes them suitable for operating temperatures of about 150 ◦C [37]. A
CPC is capable of delivering all the solar radiation falling within its aperture and limits
the requirement for moving the collector to capture the solar radiation [38]. The solar-
assisted hybrid cooling system costs 60–120% more than traditional systems. It reduces
energy consumption by 45–75% and carbon dioxide emission by 40–70% [39]. A solar-
powered absorption cooling system using LiBr-H2O was simulated and optimized for
a residential block in the United Arab Emirates (UAE); the COP was found to be 0.79
when an evacuated-tube solar collector with an area of 40 m2 was utilized. The results
show that the system cost 43%, consumes energy 8%, and emits CO2 of 8.5% of the cost,
energy consumed, and carbon production of a single VCR system, respectively [40]. The
experimental behavior of a solar absorption chiller with LiBr-H2O as the working fluid was
efficient in meeting the cooling demand of 13,255 kWh/ year with an FPC in Spain [41].
The experimental results of a 4.5 kW LiBr-H2O absorption cooling system with a vacuum
FPC of 42.2 m2 area resulted in a COP of 0.53 [40]. The theoretical analysis of a solar hybrid
cooling system in Egypt resulted in alleviating the electricity consumption by 63% when
compared to aVCR [42]. The present investigation focuses on apparent, technological, and
numerical tools to study the performance of the system in determining COP and power
consumption. However, the literature review also supports the evidence of high solar flux
in the KSA, which employs a large amount of its produced energy for air conditioning.
The literature review also clearly shows that almost all the cooling in the KSA utilizes a
conventional vapor compression system. The integration of a hybrid system using solar
heat from a stationary CPC with a double-glazed flat plate absorber for the SVAR generator
distinguishes our proposed system from others. Adopting such a system in the KSA is ideal
because the country receives a high intensity of solar flux. The first solar absorption cooling
system was established in Riyadh, and the it was effective in meeting the required cooling
load [43]. The KSA has pledged to reduce CO2 emissions by 278 million tons annually
by 2030 through the use of renewable energy resources [44]. The Saudi Vision 2030 aims
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at adopting cost-effective and efficient energy-producing technologies with the goal of
producing 50% of its total required energy through renewable resources [45].

2. Experimental Setup

The experimental setup was installed on the terrace of the Mechanical Engineering
Department at King Saud University, Riyadh, KSA. The experimental setup was divided
into five main parts as follows:Setup of Test Room

1. Setup of Solar Radiation
2. Setup of Vapor Compression Refrigeration System
3. Setup of Vapor Absorption System
4. Setup of Compound Parabolic Collector

2.1. Experimental Procedure

The experimental procedure performed to analyze the system performance
variable included:

2.1.1. Setup of the Test Room

The test room was constructed with a total surface area of 32 m2 with dimensions
3 × 2 × 2 i.e., length, width, and height, respectively. The design specifications are given in
Table 1. The room was free from any kind of shading. The three layers of different materials
used are shown in Figure 1b.

Table 1. Specifications of test room materials.

Layer Thickness, t (m) Density (kg/m3) Specific Heat Capacity
(kJ/kg K)

Thermal Conductivity
(W/mK)

PVC Sheet 0.003 1330 1.325 0.17
Polyurethane 0.025 910 2.4 0.025

Plywood sheet 0.003 420 1.37 0.13
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2.1.2. Solar Radiation Measurement

The solar pyranometer from the Kipp&Zonen model CMP3 was installed on a hori-
zontal surface on the roof of the test room by mounting it on the frame 2 m above the floor
as shown in Figure 1. The detailed specification of the pyranometer is shown in Table 2.
The actual solar radiation intensity is calculated using Equation (1).

E =
Uemf

S
(1)

Table 2. Specification of pyranometer.

Description Specification

Spectral range 300–2800 nm
Response time @95%

Temperature dependence of sensitivity −10 ◦C to +40 ◦C
Sensitivity 12.5 × 10−6 µv/w/m2

2.1.3. Vapor Compression Refrigeration System

A vapor compression system was used for removing heat from the space. This system
works on a refrigeration cycle ideal for air conditioning, refrigeration, and the heat pump.
Figure 1d shows the VCR system. The vapor compression system of 2 TR was installed in the
test room to cool the space. The VAR system employed was a split air conditioning R410A unit
with a maximum and minimum working pressure of 4300 and 1300 Kpa, respectively.

2.1.4. Compound Parabolic Collector (CPC)

The CPC with a flat plate absorber was installed at the experimental site. The trans-
porting fluid used in the CPC is air; hence the solar collector is called a solar air heater
with CPC as a concentrator. The design specifications of the CPC are given in Table 3. The
experimental setup of the CPC is shown in Figure 2.

Table 3. Design specifications of the flat plate absorber and CPC.

Description Specification

Length of absorber 3.2 m
Width of absorber 0.5 m
Absorber material Matte black coated cast iron sheet

Glazing Low iron glass
Thickness of glass 5 mm
Number of glazing 2

Space between glazing 0.02 m
Space between absorber plate and glass 0.2 m

Aperture length 3.2 m
Aperture width 1.5 m

Absorber/Receiver length 3.2 m
Receiver width 0.48 m

Acceptance angle 33.69◦

Tilt angle 24◦ towards south
Concentration ratio 3.12

Reflecting material and reflective value Aluminium-coated sheet, and 86%
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2.2. Description of Experiment

With the above setup, various experiments were performed to support the proposed
solar hybrid cooling model. The experimental analysis included:

• Determining the global solar radiation
• Determining the COP of the VCR system
• Determining the FR and UL value for the CPC
• Determining the Efficiency of the CPC

In this research work multiple configurations of the solar hybrid model’s performance
were analyzed. The one type of configuration used is shown in Figure 3. The SVAR system
is integrated into a series with the VCR to enhance the performance of the total system
and minimize the conventional VCR’s high-grade energy use. The reduction of high-grade
energy also minimizes the use of electricity, hence reducing the impact on the environment
due to the release of CO2, HCFs, and CFCs. The solar energy for this system is supplied
through the compound parabolic collectors (CPC). The CPC with a concentration ratio
of 3 is designed for increasing the solar flux on the absorber plate. The absorber is a
double-glazed flat plate. The glazing admits the incoming solar radiation but is opaque to
long-wave radiation. It limits the force convection by air stagnation between the glass cover
and absorber plate [46]. However, absorption of longwave radiation increases the glass
temperature, thus increasing the top losses of the collector. The double glass decreases the
top loss coefficient of the collector and hence increases the efficiency of the solar system [47].
The glass is low iron and transmits a value of 90% for long-wave radiation and almost
zero for short-wave radiation (5.0–50 µm). The surface of the absorber plate has a black
matte coating to increase the absorptivity of the absorber and increase the heat transfer
rate between the plate and fluid. The most economical absorber coating is the black matte
plate [37]. The CPC is mounted east-west with a southward tilt angle of 24◦. To analyze the
performance of the solar hybrid cooling system, a conventional VCR model was initially
analyzed for a cooling load of the installed test room, and then the simulation of the
various modeled configurations was analyzed. LiBr-H2o was selected as a working fluid
in the SVAR and R410A as a refrigerant for the VCR system. The pair of solutions in the
SVAR system was chosen to enable air conditioning for a temperature above 0 ◦C. The
solution of LiBr-water is eco-friendly and has no impact on the environment. The required
thermal energy is supplied by a series of CPC collectors based on the SVAR generator’s
requirements. The collector was selected based on the optimum temperature required for
the efficient working of the SVAR. The temperature required is 80–120 ◦C for the efficient
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working of the SVAR. The heat load for which the SVAR and VCR are designed is based
on the cooling load for the test room. The air as the transport medium is pushed along by
means of a centrifugal blower to meet the required flow rate and pressure drop across the
CPC and SVAR generator.

Since solar energy varies with the time of day, the solar hybrid cooling system varies
continuously; hence, it is called a dynamic system. This study is thus a performance
analysis of solar hybrid cooling configuration models using CPC as the solar collector.
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3. Model Development and Analysis
3.1. Global Solar Radiation

A surface can be irradiated by the following three sources:

• Direct irradiation (GD)
• Diffuse irradiation (Gdθ)
• Irradiation reflected from the ground (GR)

The total irradiation on a surface is therefore given by

Gt = GD + Gdθ + GR (2)

To calculate the beam energy falling on a surface of any orientation, it is necessary to
convert the incoming beam flux from the direction of the sun to the direction normal to the
surface.

Direct irradiation on a surface of any orientation can be deduced from the direct
irradiation on a surface normal to the sun’s rays called direct normal irradiance (DNI)
denoted by (GND).

GD = GNDcosθ (3)

GND = Gd × A

exp
(

B
sinβ

) (4)

A: apparent solar irradiation at air mass equal to zero (W/m2)
B: atmospheric extinction coefficient, the radiant energy absorption by the particles

and gases in the sky.
β: Solar elevation (altitude) angle

Gdθ = Gd × Fsur−sky (5)
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Gd = Diffuse irradiation on a horizontal surface

Gd = CGND (6)

Fsur−sky =
1 + cosα

2
(7)

The amount of radiation received due to reflection from the ground, GR

GR = Gth × ρg × Fsur−g (8)

Fsur−g =
1 − cosα

2
(9)

A, B, and C are constants whose values keep changing every month, as shown in
Table 4. These values depend on the dust and water-vapor content of the atmosphere and
on the changing in the earth—sun distance during the year. As the earth’s axis is tilted
relative to its orbital plane by 23.45◦, the positive angle indicates the earth is tilted towards
the north, whereas the negative indicates towards the south, and zero when the axis is not
tilted relative to its reference plane.

Table 4. Values of solar constants for clear sky [48].

Equation of
Time, min Declination, ◦ A, W/m2 B C

JAN −11.2 −20.2 1202 0.141 0.103
FEB −13.9 −10.8 1187 0.142 0.104

MAR −7.5 0 1164 0.149 0.109
APR 1.1 11.6 1130 0.164 0.12
MAY 3.3 20 1106 0.177 0.13
JUN −1.4 23.45 1092 0.185 0.137
JUL −6.2 20.6 1093 0.186 0.138

AUG −2.4 12.3 1107 0.182 0.134
SEP 7.5 0 1136 0.165 0.121
OCT 15.4 −10.5 1166 0.152 0.111
NOV 13.8 −19.8 1190 0.142 0.106
DEC 1.6 −23.45 1204 0.141 0.103

3.2. Cooling Load Temperature Difference (CLTD) Method for Cooling Load

To estimate the cooling load for the test room, the CLTD method was used. The CLTD
initially calculates the sensible cooling load required based on the transfer function method
(TFM). The manual procedure was adopted to estimate the cooling load for two occupants
inside the room.

• The CLTD is used to calculate the sensible cooling load for the exterior walls and roofs.
• The solar cooling load (SCL) factor is added to represent the solar heat gain at that

hour and also reflects the thermal storage effect due to various types of material used
for building construction and for floor covering.

• The cooling load factor (CLF) is used to calculate the internal sensible cooling load.
• The following is the detailed procedure for calculating the cooling load method using

CLTD [40].

Space cooling load due to heat gain through exterior walls, roofs, and transparent
glass is calculated using Equation (11) [49].

QRoof,Wall = U × A(CLTD)c (10)

where (CLTD)c = (CLTD)Roof,Wall + (78 − TR) + (TM − 85)
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Space cooling load due to heat gain through electric lights is calculated using
Equation (12) [49].

Qe = 3.413 × Wlight × Fuse × Fal (11)

Space cooling load due to heat gain through equipment and appliances is calculated
using Equation (13) [40].

Qea = 2546 × Php × Fload × Fuse (12)

Space cooling load due to heat gain from occupants and people is calculated using
Equation (14) [49].

QP = Np,t ×
(
SHGp

)
+ Np,t ×

(
LHGp

)
(13)

3.3. Performance Analysis of CPC

Let us consider a CPC having aperture width W, length L, and acceptance angle (2θa).
Assume that the CPC collects both diffuse and beam radiation having a large acceptance
angle. Then the beam radiation falling on the aperture plane is given by Ibrb

The diffuse radiation within the acceptance angle is given by Id
C

The area of the Aperture Ap = L × W

The area of the absorber Aa = L × b

The concentration ratio C =
Ap

Aa

Then solar flux entering the aperture is given by [50]

S = (Ibrb +
Id
C
)cos(τρeα) (14)

The useful heat gain is given by [41]

qu = FRWL(S − Ul
C
(Tfi − Ta)) (15)

Similarly, the heat gain from the collector by the fluid with a certain mass flow rate is
given by [50]

qu = m × cp(Tfluid out − Tfluid in) (16)

From Equations (15) and (16), we get

η =
qu

AcIT
= FRτα−

(
FR

Ul
C (Tfi − Ta)

)
AcIT

(17)

The instantaneous efficiency is given by [50]

η =
qu

(I brb + Idrd)WL
(18)

3.4. Thermodynamic Analysis of VCR and SVAR

The performance of each system component is analyzed using the first and second
laws of thermodynamics. The first law of thermodynamics is used for energy analysis,
whereas the second law of thermodynamics is for exergy analysis, which considers the
losses incurred in the system with the introduction to entropy generation. Figure 4 shows
two different systems, VCR and SVAR, whereas Table 5 shows the energy and exergy at
different state points.
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Table 5. Energy and exergy of the VCR and SVAR components.

Component Mass Balance Energy Balance Exergy Balance

VCR system

Compressor m1 = m2 m1h1 + Wel = m2h2
ex1 = (h1 − h0)− T0(s1 − s0 )
ex2 = (h2 − h0)− T0(s2 − s0 )

Condenser m2 = m3 m2h2 = m3h3
ex2 = (h2 − h0)− T0(s2 − s0 )
ex3 = (h3 − h0)− T0(s3 − s0 )

Expansion valve m3 = m4 m3h3 = m4h4
ex4 = (h4 − h0)− T0(s4 − s0 )
ex3 = (h3 − h0)− T0(s3 − s0 )

Evaporator m4 = m1 m1h1 = m4h4
ex1 = (h1 − h0)− T0(s1 − s0 )
ex4 = (h4 − h0)− T0(s4 − s0 )

SVAR system

Solution pump m1 = m2 m1h1 +
.

wp = m2h2
ex1 = (h1 − h0)− T0(s1 − s0 )
ex2 = (h2 − h0)− T0(s2 − s0 )

Solution heat exchanger m2 = m3
m4 = m5

m2h2 + m4h4+ = m3h3 + m5h5

ex3 = (h3 − h0)− T0(s3 − s0 )
ex4 = (h4 − h0)− T0(s4 − s0 )
ex5 = (h5 − h0)− T0(s5 − s0 )

Generator m3 + m4 = m7
m3x3 + m4x4 = m7x7

m3h3 + Qg = m4h4 + m7h7

ex7 = (h7 − h0)− T0(s7 − s0 )
ex3 = (h3 − h0)− T0(s3 − s0 )
ex4 = (h4 − h0)− T0(s4 − s0 )

Condenser m7 = m8 m7h7 = m8h8 + Qc
ex7 = (h7 − h0)− T0(s7 − s0 )
ex8 = (h8 − h0)− T0(s8 − s0 )

Evaporator m9 = m10 m9h9 + Qe = m10h10
ex9 = (h9 − h0)− T0(s9 − s0 )

ex10 = (h10 − h0)− T0(s10 − s0 )

Absorber m10 + m6 = m1 m10h10 + m6h6 = m1h1 + Qa

ex10 = (h10 − h0)− T0(s10 − s0 )
ex6 = (h6 − h0)− T0(s6 − s0 )
ex1 = (h1 − h0)− T0(s1 − s0 )

Expansion valve (Weak solution) m5 = m6 m5h5 = m6h6
ex5 = (h5 − h0)− T0(s5 − s0 )
ex6 = (h6 − h0)− T0(s6 − s0 )

Expansion valve (Refrigerant) m8 = m9 m8h8 = m9h9
ex8 = (h8 − h0)− T0(s8 − s0 )
ex9 = (h9 − h0)− T0(s9 − s0 )

ex0 = Exergy at the dead state, T0 = 25
◦
, P0 = 100 kPa; exi = Exergy at the state points, and x = concentration of

LiBr in the SVAR system.
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3.4.1. Coefficient of Performance (COP)

The COP of VCR is given by [51]

COPVCR =
Qe
Wel

(19)

The COP of SVCR is given by [18]

COPVAR =
Qe

Qg + WP
(20)

3.4.2. Exergy COP

Exergy COP of VCR [51]

COPEx,VCR =
Exth,e

Excompressor
(21)

Exth,e =

(
1 − To

Te

)
× Qe (22)

The exergy for the absorber system is given by [18]

COPEx,VAR =
EXth,e

EXth,g + WP
(23)

Exth,e =

(
1 − T0

Te

)
× Qe (24)

Exth,g =

(
1 − T0

Tg

)
× Qg (25)

3.4.3. Exergy Efficiency

The exergy efficiency of VCR is given by [51]

ηEx,VCR =
ex1 − ex4

Wel
(26)

The exergy efficiency of SVAR on the theoretical formulation, given as [18]

ηEx,VAR =
exe

exg + WP
(27)

3.5. Model Configuration

This section deals with the modeling of solar hybrid cooling. Based on the experimen-
tal setup, the solar hybrid cooling system was modeled into five configurations using the
EES as shown in Figure 5.
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Configurations 1 and 2, where VCR and SVAR are directly used for cooling the
room, are shown in Figure 5; in configuration 3, the cooling load to the test room is
partially supplied by the VCR and partially by SVAR. The modeling was performed on the
assumption that both the systems connected in parallel contribute equally to the cooling
load of the test room.

Assumption 1

50% of the cooling load supplied by VCR
50% of the cooling load supplied by SVAR

The performance of individual systems was calculated using the equations prescribed in Table 5;
the combined performance is given by

COPoverall = (COPVCR + COPVAR)−(COP R × COPVAR) (28)

The combined exergy COP was calculated using the equation

COPEx, overall = (COP_(Ex VCR) + COP_(Ex, VAR))− (COPEx × COPEx, VAR) (29)

The combined exergy efficiency was calculated using the equation

ηex, overall =
(
ηEx, VCR + ηEx, VAR

)
−

(
ηEx, VCR × ηEx, VAR

)
(30)

In configuration 4 as shown in Figure 5, the VCR and VAR are connected in series. The
cooling from the evaporator of the VAR is used to cool the condenser of the VCR system, which is
connected in series.

Assumption 2

The condenser of VCR and evaporator of VAR are considered a lumped system.
The condenser of VCR and evaporator of VAR are considered heat exchangers.
The total cooling load from the evaporator of VAR is supplied to the condenser of the VCR.

Inonfiguration 5 as shown in Figure 5, the VAR and VCR are connected in series. The cooling
from the evaporator of the VCR is used to cool the condenser of the VAR system, which is connected
in series.
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Assumption 3

The condenser of VAR and evaporator of VCR are considered lumped systems.
The condenser of VAR and evaporator of VCR are considered heat exchangers.

The total cooling load from the evaporator of the VCR is supplied to the condenser of the VAR.

4. Results and Discussion

In this section, the proposed system components’ performance is analyzed, validated,
and estimated. The simulation of various configurations is also analyzed. Figure 6 shows
the specific approach for modeling and analyzing the system performance. To enrich the
understanding of the proposed system, the parametric analysis of the system components
is considered in conjunction with the important design parameters. Several performance
analyses have been discussed to support the design and performance of the proposed
model based on the existing designs. The performance analysis of the solar hybrid cooling
system includes the energy utilized under various design conditions. The discussion also
includes the performance of various solar hybrid cooling configuration models possible to
enhance the performance of the solar hybrid cooling technology. Finally, with the obtained
performance analysis, the effect of the proposed models on the environment is discussed.
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4.1. Estimation of Cooling Load Using CLTD and HAP

Steady-state modeling was done for the room space. The cooling load was calculated
using the cooling load temperature difference (CLTD) method, which is one of the family
members of the transfer function method (TFM).

King Saud University is located in Riyadh at a latitude of 24.6◦ N and longitude of
46.7◦ E. The internal designed temperature for the room was 20 ◦C, and the external
maximum temperature was 48 ◦C with a daily range of 21 ◦C. The relative humidity inside
the room is assumed to be 50% RH with an electrical light of 20 Watts and a computer
of 0.17 HP rater power. The same input conditions are used for estimating the cooling
load HAP. Table 6 describes the test room building envelope, and Table 7 gives the results
obtained for the cooling load using CLTD and HAP.
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Table 6. Overall heat transfer coefficient of the wall.

Description Material Overall Heat Transfer
Coefficient, U (w/m2K)

Layer 1 Outside air resistance 17.20
Layer 2 PVC Sheet 9.62
Layer 3 Polyurethane 3.41
Layer 4 Plywood sheet 9.62
Layer 5 Inside air resistance 8.22

The equivalent thermal conductivity (k) and overall heat transfer coefficient (UL) of
the building wall are 0.081 W/mK and 48.09525495 W/m2K, respectively.

Table 7. Calculated cooling load using CLTD.

Parameter CLTD HAP Percentage
Difference (%)

Cooling load (TR) 1.95 1.8 7.99

4.2. Validation of Solar Radiation

To support the EES simulation model, the solar model was compared with the ex-
perimental data collected using the pyranometer on the roof. The data were collected for
21 March 2022. Figure 7 shows the flow chart of the simulation obtained using EES for
the specified date. The maximum intensity of global radiation recorded was 850.62 W/m2 at
12:10 p.m. with an overall average of 509.19 W/m2. Figure 8 shows the variation of experimental
and EES solar radiation models, whereas Table 8 shows the maximum values obtained.
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Table 8. Results obtained for solar radiations from the EES and Experiment for 21 March.

Parameter EES Analysis Experimental Percentage Difference

Global Radiation (W/m2) 841.8 850.62 1.03

4.3. Validation of CPC
4.3.1. Experimental Determination of Efficiency, FR, and UL Values of the CPC

The experimental procedure was based on the testing procedure for collectors pre-
scribed in the (ASHRAE). Figure 9 shows the experimental setup. The experiment was
carried out on 19 May–22 May 2022. The CPC and blower were connected in series with the
exit of the blower to the inlet of the CPC, and inlet suction to the exit of the CPC, making
it a closed loop system with a steady mass flow rate. The pressure drop was measured
using the digital manometer across the orifice plate positioned at the inlet and exit of the
collector. The K-type thermocouples were positioned for recording the inlet, exit, and
ambient temperatures. The data were recorded at an interval of 30 min from 11:30 a.m. to
13:30 for specific mass flow rates for four consecutive days as mentioned in Table 9, after
bringing the system to a steady-state condition. Table 9 shows the average values of each
variable recorded, with a specific mass flow rate for each day for four consecutive days.
Figure 10 shows the curve obtained against (Tfluid out − Tambient)/IT and efficiency (η). The
efficiency of the collector was calculated using Equation (18).
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Figure 10. Efficiency curve for CPC with double glazing.

The above line is in the form of y = mx + c, Compared with Equation (17), we wet

y = −4.7247x + 0.5199

FRτα = 0.5199

τα = 0.85

FR = 0.60

Ul
C

FR = 4.72

Ul = 24
(

W/m2K
)

Table 9. CPC performance data.

Time Value
Position Ta Tin Tout ∆P IT V Q M η Qin

CPC performance data on May 19
11:30 0.25 46 46.2 63.5 23 942 3.82 0.152 0.18 0.35 4647.86
12:00 0.25 46.1 47.2 63 35 944 4.81 0.192 0.23 0.40 4726.85
12:40 0.25 42.2 46.5 63.3 21 972 3.72 0.149 0.17 0.32 4843.15
13:30 0.25 38.5 41.3 58.8 22 942.5 3.81 0.152 0.18 0.35 4641.75

CPC performance data on May 20
11:30 0.5 45 45.5 62.5 36 942 4.78 0.19 0.23 0.43 4661.36
12:00 0.5 45.9 47.2 61.3 44 942 5.39 0.22 0.26 0.41 4791.79
12:40 0.5 41.7 45.8 62.9 34 968 4.74 0.19 0.23 0.42 4806.62
13:30 0.5 37.5 40 57.7 34 942 4.74 0.19 0.23 0.45 4629.88

CPC performance data on May 21
11:30 0.75 48 45 60.5 45 942 5.35 0.21 0.26 0.44 4728.82
12:00 0.75 45.3 46.3 60 69 944 6.76 0.27 0.32 0.49 4821.30
12:40 0.75 41.7 45.3 62.4 65 970 6.56 0.26 0.31 0.56 4818.14
13:30 0.75 37 39.6 53.3 54 942 5.98 0.24 0.29 0.44 4809.78
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Table 9. Cont.

Time Value
Position Ta Tin Tout ∆P IT V Q M η Qin

CPC performance data on May 22
11:30 1 43 44.5 57.8 63 942.9 6.33 0.25 0.30 0.45 4832.95
12:00 1 44.7 46 59.2 83 945.25 7.41 0.30 0.34 0.52 4850.98
12:40 1 41.6 45.2 60.8 77 971.57 7.14 0.29 0.36 0.58 4894.65
13:30 1 37 38.5 50 80 942.9 7.27 0.29 0.35 0.45 4913.90

The maximum efficiency is recorded as 0.58 with a mass flow rate of 0.36 kg/s at
12:40 p.m., while the minimum efficiency is recorded as 0.32 with a mass flow rate of
0.17 kg/s at 12:40 p.m. as shown in Table 9.

4.3.2. CPC Validation Approach

The CPC is modeled using the actual tilt angle of 25◦ for the experimental date of
21 May. Table 10 shows the results obtained, whereas Figure 11 shows the flow chart for
the CPC validation approach.
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Table 10. Results of CPC for experimental values for May 21.

Parameter Output

δ 20.34 ◦C
ηCPC 0.39

Gt 933.5 W/m2

h 17.67◦

st 567.9 W/m2

Tout 91.96 ◦C
Quse f ul 10.81 kW

∆T 46.76 ◦C

The above model is based on the experimental tilt angle of 25◦ towards the south.
The possible heat output obtained is 10.81 kW with a fluid outlet temperature of 91.96 ◦C.
From Table 11, it can be seen that for the concentration ratio of 3.1, the aperture area and
useful heat are 16.71 m2 and 5.99 kW, respectively. Table 12 shows the performance results
obtained for the CPC utilizing the EES and experiment as shown in Section 4.3.
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Table 11. Parametric analysis of CPC using EES for 21 May.

Tilt Angle Eta_cpc Q_useful S_flux G_t_t Cr T_fout Width
of CPC

Aperture
Area

25 0.3903 8.31 573.9 933.5 4.57 81.15 2.286 24.41
25 0.3909 7.72 575.4 933.5 4.24 78.61 2.121 22.65
25 0.3915 7.21 576.8 933.5 3.95 76.42 1.979 21.13
25 0.3922 6.77 578.2 933.5 3.71 74.52 1.855 19.81
25 0.3928 6.39 579.5 933.5 3.49 72.84 1.746 18.65
25 0.3934 6.04 580.9 933.5 3.301 71.36 1.65 17.63
25 0.394 5.99 582.3 933.5 3.12 70.04 1.565 16.41

Table 12. Comparison of EES and experimental results.

Parameter Theoretical Value Experimental Value

Heat output (kW) 5.99 4.7
Efficiency 0.39 0.40

Aperture area (m2) 16.4 9.6
Fluid outlet temperature (◦C) 71.11 63

Concentration ratio 3.1 3

From the experimental results of CPC performance detailed in this section, the effi-
ciency of the CPC is 0.40 with an aperture area of 9.6 m2 for the heat output of 4.72 kW,
whereas the efficiency obtained by EES analysis is 0.39 with an aperture area of 16.4 m2 for
5.99 kW under the same ambient conditions.

The parametric analysis of the EES model from Table 11 shows that with the increase
in the area of the CPC, the fluid outlet temperature increases. As the concentration ratio is
constant, the width of the CPC is also constant; hence the area changes with the change in
the length of the CPC, as shown in Table 13.

Table 13. Effect of aperture area on the useful heat gained from the CPC for 21 May.

Actual_aperture_area_cpc
(m2) Q_useful_cpc (kW) % Decrease

31.9 9.19 3.13
30.9 8.90 3.23
29.9 8.61 3.34
28.9 8.32 3.45
27.9 8.03 3.58
26.9 7.75 3.71
25.9 7.46 3.85
24.9 7.17 4.01
23.9 6.88 4.19

The parametric analysis as shown in Table 13 demonstrates that with every 1 m2

decrease in the aperture area, the heat output decreases by 3.5%. The experimental aperture
area is 9.6 m2, which is almost 6.8 m2 (23.94%) less than 16.4 m2 obtained through the
EES model for the same concentration ratio as shown in Table 11, and consequently, the
calculated EES heat output is 4.56 kW. Table 14 shows the experimental and theoretical
values of the heat output and efficiency for 21 May.

Table 14. Comparison of theoretical and experimental value models for 21 May.

Parameter Theoretical Value Experimental Value Error

Heat output (kW) 4.56 4.7 2.9%
efficiency 0.39 0.40 2.5%

Aperture area (m2) 9.6 9.6 0%
Concentration ratio 3.07 3 2.2%
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4.4. Validation of Solar Vapor Absorption System (SVAR)

The solar VAR (Libr-H2O) system for the cooling load of 1.96 TR is designed using the
EES. The thermal energy required for the VAR was provided through a solar air collector
(SAH). The design was based on the thermodynamics analysis and the thermodynamics
properties found for the states 7, 8, 9, and 10 using the steam. However, for the binary
mixture at the state, 1, 2, 3, 4, 5, and 6, the thermodynamics properties of LiBr-H2O were
used. The validation of the SVAR model is shown in Table 15,which demonstrates the good
agreement of results obtained between the present EES model and the results obtained by
Jasim Abdulateef et al. [52].

Table 15. Comparison of SVAR models.

Components
Heat Transfer Rate (kw)

% ErrorJasim et al. [52]
Model Present Model

Generator 13.38 13.4 −0.14948
Condenser 10.48 10.4 0.763359
Evaporator 10 10 0
Absorber 12.9 12.89 0.077519

Pump 0.002 0.002 0
Coefficient of
performance 0.747 0.746 0.133869

Ideal Coefficient of
performance 1.16 1.211 −4.39655

Collector efficiency 0.59 0.61 −3.38983

4.5. Modeling of SVAR for Experimental Data

The solar cooling system is modeled and the simulation of performance is performed
utilizing the recorded data for 21 March for the condenser temperature of 40 ◦C.

The input data are shown in Table 16, whereas the result is shown in Table 17. From
Table 17, it can be seen that the COP of energy and exergy obtained is 0.73 and 0.44, respectively.

Table 16. Input experimental values utilized for the CPC analysis for 21 March.

Parameter Value

Day 21-March (81)
Time 12:00 p.m.

Cooling capacity 6.78 kW
Ta 24 ◦C

TFluid inlet 110 ◦C
.

mair 0.23 kg/s
wabsorber 0.5 m

FR 0.6
UL 20 W/m2K
CR 5.97
2θa 19.27◦

α 32.96◦

TG 100 ◦C
TC 40 ◦C
TE 5 ◦C

Tabsorber 40 ◦C

Table 17. Analysis result of the SVAR for 21 March.

Parameter Output

Ap 28.63 m2

E 7.12 kWh
COP 0.73

COPEx 0.44
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4.5.1. Effect of Generator Temperature on COP of SVAR and Efficiency of Solar Collector

Figure 12 shows the variation of the SVAR COP and the efficiency of the CPC collector
for a range of specified SVAR generator temperatures. From the above figure, it is clear
that the COP of the SVAR system increases with the increase in the generator temperature,
and the efficiency of the solar CPC collector decreases with an increase in the generator
temperature. The maximum COP of 0.72 is obtained at the generator temperature of
99.55 ◦C, whereas the minimum of 0.22 is obtained at the generator temperature of 80.78 ◦C.
The minimum CPC collector efficiency of 0.29 is obtained at the generator temperature of
99.55 ◦C, and the maximum is recorded at 0.31 with a generator temperature of 80.78 ◦C.
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Figure 12. Variation of COP and efficiency of SVAR and CPC, respectively, with generator temperature
for 21 May.

4.5.2. Effect of Generator Temperature on COP and Energy of SVAR

Figure 13 shows the variation of energy consumed and efficiency of the SVAR system
with varying generator temperatures. The figure shows that both the energy and efficiency
of the SVAR increase with an increase in the generator temperature. The maximum and
minimum energy values of 7.12 kWh and 2.24 kWh and maximum and minimum COP
values of 0.72 and 0.22 are obtained at generator temperatures of 99.55 ◦C and 80.78 ◦C,
respectively.
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4.5.3. Effect of Time on the SVAR Performance

Figure 14 shows the variation of SVAR system performance with time for a designed
heat load. From the figure it is seen that SVAR performance increases with time from
8 a.m. to 12 a.m. and then decreases with an increase in the time from 12 a.m. to 4 p.m. The
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maximum heat load produced by the SVAR is 99.96% at 12 a.m., whereas the minimum
heat load produced is 12.41% at 8 a.m. followed by 13.41% at 4 p.m.
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4.5.4. Effect of Day of the Year on the Energy of SVAR

Figure 15 shows the energy of cooling produced by the SVAR system for the 21st of
every month during the year for the standard-designed model. The maximum energy
obtained for 21 December is 7.50 kWh while the minimum is 7.23 kWh obtained for 21 June.
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4.5.5. Effect of SVAR on Environment Pollution

Figure 16 shows the SVAR effect on the environment with the reduction in the carbon
dioxide produced using the conventional energy-producing technologies for the 21st of
every month during the year for the standard-designed model. The maximum reduction
obtained for 21 December is 653.96 kg while the minimum is 610 kg obtained for 21 June.
The annual reduction from the SVAR obtained is 7630.58 kg of CO2
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4.6. Modeling of the Solar Hybrid Cooling System Using EES

The five different solar hybrid cooling models as detailed in Section 3.5 are analyzed
using EES. Table 18 shows the different configurations of models and types of arrangement.

Table 18. Cooling models configuration.

Model Capacity (TR) System Arrangement Type
1 1.96 VCR Individual
2 1.96 VAR Individual
3 0.98 + 0.98 VAR and VCR Parallel
4 1.96 VAR + VCR (Hybrid) Series
5 1.96 VCR + VAR (Hybrid) Series

Figure 17 shows the performance of various models analyzed. It is clear that model
4 has the maximum value of COP and exergy efficiency with 4.41 and 3.78, respectively,
whereas model 1 has the maximum COP of exergy with 7.83 because the system uses
electrical energy. The COP of energy and exergy of a single-stage VCR system are 77% and
96.6% higher than the single-effect SVAR system. However, the exergy efficiency is 69.7%
higher than for SVAR.

Among the solar hybrid cooling models discussed, the series configuration of a hybrid
system, SVAR integrated with the condenser of VCR, produces higher values with COP
energy of 4.41, 40% higher than with the conventional VCR system. However, the same
model has the equivalent amount of a 40% decrease in the COP of exergy and only 26.7%
of exergy efficiency as compared with a conventional VCR system. Table 19 indicates the
evolution of the thermodynamic properties of Model 4, whereas Table 20 indicates the
performance result.

Table 19. Thermodynamic data of VCR in the hybrid system Model 4.

State Point
Temperature (◦C) Enthalpy (kJ/kg)

m (kg/s)
Initial Final Initial Final

1 −4 −4 420.1 420.1 0.069
2 85.29 85.29 456.7 456.7 0.069
3 65.19 36.79 323.4 258.6 0.069
4 16.2 16.17 323.4 258.6 0.069
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Table 20. Performance results of the figure.

Description Initial Final

Qe (kW) 6.78 11.29
Qcompressor (kW) 9.26 9.26
COPVAR+VCR 2.64 4.41

COPEx,VAR+VCR 7.83 4.69
ηEx,VAR+VCR 1.83 3.78
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The CPC is effective in providing the required temperature and heat to the SVAR 

generator during the peak cooling load. The performance and contribution of SVAR in-

crease with time from 10 a.m. to 1p.m., decreasing the use of high-grade energy from VCR. 

The reason for the lower fluid outlet temperature of 63.5 °C is due to the higher value of 

UL. The proposed model is effective in providing the required energy to SVAR for annual 

use. 

The energy and exergy of COP related to the vapor compression system is higher 

than in other hybrid cooling models because the former uses high-grade energy for its 

operation, which strongly agrees with the results of our preliminary research work. The 

configuration integrating VCR to the condenser of the SVAR has less effect on the perfor-

mance of the hybrid system. The SVAR integrated in series with the VCR condenser sys-
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Figure 17. Performance of configuration models.

5. Conclusions

The CPC is effective in providing the required temperature and heat to the SVAR
generator during the peak cooling load. The performance and contribution of SVAR
increase with time from 10 a.m. to 1p.m., decreasing the use of high-grade energy from VCR.
The reason for the lower fluid outlet temperature of 63.5 ◦C is due to the higher value of UL.
The proposed model is effective in providing the required energy to SVAR for annual use.

The energy and exergy of COP related to the vapor compression system is higher than
in other hybrid cooling models because the former uses high-grade energy for its operation,
which strongly agrees with the results of our preliminary research work. The configuration
integrating VCR to the condenser of the SVAR has less effect on the performance of the
hybrid system. The SVAR integrated in series with the VCR condenser system produces 83%
higher COP than the system with VCR integrated with the condenser of the SVAR system.
Similarly, they have 88% and 84% higher values of exergy COP and exergy efficiency
respectively.

From the analysis of solar hybrid cooling models as detailed in model 4, the integration
of SVAR to the condenser of the VCR can be used as an alternative to the individual VCR
system, which comes with high-grade energy. The higher exergy efficiency of 3.84 in model
4 also leads to the conclusion that the system is more sustainable and the exergy destruction
is minimal.

The integration of SVAR to the condenser of the VCR as a hybrid model increases
the cooling capacity of the VCR by 68% and also increases the exergy efficiency by 51.6%,
thus increasing the performance of the system and decreasing the exergy destruction. The
integration of SVAR by utilizing the CPC to the condenser of the VCR as a hybrid model
increases the cooling capacity of the VCR by 68% and decreases the carbon emission by
166.4%.

Considering system performance, the temperature of the SVAR generator is limited
to the concentration of the LiBr in the Libr-H2O mixture. The losses in the CPC are one of
the important parameters to be considered, for the losses increase the CPC, and the system
efficiency decreases.
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In the future, a SVAR absorber and condenser could provide a low-grade, high quantity
of energy for suitable applications such as drying. Analyzing the cost of the power from
the proposed module and comparing the results to those of a photovoltaic module would
demonstrate how quickly such a module would pay back. As the world is evolving toward
AI, the integration of the proposed system could be an effective approach to increase the
performance of the solar hybrid cooling system.
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Nomenclature

A = area of the sun (m2) IT = global solar radiation (W/m2) S = entropy (KJ/kg K)
ACPC = area of CPC (m2) L = length of the collector (m) SHGp = sensible heat gain of each person (J/s)
AP = aperture area of the collector (m2) LL = longitude at the given location T = temperature (◦C)
Ar = area of the receiver/Absorber (m2) LS=longitude at the standard meridian for the time zone Ta = ambient temperature (◦C)
A1 = area of the sphere containing Earth (m2) LHGp = Latent heat gain of a person, 120 (J/s) Tin = fluid inlet temperature (◦C)
B = width of the absorber (m) m = mass flow rate (kg/s) Tout = fluid outlet temperature (◦C)
CLTDRoo f ,Wall = flat roof, 62(ASHRAE handbook)

.
mair = mass of air flow rate (kg/s) Ts = source temperature (K)

E = Energy (kWh) N = day of year Tr = receiver temperature (K)
EER = energy efficiency ratio Np,t = no. of occupants inside the room. TM =mean outdoor temperature, 306.15 K
Fal = allowance factor for light fixtures P = pressure (Pascal) TR = indoor room temperature, 295.15 K
Fload = load factor, a ratio of actual to required power Php = rated machine horsepower, 186.5 (W) UL = overall heat transfer coefficient (W/m2K)

Fuse= use factor indicating ratio of actually used equipment and appliance to total installed. ∆P = pressure head (Pascal) W = width of the collector (m)
FR = heat removal factor Q = energy radiated from the sun (watts) Wlight = light Watts inside room, 2603 (W)

Fsur-g = view factor of the surface concerning ground QC = condenser heat (kW) Wp = work done by pump (watts)
Fsur-sky = view factor of the surface concerning the sky QCompressor = compressor heat (kW) X = concentration (%)

G = solar constant (W/m2) Qe = evaporator heat (kW) α = absorbitivity
GD = direct irradiation (W/m2) Qg = generator heat (Kw) τ = emissivity of glass

Gdθ = diffuse irradiation (W/m2) R= thermal resistance (k/W) β =solar elevation angle
GND = direct normal irradiance (W/m2) r =radius of the sun (m) γ = the surface solar azimuth angle
GR = irradiation reflected from the ground (W/m2) r1 = distance between the Sun and Earth (m) ψ = surface azimuth angle
Gth=total irradiance received by the ground from the sun (W/m2) SHGp = sensible heat gain of each person, 143 (J/s) σ = stephan Boltzmann constant (W/m2 k4)
h = enthalpy (KJ/kg) ηmech = mechanical efficiency 0.90% ρg = reflectance from the ground
ηmech = mechanical efficiency, 0.85%

Acronyms
COP = Coefficient of performance SAH = Solar air heater
CPC = Compound parabolic collector SVAR = Solar vapor absorption system
EOT = Equation of time VAR = Vapor absorption system
HAP = Hourly analysis program VCR = Vapor compression system
LST = Local solar time
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