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a b s t r a c t

Cooling and air-conditioning systems are the primary consumers of building energy in hot and mixed
climate locations. The reliance on traditional systems, driven electrically, is the main reason behind
the deterioration and ever-increasing demand for energy in buildings. This is also associated with a
vast amount of CO2 emissions and other environmental concerns. Solar energy has been introduced as
a crucial alternative for many applications, including cooling and air-conditioning, which has been
proven to be a reliable and excellent energy source. This paper presents and discusses a general
overview of solar cooling and air-conditioning systems (SCACSs) used for building applications. The
popular SCACSs driven by solar thermal energy are elaborated in detail, considering their operation
and development aspects. A comparison among solar thermal SCACSs is performed, taking into
account several technical, operational, economic and environmental indicators. Some research gaps,
recommendations, and conclusions are derived from the reviewed literature to understand and further
develop this essential research domain.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Building sector is the major consumer of final energy use
worldwide by up to 40%. Statistics of responsible organisations
and parties evident that most of this percentage is consumed
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Nomenclature

Abbreviations

AC Air-conditioning
COP Coefficient of performance
DC Direct current
DX Direct expansion
ECC Ejector cooling cycle
ECS Ejector cooling system
ETSC Evacuated tube solar collector
FPSC Flat plate solar collector
H2O/LiBr Water/lithium bromide
HVAC Heating, ventilating and

air-conditioning
IEA International Energy Agency
IEC Indirect evaporative cooler
NH3/H2O Ammonia/water
PP Payback period
PTSC Parabolic trough solar collector
PV Photovoltaic
SABSs Solar absorption systems
SADSs Solar adsorption systems
SCACSs solar cooling and air-conditioning sys-

tems
SCOP Seasonal coefficient of performance
SDSs Solid desiccant systems
SE-VCR Solar electric/vapour compression re-

frigeration

for cooling and air-conditioning purposes (IEA, 2013; IEA and UN
Environment Programme, 2019). It is commonly known that most
of the electric energy is spent on heating, ventilating and air-
conditioning (HVAC) systems in hot regions. For instance, it has
been reported that 32% of end-use electrical energy is consumed
by household cooling systems in Egypt, and as high as 38%–60% of
the electrical power is used for cooling devices in the commercial
buildings of Saudi Arabia (El-Sharkawy et al., 2014). In this regard,
the International Energy Agency (IEA) reported that the cooling
market is growing drastically and improved by 10% between 2018
and 2019 only (China dominates about 40% of total equipment)
(IEA, 2020). IEA also reported that around 2/3 of the world’s
buildings would have air-conditioning (AC) systems by 2050, and
as shown in Fig. 1, China, India, and Indonesia will account for
half of the world demand (IEA, 2018).

Building energy performance can be achieved by thermally
enhancing the building envelop elements or developing the HVAC
systems. For building envelope scope, different passive and active
techniques are implemented, such as the double skin technique
(Zingre et al., 2017), insulation applications (Tükel et al., 2021),
thermally activated systems, incorporation of phase change ma-
terials (Al-Yasiri and Szabó, 2021), Trombe walls (Hong et al.,
2019; Yu et al., 2016), and others (Algburi and Behan, 2019;
Azmi et al., 2021). On the other hand, HVAC systems have also
been developed considering different design measures (Berardi
and Filippi, 2020), control strategies (Franco et al., 2021; Özbek
and Uslu, 2019) and integration of renewable resources (Hussein
et al., 2020).

At present, the world’s attention is directed towards renew-
able energy of various sources and forms (especially solar energy)
to replace the conventional energy produced from coal, oil, nat-
ural gas etc. This is mainly because of the environmental impact

and also their limited resources. Some statistics claimed that the
conventional oil and natural gas sources would run out within the
next 50 years as the world’s population would reach almost nine
billion people (IEA, 2021). Utilising renewable energy sources for
cooling systems, predominantly powered by solar energy, has
become one of the forefront technologies that attracted engineers
and responsible authorities as such systems associated with the
shining sun period. In this regard, cooling technologies driven
by solar energy have many advantages, including cutting CO2
emissions to decrease global warming (Al-Yasiri and Géczi, 2021),
saving heating and cooling bills, reducing the dependency on
fossil resources, and reducing imported fuels (Kalkan et al., 2012).
Nevertheless, SCACSs are still not penetrating the market due to
several concerns that can be summarised as follows:

i. High initial and installation costs of SCSCSs compared with
the traditional ones driven by electric power (primarily
work based on vapour compression cycles) (Al-Yasiri and
Szabó, 2016; Gao et al., 2018; Otanicar et al., 2012).

ii. Technical considerations in which the traditional systems
have a much higher coefficient of performance (COP) than
SCACSs (Albatayneh et al., 2021; Meron Mulatu Mengistu,
2011).

iii. SCACSs are complex (for both the chiller and solar system
parts), and experts are required for periodic maintenance
and sudden operations (Palomba et al., 2019).

iv. The limited number of manufacturers and suppliers for
SCACSs minimises the competitiveness with the traditional
systems.

v. Intermittent availability of solar energy daily and annu-
ally requires supplementary storage devices and auxiliary
energy systems.

The development of SCACSs is in progress since 1959, in
which the overall number of articles up to date is 22718 (Sco-
pus database, 2022). However, the rapid development research
has started since 2005 and still been growing drastically (Saikia
et al., 2020). The top ten countries, journals and research insti-
tutions are shown in Fig. 2, which indicates that China, ELSEVIER
and Chinese academic institutions are the leading in this regard.

This paper aimed to shed light on SCACSs that have developed
over this century. The paper consists of three main chapters in
which Section 2 gives a general overview of the main systems
driven by solar energy as an electrical or thermal energy source.
Section 3 summarises the main advanced systems driven by solar
thermal energy in detail. Section 4 compares SCACSs considering
several technical, operational, environmental and economic as-
pects. Research gaps and recommendations for future studies are
highlighted in Section 5. Finally, some conclusions are raised from
the reviewed literature studies, which are believed to provide a
clear overview of this research area.

2. Overview of SCACSs

Solar energy can be utilised to power cooling and air-
conditioning systems by two methods: electrically and thermally.
In the electrical form, photovoltaic (PV) panels convert the sun-
light directly into electricity to run conventional cooling systems.
These systems are typically referred to as solar electric/vapour
compression refrigeration (SE-VCR) systems and are sometimes
called solar PV assisted cooling systems. Fig. 3 shows the main
parts of SE-VCR. The PV panel generates direct current (DC),
which requires an inverter to run the traditional AC compressor
(DC compressors also can be used to eliminate the inverter). In
addition, other elements such as batteries to cope with inter-
mitted electricity, voltage regulator and electrical connections
are needed to support the system. These systems could save
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Fig. 1. Global air-conditioning stock in the period 1990–2050 (IEA, 2018).

Fig. 2. Top ten statistics for SCACSs by (a) countries, (b) journals, (c) research institutions, (d) funding sponsors (Scopus database, 2022).

the primary electrical energy by 39%–100% depending on the
building location (Ayadi and Al-Dahidi, 2019) and reduce the cost
of traditional systems by 12.3% (Song et al., 2017).

In this regard, Bilgili (2011) analysed the performance of a SE-
VCR system applied for a building located in the south of Turkey
during the 23rd day of cooling months, i.e. from May to Septem-
ber. The experimental results showed that at 0 ◦C evaporating
temperature, the maximum compressor power consumption was
2.53 kW at 3:00 PM on August 23, and the required PV panel
surface area should be 31.26 m2, which showed that the SE-VCR

systems could be used efficiently under these conditions. A year-
round dynamic simulation was conducted by Fong et al. (2011)
under subtropical climate where an ejector design was incorpo-
rated to improve the SE-VCR system. The results demonstrated
that the system coefficient of performance (COP) increased, and
the total primary energy consumption decreased for all three
different refrigerants (R22, R134a and R410 A) analysed within
the study. Furthermore, the study reported that the year-round
immediate energy use could be reduced by more than 5% using a
suitable ejector design and refrigerant for the SE-VCR system.
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Fig. 3. Typical parts of SE-VCR system (Bilgili, 2011).

In systems based on thermal solar energy, the solar radia-
tion can be collected and used to minimise the electric power
consumption in small scale systems, as in the hybrid solar AC
system shown in Fig. 4. The system combines a traditional split-
type air conditioner and a vacuum tube solar collector. The solar
radiation absorbed by solar collectors is utilised to heat the water
inside the collector tank fixed on the top. Evaporator tubes of
the outdoor split unit pass through the tank before entering the
compressor. The refrigerant inside the tubes gains heat from the
water tank and enters the compressor at a higher temperature.
Accordingly, the required compressor size reduces, and therefore,
the electricity consumption declines by up to 60% (IMM FTUI
Science and Technology, 2013).

Solar thermal energy also can be used to power higher capac-
ities and more advanced SCACSs, as detailed in the next section.

3. Solar thermal powered cooling and air-conditioning sys-
tems

Solar thermal energy is typically used as a driving temperature
in the SCACSs. These systems are generally classified as open,
closed, and thermo-mechanical cycles, as shown in Fig. 5.

In open cycles, the air inside the built environment is pro-
cessed directly by treating the temperature and humidity ratio.
In contrast, the chilled water circulated in closed loops in the
closed cycle (Ghafoor and Munir, 2015). Those two cycles will
be discussed in detail in the following sub-sections. On the other
hand, the thermo-mechanical cycle utilises thermal energy rather
than mechanical energy to produce a cooling effect through spe-
cial devices such as an ejector system (Sarbu and Sebarchievici,
2013). Ejector cooling systems (ECS) is a novel cooling device
that could use solar thermal energy for cooling applications (El-
barghthi et al., 2021; Khalid Shaker Al-Sayyab et al., 2021). The
ECS consists of two ports in the inlet (one for the primary fluid
flow known as motive flow and the other for the secondary flow
or the entrained flow) and one in the outlet. In addition to these
ports, the typical ECS consists of a convergence–divergence noz-
zle, a suction chamber, a mixing chamber (constant area section),
and a diffuser (shown in Fig. 6).

The main objective of ECS is to accelerate the low-pressure
stream coming through the secondary inlet port when mixed
with the primary flow and discharged through the outlet port
with intermediate pressure. In the ECS integrated solar energy,

the compressor in the VCR system is replaced by the ejector
cooling cycle (ECC), as indicated in Fig. 7. More details about
the step-by-step working procedure of this cycle with possi-
ble modifications and combinations with different solar appli-
cations, including solar cooling, are presented by (Bechir et al.,
2021; Braimakis, 2021; Eveloy and Alkendi, 2021; Ghodbane and
Husseín, 2021; Peris Pérez et al., 2022).

This article mainly focuses on solar absorption systems (SABSs),
solar adsorption systems (SADSs) and solar desiccant systems
(SDSs), the widely used systems in building applications. The
thermal energy is extracted from fallen solar radiation by em-
ploying different solar collectors; each has its temperature range
depending on how the heat is extracted. Although, in general,
solar flat plate collectors (FPSCs) are employed for SCACSs, they
have a wide range of applications, such as solar heating and
cooling (Boyaghchi and Montazerinejad, 2016; Ge et al., 2018),
domestic hot water (Al-Yasiri and Szabó, 2019), solar drying
(Benhamza et al., 2021; Fudholi and Sopian, 2019), solar desali-
nation (Ghorbani and Ebadi, 2020), solar cooking applications
(Kumaresan et al., 2018). Fig. 8 shows typical solar collectors and
their temperature ranges suitable for SCACSs.

Among others, parabolic trough collectors (PTSCs) were the
most investigated type for solar cooling systems by up to 60% in
the literature studies (Alsagri et al., 2020) and generally showed
better performance than FPSCs (Altun and Kilic, 2020). However,
solar thermal collectors generally have a thermal efficiency in
the range of 0.06–0.64 (Alobaid et al., 2017). Therefore, they
have been developed remarkably in the last century, and many
advanced techniques have implemented, which are highly devel-
oped for the associated applications. Some of these developments
are dealt with the design aspects and collecting methods, whereas
the others applied different enhancers to augment the thermal
performance and prolong the availability of driving temperature
(Evangelisti et al., 2019; Senthil and Cheralathan, 2019).

The main SCACSs, namely solar absorption, solar adsorption
and solar desiccant systems, will be discussed in the following
subsections.

3.1. Absorption systems

Absorption systems are one of the oldest systems that have
been used in cooling and air-conditioning for buildings (Sokhanse-
fat et al., 2017) and other industrial applications (Darwish Ahmad
et al., 2020). They work based on the same principle as vapour
compression systems, except that this system utilises a thermal
compressor instead of the mechanical compressor in the vapour
compression systems. Moreover, these systems can save up to
88% of energy and CO2 emissions compared to traditional vapour
compression systems (Al-Yasiri and Szabó, 2016).

The typical SABS consists of a thermal compressor (an ab-
sorber, a generator (desorber) and a solution pump), a condenser,
an expansion valve and an evaporator (Patel et al., 2017). Com-
monly, water/lithium bromide (H2O/LiBr) and ammonia/water
(NH3/H2O), whose advantages and drawbacks are listed in Ta-
ble 1 are used as refrigerant/absorbent pairs in the absorption
cycle. H2O/LiBr systems are more appropriate for cooling and air-
conditioning purposes, whereas NH3–H2O absorption systems are
mostly utilised for industrial and refrigerating applications (Fan
et al., 2007).

The operation steps of the H2O/LiBr SABS can be detailed as
follows:

i. Applying heat by any heat source to the generator where
the solution fluids (LiBr-H2O) will separate, generating wa-
ter vapour. Due to high pressure, the vapour moves to the
condenser, resulting from a continuous heating process,
while the absorbent (LiBr) will be sent to the absorber.
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Fig. 4. (a) Outdoor hybrid solar air-conditioner (Ningbo Yoton Industrial & Trade Co., 2021), (b) Schematic drawing of the system loops.

Table 1
A comparison between working pairs in absorption systems.
Working pair Advantages Drawbacks

NH3–H2O

• Evaporation at temperatures below 0 ◦C. • NH3 is toxic and unsafe for human health.
• A rectifier is needed to minimise H2O
vapour generation.
• Operate under high pressure.

H2O/LiBr

• High COP.
• Work under low operational pressure.
• Non-toxic pair.
• Environmentally friendly.
• Large latent heat of vaporisation

• Risk of congelation (anti-crystallisation
devices is required).
• LiBr is expensive

Fig. 5. Cooling systems powered by solar thermal energy (Rafique, 2020).

ii. The refrigerant condenses within the condenser using the
ambient air in the small systems or water for better COP
in large-scale chillers, which needs to be provided with a
cooling tower.

iii. The pressured and high-temperature refrigerant moves
through the expansion valve, and its pressure and temper-
ature decrease, moving to the evaporator.

iv. The coolant with a low temperature in the evaporator is
used for space cooling through different methods (direct
expansion or chilled water system).

Table 2
Typical performance of SABSs (Hwang et al., 2008).
Chiller type Possible solar

collectors used
Source
temperature (◦C)

COP

Single effect FPSC 85 0.7
Double effect FPSC/compound PTSC 130 1.2
Triple effect ETSC/ concentrating

collectors
220 1.7

v. Finally, the gaseous refrigerant out from the evaporator
moves to the absorber. It meets the absorbent to form a
pumped solution to the generator via a pump, and then,
the cycle is repeated.

Although many renewable and traditional heat sources can be
utilised to provide the driving temperature for SABSs (Nikbakhti
et al., 2020; Sadi et al., 2021), solar thermal energy can be used
in this system as a heat source. The solar radiation is extracted by
thermal collectors and stored in a special thermal storage tank for
prolonged usage, as illustrated in Fig. 9.

The absorption systems require a minimum temperature of
80 ◦C (Macía et al., 2013). This magnitude can be obtained via
a FPSC used with single-effect chillers of 0.7 COP (COP is the
ratio of cooling capacity/effect earned from the systems to the
thermal energy supplied to the system) (Modi et al., 2017). On the
other hand, the double-effect chiller (two generators are used and
have COP ranged from 1–1.5 Duffie and Beckman, 2013) requires
a higher temperature range that can be attained by evacuated
tube collectors (ETSCs) or even concentrating collectors (Maryami
and Dehghan, 2017). Likewise, a triple-effect absorption chiller
requires a higher generator temperature and produces higher COP
(Azhar and Siddiqui, 2019). Table 2 shows the characteristics of
designing single, double and triple-effect solar absorption chillers.
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Fig. 6. Schematic of ECS parts (Tashtoush et al., 2019).

Fig. 7. Schematic diagram of ECC (Braimakis, 2021).

Several studies were conducted to develop the performance
of SABSs by different methods, such as operation optimisation
(Alghool et al., 2020; Sharifi et al., 2020; Xu et al., 2020), modified
heat exchanger cycles (Kholghi and S. Mahmoudi, 2019), series
and parallel flow cycles (Chahartaghi et al., 2019), optimal control
(Sabbagh and Gómez, 2018), multi heat sources (Yang et al.,
2017), hybrid with a traditional compression cycle (Dixit et al.,
2017), and others (Almasri et al., 2022; Chen et al., 2017; Jiang
et al., 2019; Ventas et al., 2016). Zhai et al. (2011) compared
theoretical and experimental investigations of single-effect SABS,
considering novel design options taking into account the solar
collector and auxiliary energy systems. They summarised the
other main types of SCACSs based on double-effect absorption
systems, half-effect and two-stage absorption chiller, and found
that a solar-driven double-effect absorption cooling system at
high direct radiation is sufficient to maintain buildings with huge
cooling load and limited collectors installation area. The study
also reported that the half-effect and the two-stage absorption
chillers are appropriate systems for air cooling in hot and dry
areas that suffer from water shortages.

In the study by Fathi and Ouaskit (2001), a function of tem-
perature in different cycle components is considered to evaluate
the performance of a solar single-stage absorption refrigerator.
Furthermore, the refrigerator dimensions were also changed by
introducing a double-line heat exchanger (placed between the
generator and the condenser and between the evaporator and
the generator) to recover a part of the condenser heat. The study
concluded that using such a method improved the COP of both
cycles by up to 4%. Another numerical study investigated the
optimum system design of the solar thermal system for a solar
absorption chiller based H2O–LiBr under the climate of Malaysia

and alike regions (Assilzadeh et al., 2005). The TRNSYS software
was used for modelling and simulation for long term operation.
The study found that the best solar thermal consists of 35 m2

ETSCs with a 20◦ slope. Suárez López et al. (2020) evaluated
the performance of a laboratory manufactured absorption chiller
derived by FPSCs. The chiller was tested and evaluated under a
range of temperatures and powers for several charging and dis-
charging cycles. The study showed that the COP ranged between
0.4 and 0.65, which is in the range of typical SABSs. However,
the authors revealed that the system has operational issues when
the driving temperature drops below 75 ◦C, which increases the
auxiliary energy consumption. Xu and Wang (2017) numerically
tested the performance of single-effect, double-effect and a novel
variable-effect SABS based H2O–Li–Br, driven by concentrated
solar collectors as a cost-saving option. The developed variable-
effect absorption system had an extra resorption-generation heat
exchange compared to the double-effect system. This resorption
allowed the chiller to change the flow rate and hence, different
driving temperatures. The variable effect chiller worked at high
and medium temperatures in which the higher driving temper-
atures resulted in higher COP. Using MATLAB and TRNSYS tools,
the performance was evaluated considering solar collector, driv-
ing temperature, the volume of storage tank on the solar cooling
fraction impact, auxiliary heat requirements, solar efficiency and
COP. Findings showed that variable-effect and double-effect sys-
tems had a higher average solar efficiency than the single effect
chiller, and the larger area of collector resulted in a better cooling
fraction. The authors concluded that the variable effect chiller has
the best performance considering all studied parameters. Bilardo
et al. (2020) numerically evaluated the energy performance of
SABS proposed for a multi-family building demand in a Mediter-
ranean area. The study also proposed an optimisation framework
to improve the system design and maximise the energy benefits.
The main findings showed that the optimal design could reduce
the primary energy demand by up to 48%, increasing renew-
able energy usage by 83%. Moreover, the study emphasised the
potential of such systems to meet future zero energy buildings
considering climate change and modern building developments.
All in all, other numerical studies that investigated SABSs from
the technical point of view are presented in Table 3.

3.2. Adsorption systems

Adsorption systems use solid or liquid sorption materials to
produce a cooling effect. In the solid adsorption systems (popu-
larly based on silica gel and salt), interaction takes place between
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Fig. 8. Temperature range of solar collectors appropriate for SCACSs (Alahmer and Ajib, 2020).

Fig. 9. Schematic of typical SABS (Chwieduk and Andrzej Grzebielec, 2014).

a gas (refrigerant/adsorbate) and a solid (adsorbent) based on
physical or chemical processes. The adsorption system works
based on the physical adsorption between the adsorbate and the
solid adsorbent. The adsorbate molecules form on the adsorbent’s
surface via Van der Waals connections (Wang et al., 2008). These
systems work at low temperatures and use refrigerants with
zero influence on the ozone layer and global warming potential,
attracting the growing interest of researchers and workers in
cooling and air-conditioning for buildings and industrial sectors
(Abakouy et al., 2018; Sah et al., 2017, 2016; Sur et al., 2020; Sur
and Das, 2017). However, this type of SCACSs is more complex,
expensive, heavier and has lower COP than SABS (Mugagga and
Chamdimba, 2020).

Generally, the SADS consists of an adsorber/s, condenser and
evaporator. The basic SADS work according to the following four
phases:

i. Heating and pressurisation: In this phase, the adsorber is
heated by a heat source (such as solar energy), increas-
ing the adsorbent pressure from the evaporating pres-
sure up to the condensing pressure. This phase is equiva-
lent to the compression process in the mechanical vapour-
compression cycle.

ii. Desorption and condensation: The temperature of the ad-
sorbent keeps increasing due to continued supplied heat,
resulting in desorption of the refrigerant vapour from the
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Table 3
Summary of recent studies deal with SABSs for buildings (limited to numerical studies using TRNSYS and LiBr-H2O as a working pair).

Building type
(Location)

Chiller type Chiller Solar collectors Remarks Reference

Capacity
(kW)

COP Type Area (m2) Temperature
range (◦C)

School (Mexico) Single-effect 35 0.7 ETSC 110.25 75–95 - Storage tank is
essential to meet the
required load and time.

(Aguilar-Jiménez et al.,
2020)

Hospital
(Denmark)

Single-effect NA 0.715 PTSC 39 397–541 - The chiller is used to
produce hot water as
well.

(Arabkoohsar and Sadi,
2020a)

NA (Turkey) Single-effect 10 0.76 ETSC 30 90–105 - Cooling capacity can be
ranged between 0.12
and 0.22 kW/m2 when
optimising solar
collectors

(Altun and Kilic, 2020)

NA (Abu Dhabi in
UAE, Almeria in
Spain, Athens in
Greece, Cairo in
Egypt, Istanbul in
Turkey, Madrid in
Spain, Phoenix in
the USA, Rome in
Italy, Teheran in
Iran and
Thessaloniki in
Greece)

Single-effect 10 0.7 ETSC 10–60 130 - The best performance
of the chiller was under
Abu Dhabi and Phoenix
weather conditions

(Bellos and Tzivanidis,
2017)

Hospital (Aarhus
in Denmark)

Single,
double and
triple-effect

NA 0.75,
1.40
and
1.75

PTSC 39 86–108 ◦C,
108–128 ◦C
and
122–176 ◦C

- Annual power
production was 780 kW
for a single-effect
absorption chiller.
Moreover, double- and
triple-effect chillers
reduced 45% and 50% of
the system price
compared with the
single-effect machine.

(Arabkoohsar and Sadi,
2020b)

Residential
(Australia)

Single-effect 7.1–8.9 0.65 ETSC 4.15 70–95 - Thermal comfort was
maintained within
20 ◦C–24 ◦C and a solar
fraction of 0.91.

(Narayanan et al., 2021)

NA (Australia) Single-effect 16 0.32–
0.37

FPSC 34 60 - High cooling capacity
was obtained even in
the late afternoon.

(Nikbakhti and
Iranmanesh, 2021)

University building
(Sabzevar in Iran)

Single-effect NA 0.8078 ETSC 100 50–150 - Solar fraction of 59.81%
was reached at a
maximum generator
temperature of 97 ◦C.

(Amiri Rad and Davoodi,
2021)

5-star hotel
(Changle,
Shandong in
China)

Single-effect NA 0.75 ETSC 1020 84–90 - The system saved
49.7% of the gas
consumption of the
hotel.

(Sun et al., 2015)

adsorbent in the adsorber. The desorbed vapour becomes
liquid in the condenser employing a cooling medium (cool-
ing towers are required for large-scale systems). This phase
is equivalent to the condensation process in the vapour
compression cycle.

iii. Cooling and depressurisation: At the beginning of this
phase, the adsorber is disconnected from the condenser,
the refrigerant is cooled down, whose pressure declines
from the condensing pressure to the evaporating pressure
as a result of the decreased adsorber temperature. This
phase is similar to the expansion process in the vapour-
compression cycle.

iv. Adsorption and evaporation: This is the last phase where
the refrigerant vapour temperature keeps decreasing in
the evaporator, providing the desired cooling effect. This

is equivalent to the evaporation process in the traditional
cycle.

The basic adsorption refrigeration cycle gives an intermit-
tent cooling effect because the adsorbent regenerates when it
is saturated. Therefore, maintaining a continuous cooling effect
requires two or more adsorbers (The second adsorber is in the
desorption phase when the first one is in the adsorption phase).
These adsorbers sequentially execute the adsorption–desorption
process.

Fig. 10 shows the typical SADS, consisting of a basic adsorption
cycle with two adsorbers receiving heat energy stored inside a hot
water buffer tank connected to a thermal collector system.

In SADSs, activated carbon, silica gel and zeolite are the most
widely utilised adsorbent materials, while water, methanol
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Fig. 10. Schematic diagram of the typical SADS (Chwieduk and Andrzej Grzebielec, 2014).

(ethanol) and ammonia are the most commonly used adsor-
bates (refrigerants) (Cherrad and Benchabane, 2018). Anyanwu
and Ogueke (2005) studied a thermodynamic design procedure
applied to SADSs based on activated carbon/methanol, activated
carbon/ammonia, and zeolite/water (adsorbent/adsorbate pairs).
The study aimed to choose the best pair for cooling applica-
tions. The results indicated that the zeolite/water is the most
suitable pair for an AC application, while the activated car-
bon/ammonia is preferable for deep freezing, food preservation,
and ice making. They used a conventional FPSC and found that the
maximum possible net COP was 0.16, 0.19 and 0.3, respectively,
for the activated carbon/methanol, activated carbon/ammonia,
and zeolite/water.

Several advanced designs (such as implementing heat or mass
recovery cycles, multi-bed and multi-stage technologies (Chan
et al., 2018; Sah et al., 2015; Sur and Das, 2016) have been
investigated on the basic adsorption cooling cycle to improve
efficiency and address intermittent cooling effect issues. The heat
recovery cycle was utilised in a system with two or more ad-
sorbers. The working principle of the process is that when the
adsorption and desorption phases are complete in each adsorber,
a heat transfer fluid in a closed-loop is circulated to transfer
the heat generated from the hot adsorber to the cold adsorber.
Some experimental results showed that the COP of the adsorption
system increased with the heat recovery cycle by 25% (Wang
et al., 2010). On the other hand, to improve the cooling produc-
tion and the system COP, the refrigerant mass recovery between
two adsorbers is integrated with the mass recovery cycle. A
closed-loop channel connects the high-pressure adsorber with
the low-pressure desorber. Due to the pressure difference be-
tween the two adsorbers, the high-pressure adsorber refrigerant
is re-adsorbed by the adsorbent of the low-pressure adsorber,
which increases the adsorption quantity of the adsorber adsor-
bent, and thus increments the cooling capacity and COP. Based on
this method, a study calculated the cooling capacity and COP by
a cycle simulation computer program for silica gel/water adsorp-
tion refrigeration cycle compared with a single-stage adsorption
cycle (Akahira et al., 2004). The results showed that the cooling
effect of the mass recovery cycle is better than that of the con-
ventional cycle and the effectiveness of the mass recovery process
is more profound at low regenerating temperatures. Nasruddin
and Alhamid (2015) numerically modelled and tested a two-bed
silica gel-water SADS under climate conditions of Indonesia using
MATLAB

®
. The authors considered the effect of the country’s

highest and lowest solar radiation on the chiller performance.

Besides, mass recovery and heat recovery were used to enhance
the cycle performance. Research outputs indicated that during
the highest radiation values, the COP reached 0.26, while it was
around 0.15 during the lowest radiation conditions. The results
further demonstrated that the cooling capacity reached 37.8 kW
and 5.3 kW in the highest and lowest solar radiation period,
respectively. Marlinda Uyun et al. (2010) investigated a modified
double-effect adsorption chiller concerning cascading adsorption
cycle. The heat generated from the condenser of the top cycle
is used as a driving temperature in the bottom cycle. Findings
generally showed that the double-effect cycle had a better COP
than the single-effect one at 100 ◦C–150 ◦C driving temperature
and 9 ◦C chilled water temperature. Furthermore, the COP was
doubled when the driving temperature reached 130 ◦C. The au-
thors also concluded that the double-effect chiller performance
is highly influenced by the adsorbent mass ratio of the high-
temperature cycle to the low-temperature one. Khan et al. (2011)
experimentally examined a mass recovery process for a three-bed
adsorption system based silica gel-water cycle compared with
the one without mass recovery. The chiller was composed of
three beds, one condenser and one evaporator in which the mass
recovery cycle is applied between the first and second beds only,
under from 55 to 80 ◦C driving temperature range, 30 ◦C coolant
temperature and 14 ◦C fixed chilled water temperature. It was
found that the modified chiller with mass recovery had improved
the cooling effect, and the best COP values were obtained for
65 ◦C–75 ◦C driving temperature range. Other numerical and
experimental studies and their main findings are summarised in
Table 4.

3.3. Desiccant systems

SABSs and SADSs discussed earlier are called closed cooling
cycles because the whole process occurs in closed loops. The
resulted cooling effect is exploited for producing chilled water for
space cooling by different cooling equipment. On the contrary,
desiccant systems are usually called open cooling cycles. These
systems provide direct air cooling by combining dehumidification
and evaporative air cooling.

Solar energy can be utilised in these systems to regenerate
the desiccant material. The system deals with outside air or
the return air from the building. The SDSs use solid desiccant
materials to dehumidify the air and then cool it with sensible
heat exchange and evaporation. SDSs components include heat
exchangers, evaporative coolers, and heat and mass exchangers
for dehumidification (Duffie and Beckman, 2013).
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Table 4
Summary of recent studies dealing with SADS performance.

Adsorbent/adsorbate
pair

Collector
type

SADS cooling
effect (capacity)

COP Remarks Reference

Silica gel/water ETSC 220 kW/kg of
Silica gel

0.63 - The best performance is at 85 ◦C
driving temperature, and above this
limit, the improvement is marginal.

(Almohammadi
and Harby, 2020)

Activated
carbon/ethanol

PTSC 500 W 0.68 - Activated carbon/ethanol is the best
pair for the continuous SADS cooling
cycle.
- The temperature of chilled water
decreases when the maximum
adsorption temperature increases.

(Sha and Baiju,
2021)

Activated carbon
(Maxsorb III)/CO2

NA 2 kW 0.1 - Heat and mass recovery techniques
are necessary to improve the system
performance.

(Jribi et al., 2014)

SAPO-34
zeolite/water

PTSC 181.3–298.9 kJ 0.112–0.13 - The adsorption capacity is changing
nonlinearly with the adsorption time.

- The system COP and the specific
cooling power did not have the same
optimal time for adsorption.

(Chen et al., 2018)

Silica gel/water PTSC 11 kW 0.5 - COP in the range of 0.4 to 0.55 was
obtained in the daytime between
10:00 to 17:00, indicating efficient
cooling for commercial or residential
buildings.

(Alahmer et al.,
2020)

Activated
Carbon/methanol

ETSC 35 kW 0.403 - The collector area was reduced by
63% and 33% when using 20 kW and
40 kW auxiliary heater, respectively.
- Increasing the solar loop mass flow
rate increases the solar fraction.
However, a higher flow rate (≥
0.2 kg/s) showed no effect on the
solar fraction.

(Ahmed et al.,
2018)

Silica gel/water
Zeolite
(SAPO-34)/water

Tracked
PTSC

548.8 kJ
284.2 kJ

0.258
0.133

- Silica gel showed better
performance than the zeolite-based
on the COP and cooling power.
- The zeolite-based SADS was less
sensitive to the adsorption time
changing as compared to the silica
gel-based SADS.

(Liu et al., 2021)

Zeolite
13X/CaCl2)/water

NA 371 W 0.16 - The heat and mass recovery cycle
have a huge improvement on the
COP of the SADS, which improved by
about 125%.
- The mass recovery, together with
the pre-heating and pre-cooling
cycles, achieved a 100% increase in
the COP compared with the basic
cycle based Zeolite 13X/water.

(Tso et al., 2015)

Zeolite
(SAPO-34)/water

ETSC 10 kW 0.575 - The best performance of the SADS
was reported at 75 ◦C, in which the
cooling load of the building was
satisfactorily met with a mean
energy efficiency ratio (EER) of 5.8.

(Roumpedakis
et al., 2020)

Activated
carbon–ammonia

ETSC 25 to 80 W/kg 0.12–0.24 Using thermally activated controls to
adjust the heating/cooling of the
adsorbent bed gave better thermal
performance than relying on the
solar cycle.

(Robbins and
Garimella, 2020)

Nowadays, the most applicable standard cycle is the rotating
desiccant wheel cycle, in which the silica gel or lithium-chloride
applies as the sorption material, in addition to other investigated
materials. Bareschino et al. (2019) tested three different materials
for a desiccant wheel for classroom air-conditioning in southern
Italy. The tested materials were silica-gel, MIL101@GO-6 (MILGO)
(a composite material made of graphite oxide dispersed in a
MIL101 metal–organic framework) and Campanian Ignimbrite (a
naturally occurring tuff, rich in phillipsite and chabazite zeo-
lites), analysed using TRNSYS software. The numerical results
revealed that the primary energy saving of about 20%, 29%, and

15% was obtained using silica-gel, MILGO and zeolite-rich tuff,
respectively.

The typical desiccant wheel cycle used for AC applications is
displayed in Fig. 11, which operates according to the following
steps (Kim and Infante Ferreira, 2008):
1–2: Drying and heating the ambient air by the dehumidifier
(desiccant wheel).
2–3: Pre-cooling the ambient air with the counter-flow stream
from the building by the heat recovery wheel.
3–4: Cool the ambient air evaporatively using a humidifier and
control the desired temperature and humidity.
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Fig. 11. Schematic diagram of a typical SDS (Chwieduk and Andrzej Grzebielec, 2014).

4–5: Blowing the cooled air into the building using an air supply
fan (a slight increase in the air temperature would occur due to
the fan).
5–6: Increasing the temperature and humidity of the supplied air
due to the internal loads inside the building.
6–7: The return air from the building is cooled evaporatively
using a humidifier.
7–8: The return air in the counter-flow stream into the supply air
is pre-heated by a heat recovery wheel.
8–9: Regeneration heat is transferred to the return air from the
solar thermal collector system.
9–10: Drying the desiccant wheel utilising the hot return air.
10–11: Blowing the exhaust air to the outdoor environment via
an exhaust air fan.

Applications of such systems are limited to temperate regions,
where there is no need for high cooling levels or removing large
proportions of moisture (Kim et al., 2016). The desiccant part may
not be required in hot/dry climates. The system could combine
two cooling coils in the return air stream (could be supplied with
well or river cold water or even a conventional chiller (Pillai
et al., 2018)). Although the system configuration, geometry of
dehumidifiers, properties of the desiccant material, and so on
affects the energy performance of these systems, the COP of this
technology is generally around 1.0 (Florides et al., 2002).

Several studies have been conducted to improve the solid
desiccant system performance. A study (Jia et al., 2007) utilised
a new compound desiccant wheel to augment the performance
of rotary solid desiccant systems. The new compound desiccant
materials are characterised by their ability to work under higher
dehumidification capacity and lower regeneration temperature.
Hence, low-grade thermal energy resources such as solar en-
ergy can be exploited effectively. A mathematical model was
established to estimate the system performance. The simulation
results demonstrated that the new wheel could remove about
20%–40% more moisture from the processed air over the desic-
cant wheel employing regular silica gel. Moreover, the system
COP was increased relatively. Zendehboudi and Esmaeili (2016)
studied the performance of desiccant wheel based silica gel and
molecular Sieve desiccants considering the influence of regen-
eration area ratio under a fixed driving temperature (80 ◦C),
different humidity ratios and wheel rotational speed between
4–12 revolution per hour. Several parameters, including outlet
humidity ratio, processed outlet temperature, removed moisture
mass, reactivation outlet temperature and moisture, were exam-
ined under the ratio of 1:3, 1:2 and 1:1 of the wheel rotational

speed to the inlet air humidity. The main findings indicated
that the increase in wheels’ area ratio increased the moisture
removal, reactivated outlet temperature, and decreased the re-
activation outlet moisture and humidity ratio of the outlet air
(processed air). In the same path, Alahmer et al. (2019) developed
a mathematical model to numerically investigate the desiccant
wheel performance considering the process inlet humidity ra-
tio, inlet volumetric flow rate, reactivation/process airflow ratio
(R/P), regenerative temperature and rotational speed under hot
and humid climates. In this study, silica gel and molecular sieve
served as desiccants in which the wheel operated in two modes
(90◦ for reactivation and 270◦ for process, and 180◦ for activation
and 180◦ for process). Findings showed that higher regener-
ation air temperature improved dehumidification and reduced
the thermal COP. Besides, increasing inlet volume flow rate re-
duced the moisture removal, and greater R/P ratio removed more
moisture, whereas low R/P ratio lowered the power consumed
for regeneration. The study also concluded that the silica gel
is more effective at high inlet relative humidities, whereas the
molecular sieve can be preferred at low inlet relative humidities.
Fong and Lee (2020) have conducted a year-round evaluation
of a SDS using TRNSYS simulation tool for office zone under
humid and hot weather conditions of Hong Kong. The authors
suggested a controlled combination of SDS (based silica gel) with
a SABS to overcome cooling requirements for such weather con-
ditions. The outcomes indicated that such a combination was
not a good option without mandatory humidity control. How-
ever, the SDS improved the solar fraction and primary energy
usage by 9.5% and 11.5% respectively, when working as a heat
recovery at high speed and without heat generation. Farooq et al.
(2020) numerically evaluated the performance of SDS coupled
with a photovoltaic-thermal solar collector for a building cool-
ing load requirements of 2.5 TR under weather conditions of
Lahore, Pakistan. The authors considered three cases; C-1, when
an auxiliary heat source is used to heat the return air; C-2, when
the auxiliary heat source is placed in the solar hot water loop;
and C-3, similar to C-2 but without an evaporative cooler. The
simulation results showed that C-1 has the maximum energy
saving and solar fraction, whereas C-3 showed the least perfor-
mance and non-feasible option. Jani et al. (2016) fabricated and
experimentally studied the performance of a SDS coupled with
a traditional vapour compression air-conditioner under hot and
humid weather conditions of Roorkee, India. The study aimed to
evaluate the whole system considering the outdoor temperature
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Table 5
Recent studies discuss the performance of SDSs (rotating wheel based Silica gel as a sorption material).

Study location Study objectives Main findings Reference

Martos (Jaen) in Spain Seasonal COP (SCOP), COP
dependency on outdoor conditions,
and percentage of solar energy used.

- SCOP of 2 was reached, and 75% of
renewable energy was used.
- Higher outdoor temperatures
resulted in higher instantaneous COP

(Comino et al.,
2020)

Babol, Abadan and Bushehr
in Iran

Monthly supply air temperature and
humidity ratio under different
climate regions.

- Low supply air temperature (below
16 ◦C) was achieved.
- The cooling effect and COP were
reduced in Hot and Humid climate
due to the high humidity ratio.
- The highest COP obtained was
0.728

(Delfani and
Karami, 2020)

Spain Study the moisture removal capacity
and sensible heat ratio under variable
airflow rate and air regeneration
temperature (lower than 60 ◦C)

- A maximum of 14 kg/h moisture
removal capacity and 0.62 sensible
heat ratio were obtained.

(Comino and
Ruiz de Adana,
2016)

Taxila in Pakistan Study the effectiveness of
dehumidification, dew point, COP,
and cooling capacity

-Average cooling capacity of 3.78 kW
and COP of 0.91 were obtained at a
solar fraction of 70%

(Qadar Chaudhary
et al., 2018)

Matrouh Governorate in
Egypt

Improve the air-conditioning of an
intensive care unit of a hospital.

- Saving of power consumption by
87.15% in winter (February) and
13.53% in summer (August).

(El-Maghlany
et al., 2017)

Singapore in Singapore,
Taipei in Taiwan, Tunis in
Tunisia, Barcelona in Spain,
Budapest in Hungary and
Ottawa in Canada.

Compare the annual energy
consumption of a hybrid SDS coupled
with an indirect evaporative cooler
(IEC) against a direct expansion (DX)
conventional system in a small
building for six different regions.

- SDS-IEC achieved annual energy
saving of 46.8% compared with the
DX system.
- Up to SCOP=2.8 was obtained for
the proposed SDS-IEC. However, all
SCOP were greater than 0.25
difference in all studied regions.

(Comino et al.,
2018)

and humidity variations when the processed humid air passes
through the desiccant wheel. The study outcomes showed that
the humidity of processed air was reduced from 18.5 g/kg dry air
to 7.10 g/kg dry air, and such a hybrid system can work more
efficiently than traditional air-conditioners. A summary of some
recent publications that studied the performance of SDS and their
findings are presented in Table 5.

4. Comparison of SABSs, SADSs and SDSs

IEA has reported that SCACSs among solar technologies are
forecasted to progress rapidly in the future, compared with other
thermally driven applications (IEA, 2018). A brief comparison has
been conducted in this section to shed light on the progress level
of each SCACSs type discussed in the previous section (Section 3).
Fig. 12 displays the progress of SCACSs over the last ten years
(including 2022).

It is evident that the solar systems based absorption cycle
is the most developed technology during the last decade. This
might indicate the rapid development of such systems, which
may compete with the traditional systems in the near future.

Some indicators have been presented and discussed in the
following subsections to make a fair comparison among SCACSs
highlighted in the previous section (Section 3), considering the
main influential aspects of these technologies.

4.1. System COP

The most significant indicator to compare the SCACSs is the
COP, which measures the system efficiency depending upon the
input and output energy sources. A high COP indicates a bet-
ter system efficiency. This indicator is also a helpful index for
comparisons among different systems driven by the same energy
source.

4.2. Driving temperature

The input driving temperature is another essential indicator to
compare among solar systems as it controls the performance of
SCACSs (Cherrad et al., 2018). Solar thermal energy is harvested
by employing the solar thermal system consisting of FPSC or
ETSCs connected to the hot storage tank. The level of driving
temperature contributes to the system’s total cost and affects
total system COP, as shown in Fig. 13.

4.3. Overall collector area

Collector area is not directly comparable for different SCACSs
because the collected solar thermal energy in some installa-
tions is used for other purposes such as domestic hot water and
space heating, besides air-conditioning. Therefore, the designed
collector area can be larger. Thus, the installed collector area
per each kW cooling capacity for SCACSs should be compared
(Fig. 14).

4.4. Overall installations

The number of installed SCACSs indicates the development
level of a particular system and affects the overall system cost.
It is reported that the SABSs are the most commercially installed
systems worldwide, where they represent around 59% of the total
installed SCACSs in Europe, mainly in Germany (Balaras et al.,
2007). Fig. 15 shows the number of SCACSs installations in Europe
compared with the world installations.

The variety in the cooling capacity of solar systems is neces-
sary to give flexibility and easy selection of the proper system and
fit it to different types of applications. Fig. 16 shows the relation
of installed SCACSs, used collector area and their cooling capacity.

Considering the large-scale SCACSs, Table 6 summarises some
installed SCACSs worldwide as presented by the European Com-
mission (Delorme et al., 2004).
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Fig. 12. Number of publications of SCACSs in the last ten years (according to Scopus database, accessed 4 January 2022).

Fig. 13. COP curves of SCACSs based driving temperature (Henning et al., 2006)(Bataineh and Alrifai, 2015).

4.5. Economic indicator

System feasibility is an essential aspect (in addition to the
technical ones) to be considered when discussing the appropriate
SCACS for buildings. The market share of solar systems is remark-
ably increased in the last century, and four countries, namely
China, Germany, Denmark and Austria, showed the highest share
by up to 81% (Tschopp et al., 2020). Accordingly, investments
in SCACSs has been developed in these countries, and many
manufacturers and suppliers have grown in the market (Otanicar
et al., 2012). However, the initial investments in SCACSs are
much higher than the investment in traditional technologies, as
mentioned earlier. The cost of each kW cooling depends highly on
two main aspects: technical (such as SCACS type and building op-
eration) and geographical aspect (such as location and availability
of solar radiation, length of cooling period and volume of cooling
loads to be processed) (Montagnino, 2017). The payback period
(PP) of SCACSs investment is relatively high compared with other
solar thermal technologies, which is the leading cause of the
technology deterioration (ESTTP, 2009). It has been reported that
PP could range from 7–10 years (Tsoutsos et al., 2003) up to

24 years, exceeding the building operation lifetime (Fasfous et al.,
2013). Therefore, the PP of SCACSs is influenced by several aspects
that must be considered, such as (i) initial cost (cost of chiller and
solar thermal parts) and maintenance costs, (ii) building cooling
and heating loads, (iii) quality and availability of solar radiation,
(iv) electric power tariff and local policy, and (v) integration with
conventional technologies (Montagnino, 2017).

Based on the above-discussed indicators and other literature
studies, a brief comparison among the investigated SCACSs is
shown in Table 7, considering different Technical, operational,
environmental and economic indicators, which may facilitate se-
lecting appropriate systems for various buildings.

It can be realised from the table above that SABSs have the
majority of advantages compared with the adsorption and solid
desiccant systems. This is also supported by many literature
studies (Han et al., 2020; Rahman et al., 2020).

5. Research gaps and recommendations for future studies

The SCACSs are still under development, and researchers are
paying extensive efforts on the technical and economic points
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Table 6
Existing SCACS installations worldwide.

Location SCACS type
(Cooling
capacity, kW)

Collector type
(area, m2)

Building type Working time Photo of installation

Austria (Hartberg
in Stryria)

SDS (30) ETSC (12) Research house Since 2000

Spain (Arteixo- A
Coruña)

SABS (170) FPSC (1626) Offices and stores
for Inditex

Since 2003

Greece (Crete,
Rethimno)

SABS (105) FPSC (448) Hotel Since 2000

Greece (Oinofyta,
Viotia)

SADS (700) FPSC (2700) Warehouse of
cosmetic
Company Gr.
Sarantis
S.A.

Since 1999

Germany
(Freiburg)

SADS (70) ETSC (230) Laboratories Since 1999

Germany
(Freiburg)

SDS (60) FPSC (100) Offices Since 2001

(continued on next page)

of view towards commercialisation. However, several research
gaps could be noticed from the reviewed articles that need more
attention in future studies. These gaps are listed as follows:

• Although SCACSs have grown and developed rapidly during
recent years, their performance still lags compared with the
traditional systems driven by electricity. This is a crucial
issue to be considered for hot weather locations that re-
quire thermal comfort to last for a longer time. Therefore,

new numerical and experimental studies considering novel
advances to improve the solar collectors, creating new sorp-
tion materials, developing hybrid cycles and heat transfer
components need further effort.

• Following the above point and considering the locations that
suffer from high ambient temperatures for long hours, the
envelope techniques are required to minimise the reliance
on SCACSs. However, no studies consider the development
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Table 6 (continued).

Location SCACS type
(Cooling
capacity, kW)

Collector type
(area, m2)

Building type Working time Photo of installation

Germany
(Langenau)

SABS (35) ETSC (45) Offices Since 1997

France
(Banyuls/Mer)

SABS (52) ETSC (215) Wine cellar Since 1991

Italy (Pergine
Valsugana-Trento)

SABS (108) FPSC (265) Business
Innovation
Centre

Since 2004

Portugal (Lisbon) SDS (36) PTSC (48) offices Since 1999

Fig. 14. Collector area per kW for different SCACSs (Henning, 2007).

of SCACS and improving the building envelope performance
according to the authors’ best knowledge. Such coupled
trends are highly encouraged to move towards zero energy
and efficient buildings.

• The intermittent nature of solar energy requires the de-
pendency on thermal energy storage technologies, which
are generally costly and increase the initial cost of these
systems.
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Fig. 15. Number of SCACSs installations in Europe vs the world (Weiss and Mauthner, 2018).

Fig. 16. SCACSs distribution based on the number of installed systems, cooling capacity and collector area (Henning, 2007).

• Combining different energy technologies, such as solid oxide
fuel cells and bio-mass hydrogen production systems, could
be a promising endorsement for future studies.

• Several aspects need to be considered (and developed) all
together to make SCACSs more competitive in building ap-
plications, such as (i) improving the COP of systems; (ii) de-
veloping driving temperature strategies and performance of
SCACSs; (iii) improving the control and operation strategies
for both the SCACSs and buildings; (iv) applying passive
and active strategies on the building envelope to support
the performance of SCACSs; and (v) providing governmental
support to encourage utilisation of green and renewable
energy sources and technologies.

6. Conclusions

This paper discussed the main SCACSs, driven by solar thermal
energy, such as absorption, adsorption, and solid desiccant sys-
tems. The primary operation method for each type is discussed,
and some recent developments are highlighted. Furthermore, a

brief comparison among them is performed considering several
intrinsic indicators. Several conclusions can be derived from the
summarised literature studies, as below:

• The number of numerical studies (conducted mainly by
TRNSYS dynamic tool) is much higher than that of experi-
mental studies due to the complexity of such systems and
their limited numbers worldwide.

• LiBr/water is the most discussed working pair in the SABSs
in the literature. Whereas, Silica gel is the most considered
for SADSs and SDSs.

• In real case studies, SCACSs (SABSs in particular) are in-
stalled for commercial buildings more than residential ones
with high capacities. However, most of them are provided
with auxiliary energy systems, especially for those who
continually need cooling, such as hospitals, airport lounges,
etc.

• ETSCs and PTSCs are mainly discussed as efficient collectors
for double and triple-effect SABSs and two-bed and three-
bed SADSs. On the other hand, FPSCs are suitable for SDSs
in most cases.
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Table 7
Comparison of solar absorption, adsorption and solid desiccant systems.

Comparative Indicator SABS
(LiBr/H20)

SADS
(Silica gel/H20)

SDS
(Silica gel/H20)

COP range 0.7 (single effect),
1–1.5 (double) (Duffie and
Beckman, 2013)

0.40–0.61(Gordon and Choon Ng,
2000)

1.0 (Florides et al.,
2002)

Driving temperature
range (◦C) (Wang et al., 2009)

70–150 60–85 50–80

Cooling capacity range (Gupta
et al., 2008)

Commercial units available
5–2500 tons, but sales are
primarily in >100 tons

>20 tons 140–280 mm3

Number of installed systems
worldwide until 2012 (Chwieduk
and Andrzej Grzebielec, 2014)

13,100 3,222 746

Cost (5-tons unit) ($/ Wth) 1.14 (Yazaki Energy Systems,
2011)

1.14 (Wang et al., 2010) 1.42 (Camargo
et al., 2003)

Indirect environmental impacta
(g CO2/kWh cooling) (Otanicar
et al., 2012)

263 323 444

Safe operation (Gupta et al., 2008) LiBr is hazardous for health and
complex to dispose

Safe Safe

Cooling distribution
system methodb

Piping system Piping system Ducting system

aResulting from CO2 emissions released from backup energy used during low daytime solar irradiance (electricity or natural gas consumption).
bReflects the suitability of the cooling system for existing or newly constructed buildings.

• Most developing strategies considered using heat and/or
mass recovery processes, multi-stage and/or multi-bed tech-
niques.

• Optimisation approaches and control strategies are the
newest trends adopted by researchers.

• Referring to the literature progress shown in Fig. 12, SABSs
are more advanced than the other types (i.e., SADSs and
SDSs), and much focus is paid to develop them.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The first author would like to appreciate the administrational
and financial support of Stipendium Hungaricum Scholarship Pro-
gramme and the Doctoral School of Mechanical Engineering, Hun-
garian University of Agriculture and Life Sciences, Szent István
campus, Gödöllő, Hungary, during Ph.D. studies.

References

Abakouy, H., El Kalkha, H., Bouajaj, A., 2018. Dimensioning of the coldroom
of a solar adsorption cooling system using moroccan climate data. In:
International Conference on Advanced Intelligent Systems for Sustainable
Development. Springer, pp. 337–347. https://doi.org/10.1007/978-3-030-
12065-8_31.

Aguilar-Jiménez, J.A., Velázquez-Limón, N., López-Zavala, R., González-Uribe, L.A.,
Islas, S., González, E., Ramírez, L., Beltrán, R., 2020. Optimum operational
strategies for a solar absorption cooling system in an isolated school of
Mexico. Int. J. Refrig. 112, 1–13. https://doi.org/10.1016/j.ijrefrig.2019.12.010.

Ahmed, M.H., El-Ghetany, H., Boushaba, H., 2018. Comparison of the thermal
performance of solar adsorption cooling system between Egypt and Morocco.
Appl. Sol. Energy 54, 361–368.

Akahira, A., Alam, K.C.A., Hamamoto, Y., Akisawa, A., Kashiwagi, T., 2004. Mass
recovery adsorption refrigeration cycle—improving cooling capacity. Int. J.
Refrig. 27, 225–234. https://doi.org/10.1016/j.ijrefrig.2003.10.004.

Al-Yasiri, Q., Géczi, G., 2021. Global warming potential: Causes and
consequences. Acad. Lett. 3202. https://doi.org/10.20935/AL3202.

Al-Yasiri, Q., Szabó, M., 2016. Solar absorption cooling systems versus traditional
air-conditioning in hot climate. Mech. Eng. Lett. 14, 9–16.

Al-Yasiri, Q., Szabó, M., 2019. Consumption profile based analysis of solar
thermal system for DHW in buildings. Hungarian Agric. Eng. 36, 29–37.
https://doi.org/10.17676/hae.2019.36.29.

Al-Yasiri, Q., Szabó, M., 2021. Thermal performance of concrete bricks based
phase change material encapsulated by various aluminium containers: An
experimental study under Iraqi hot climate conditions. J. Energy Storage 40,
102710. https://doi.org/10.1016/j.est.2021.102710.

Alahmer, A., Ajib, S., 2020. Solar cooling technologies: State of art and per-
spectives. Energy Convers. Manag. 214, 112896. https://doi.org/10.1016/j.
enconman.2020.112896.

Alahmer, A., Alsaqoor, S., Borowski, G., 2019. Effect of parameters on moisture
removal capacity in the desiccant cooling systems. Case Stud. Therm. Eng.
13, 100364. https://doi.org/10.1016/j.csite.2018.11.015.

Alahmer, A., Wang, X., Alam, K.C.A., 2020. Dynamic and economic investigation
of a solar thermal-driven two-bed adsorption chiller under perth climatic
conditions. Energies 13, 1005. https://doi.org/10.3390/en13041005.

Albatayneh, A., Jaradat, M., Al-Omary, M., Zaquot, M., 2021. Evaluation of
coupling PV and air conditioning vs. Solar cooling systems—Case study from
Jordan. Appl. Sci. 11, 511. https://doi.org/10.3390/app11020511.

Algburi, O., Behan, F., 2019. Cooling load reduction in a single–family house, an
energy–efficient approach. Gazi Univ. J. Sci. 32, 385–400.

Alghool, D.M., Elmekkawy, T.Y., Haouari, M., Elomri, A., 2020. Optimisation
of design and operation of solar assisted district cooling systems. Energy
Convers. Manag. X 6, 100028. https://doi.org/10.1016/j.ecmx.2019.100028.

Almasri, R.A., Abu-Hamdeh, N.H., Esmaeil, K.K., Suyambazhahan, S., 2022. Ther-
mal solar sorption cooling systems - a review of principle, technology, and
applications. Alexandria Eng. J. 61, 367–402. https://doi.org/10.1016/j.aej.
2021.06.005.

Almohammadi, K.M., Harby, K., 2020. Operational conditions optimisation of a
proposed solar-powered adsorption cooling system: Experimental, modeling,
and optimisation algorithm techniques. Energy 206, 118007. https://doi.org/
10.1016/j.energy.2020.118007.

Alobaid, M., Hughes, B., Calautit, J.K., O’Connor, D., Heyes, A., 2017. A review of
solar driven absorption cooling with photovoltaic thermal systems. Renew.
Sustain. Energy Rev. 76, 728–742. https://doi.org/10.1016/j.rser.2017.03.081.

Alsagri, A.S., Alrobaian, A.A., Almohaimeed, S.A., 2020. Concentrating solar
collectors in absorption and adsorption cooling cycles: An overview. En-
ergy Convers. Manag. 223, 113420. https://doi.org/10.1016/j.enconman.2020.
113420.

Altun, A.F., Kilic, M., 2020. Economic feasibility analysis with the parametric
dynamic simulation of a single effect solar absorption cooling system for
various climatic regions in Turkey. Renew. Energy 152, 75–93. https://doi.
org/10.1016/j.renene.2020.01.055.

2904

https://doi.org/10.1007/978-3-030-12065-8_31
https://doi.org/10.1007/978-3-030-12065-8_31
https://doi.org/10.1007/978-3-030-12065-8_31
https://doi.org/10.1016/j.ijrefrig.2019.12.010
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb3
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb3
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb3
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb3
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb3
https://doi.org/10.1016/j.ijrefrig.2003.10.004
https://doi.org/10.20935/AL3202
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb6
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb6
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb6
https://doi.org/10.17676/hae.2019.36.29
https://doi.org/10.1016/j.est.2021.102710
https://doi.org/10.1016/j.enconman.2020.112896
https://doi.org/10.1016/j.enconman.2020.112896
https://doi.org/10.1016/j.enconman.2020.112896
https://doi.org/10.1016/j.csite.2018.11.015
https://doi.org/10.3390/en13041005
https://doi.org/10.3390/app11020511
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb13
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb13
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb13
https://doi.org/10.1016/j.ecmx.2019.100028
https://doi.org/10.1016/j.aej.2021.06.005
https://doi.org/10.1016/j.aej.2021.06.005
https://doi.org/10.1016/j.aej.2021.06.005
https://doi.org/10.1016/j.energy.2020.118007
https://doi.org/10.1016/j.energy.2020.118007
https://doi.org/10.1016/j.energy.2020.118007
https://doi.org/10.1016/j.rser.2017.03.081
https://doi.org/10.1016/j.enconman.2020.113420
https://doi.org/10.1016/j.enconman.2020.113420
https://doi.org/10.1016/j.enconman.2020.113420
https://doi.org/10.1016/j.renene.2020.01.055
https://doi.org/10.1016/j.renene.2020.01.055
https://doi.org/10.1016/j.renene.2020.01.055


Q. Al-Yasiri, M. Szabó and M. Arıcı Energy Reports 8 (2022) 2888–2907

Amiri Rad, E., Davoodi, V., 2021. Thermo-economic evaluation of a hybrid
solar-gas driven and air-cooled absorption chiller integrated with hot water
production by a transient modeling. Renew. Energy 163, 1253–1264. https:
//doi.org/10.1016/j.renene.2020.08.157.

Anyanwu, E.E., Ogueke, N.V., 2005. Thermodynamic design procedure for solid
adsorption solar refrigerator. Renew. Energy 30, 81–96. https://doi.org/10.
1016/j.renene.2004.05.005.

Arabkoohsar, A., Sadi, M., 2020a. A solar PTC powered absorption chiller design
for co-supply of district heating and cooling systems in Denmark. Energy
193, 116789. https://doi.org/10.1016/j.energy.2019.116789.

Arabkoohsar, Ahmad, Sadi, M., 2020b. Technical comparison of different solar-
powered absorption chiller designs for co-supply of heat and cold networks.
Energy Convers. Manag. 206, 112343. https://doi.org/10.1016/j.enconman.
2019.112343.

Assilzadeh, F., Kalogirou, S.A., Ali, Y., Sopian, K., 2005. Simulation and optimisa-
tion of a LiBr solar absorption cooling system with evacuated tube collectors.
Renew. Energy 30, 1143–1159. https://doi.org/10.1016/j.renene.2004.09.017.

Ayadi, O., Al-Dahidi, S., 2019. Comparison of solar thermal and solar electric
space heating and cooling systems for buildings in different climatic regions.
Sol. Energy 188, 545–560. https://doi.org/10.1016/j.solener.2019.06.033.

Azhar, M., Siddiqui, M.A., 2019. Exergy analysis of single to triple effect lithium
bromide-water vapour absorption cycles and optimisation of the operating
parameters. Energy Convers. Manag. 180, 1225–1246. https://doi.org/10.
1016/j.enconman.2018.11.062.

Azmi, N.A., Arıcı, M., Baharun, A., 2021. A review on the factors influencing
energy efficiency of mosque buildings. J. Clean. Prod. 292, 126010. https:
//doi.org/10.1016/j.jclepro.2021.126010.

Balaras, C.A., Grossman, G., Henning, H.-M., Infante Ferreira, C.A., Podesser, E.,
Wang, L., Wiemken, E., 2007. Solar air conditioning in Europe—an overview.
Renew. Sustain. Energy Rev. 11, 299–314. https://doi.org/10.1016/j.rser.2005.
02.003.

Bareschino, P., Pepe, F., Roselli, C., Sasso, M., Tariello, F., 2019. Desiccant-based
air handling unit alternatively equipped with three hygroscopic materials
and driven by solar energy. Energies 12, 1543. https://doi.org/10.3390/
en12081543.

Bataineh, K.M., Alrifai, S., 2015. Recent trends in solar thermal sorption cool-
ing system technology. Adv. Mech. Eng. 7, 1–20. https://doi.org/10.1177/
1687814015586120.

Bechir, N., Chargui, R., Tashtoush, B., Lazaar, M., 2021. Performance analysis of a
novel combined parabolic trough collector with ejector cooling system and
thermoelectric generators. J. Energy Storage 103584. https://doi.org/10.1016/
j.est.2021.103584.

Bellos, E., Tzivanidis, C., 2017. Energetic and financial analysis of solar cooling
systems with single effect absorption chiller in various climates. Appl. Therm.
Eng. 126, 809–821. https://doi.org/10.1016/j.applthermaleng.2017.08.005.

Benhamza, A., Boubekri, A., Atia, A., El Ferouali, H., Hadibi, T., Arıcı, M.,
Abdenouri, N., 2021. Multi-objective design optimisation of solar air heater
for food drying based on energy, exergy and improvement potential. Renew.
Energy 169, 1190–1209. https://doi.org/10.1016/j.renene.2021.01.086.

Berardi, U., Filippi, M., 2020. IAQVEC: New developments in HVAC design
and operation. Sci. Technol. Built Environ. 26, 1351. https://doi.org/10.1080/
23744731.2020.1823059.

Bilardo, M., Ferrara, M., Fabrizio, E., 2020. Performance assessment and opti-
misation of a solar cooling system to satisfy renewable energy ratio (RER)
requirements in multi-family buildings. Renew. Energy 155, 990–1008. https:
//doi.org/10.1016/j.renene.2020.03.044.

Bilgili, M., 2011. Hourly simulation and performance of solar electric-vapor
compression refrigeration system. Sol. Energy 85, 2720–2731. https://doi.org/
10.1016/j.solener.2011.08.013.

Boyaghchi, F.A., Montazerinejad, H., 2016. Multi-objective optimisation of a
novel combined cooling, heating and power system integrated with flat
plate solar collectors using water/CuO nanofluid. Int. J. Exergy 21, 202–238.
https://doi.org/10.1504/IJEX.2016.078926.

Braimakis, K., 2021. Solar ejector cooling systems: A review. Renew. Energy 164,
566–602. https://doi.org/10.1016/j.renene.2020.09.079.

Camargo, J.R., Ebinuma, C.D., Silveira, J.L., 2003. Thermoeconomic analysis of
an evaporative desiccant air conditioning system. Appl. Therm. Eng. 23,
1537–1549. https://doi.org/10.1016/S1359-4311(03)00105-4.

Chahartaghi, M., Golmohammadi, H., Shojaei, A.F., 2019. Performance analysis
and optimisation of new double effect lithium bromide–water absorption
chiller with series and parallel flows. Int. J. Refrig. 97, 73–87. https://doi.
org/10.1016/j.ijrefrig.2018.08.011.

Chan, K.C., Tso, C.Y., Wu, C., Chao, C.Y.H., 2018. Enhancing the performance of a
zeolite 13X/CaCl2–water adsorption cooling system by improving adsorber
design and operation sequence. Energy Build. 158, 1368–1378. https://doi.
org/10.1016/j.enbuild.2017.11.040.

Chen, Q.F., Du, S.W., Yuan, Z.X., Sun, T.B., Li, Y.X., 2018. Experimental study on
performance change with time of solar adsorption refrigeration system. Appl.
Therm. Eng. 138, 386–393. https://doi.org/10.1016/j.applthermaleng.2018.04.
061.

Chen, Y., Han, W., Jin, H., 2017. Proposal and analysis of a novel heat-driven
absorption–compression refrigeration system at low temperatures. Appl.
Energy 185, 2106–2116. https://doi.org/10.1016/j.apenergy.2015.12.009.

Cherrad, N., Benchabane, A., 2018. Interactive process to control the evaporating
temperature of refrigerant for solar adsorption cooling machine with new
correlation. Int. J. Interact. Des. Manuf. 12, 473–479. https://doi.org/10.1007/
s12008-017-0398-8.

Cherrad, N., Benchabane, A., Sedira, L., Rouag, A., 2018. Transient numerical
model for predicting operating temperatures of solar adsorption refriger-
ation cycle. Appl. Therm. Eng. 130, 1163–1174. https://doi.org/10.1016/j.
applthermaleng.2017.11.059.

Chwieduk, Dorota, Andrzej Grzebielec, A.R., 2014. Solar cooling in buildings.
Tech. Trans. Eng. 3-B, 65–73.

Comino, F., Ruiz de Adana, M., 2016. Experimental and numerical analysis of
desiccant wheels activated at low temperatures. Energy Build. 133, 529–540.
https://doi.org/10.1016/j.enbuild.2016.10.021.

Comino, F., Ruiz de Adana, M., Peci, F., 2018. Energy saving potential of a hybrid
HVAC system with a desiccant wheel activated at low temperatures and an
indirect evaporative cooler in handling air in buildings with high latent loads.
Appl. Therm. Eng. 131, 412–427. https://doi.org/10.1016/j.applthermaleng.
2017.12.004.

Comino, F., Castillo González, J., Navas-Martos, F.J., Ruiz de Adana, M., 2020.
Experimental energy performance assessment of a solar desiccant cooling
system in Southern Europe climates. Appl. Therm. Eng. 165, 114579. https:
//doi.org/10.1016/j.applthermaleng.2019.114579.

Darwish Ahmad, A., Abubaker, A.M., Najjar, Y.S.H., Manaserh, Y.M.A., 2020. Power
boosting of a combined cycle power plant in Jordan: An integration of
hybrid inlet cooling & solar systems. Energy Convers. Manag. 214, 112894.
https://doi.org/10.1016/j.enconman.2020.112894.

Delfani, S., Karami, M., 2020. Transient simulation of solar desiccant/M-Cycle
cooling systems in three different climatic conditions. J. Build. Eng. 29,
101152. https://doi.org/10.1016/j.jobe.2019.101152.

Delorme, M., Six, R., Mugnier, D., Quinette, J.Y., Richler, N., Heunemann, F.,
Wiemken, E., Henning, H.-M., Tsoutsos, T., Korma, E., Dall’O, G., Fragnito, P.,
Piterà, L., Oliveira, P., Barroso, J., Ramon-Lopez, J.T.-E.S, 2004. Solar air
conditioning guide. Eur. Commission.

Dixit, M., Arora, A., Kaushik, S.C., 2017. Thermodynamic and thermoeconomic
analyses of two stage hybrid absorption compression refrigeration system.
Appl. Therm. Eng. 113, 120–131. https://doi.org/10.1016/j.applthermaleng.
2016.10.206.

Duffie, J.A., Beckman, W.A., 2013. Solar Engineering of Thermal Processes. John
Wiley & Sons.

El-Maghlany, W.M., ElHefni, A.A., ElHelw, M., Attia, A., 2017. Novel air condition-
ing system configuration combining sensible and desiccant enthalpy wheels.
Appl. Therm. Eng. 127, 1–15. https://doi.org/10.1016/j.applthermaleng.2017.
08.020.

El-Sharkawy, I.I., AbdelMeguid, H., Saha, B.B., 2014. Potential application of solar
powered adsorption cooling systems in the Middle East. Appl. Energy 126,
235–245. https://doi.org/10.1016/j.apenergy.2014.03.092.

Elbarghthi, A.F.A., Hafner, A., Banasiak, K., Dvorak, V., 2021. An experimental
study of an ejector-boosted transcritical R744 refrigeration system including
an exergy analysis. Energy Convers. Manag. 238, 114102. https://doi.org/10.
1016/j.enconman.2021.114102.

ESTTP, 2009. European solar thermal technology platform. In: Solar Heating and
Cooling for a Sustainable Energy Future in Europe.

Evangelisti, L., De Lieto Vollaro, R., Asdrubali, F., 2019. Latest advances on solar
thermal collectors: A comprehensive review. Renew. Sustain. Energy Rev.
114, 109318. https://doi.org/10.1016/j.rser.2019.109318.

Eveloy, V., Alkendi, Y., 2021. Thermodynamic performance investigation of a
small-scale solar compression-assisted multi-ejector indoor air conditioning
system for hot climate conditions. Energies 14, 4325. https://doi.org/10.3390/
en14144325.

Fan, Y., Luo, L., Souyri, B., 2007. Review of solar sorption refrigeration tech-
nologies: Development and applications. Renew. Sustain. Energy Rev. 11,
1758–1775. https://doi.org/10.1016/j.rser.2006.01.007.

Farooq, A.S., Badar, A.W., Sajid, M.B., Fatima, M., Zahra, A., Siddiqui, M.S., 2020.
Dynamic simulation and parametric analysis of solar assisted desiccant
cooling system with three configuration schemes. Sol. Energy 197, 22–37.
https://doi.org/10.1016/j.solener.2019.12.076.

Fasfous, A., Asfar, J., Al-Salaymeh, A., Sakhrieh, A., Al-hamamre, Z., Al-bawwab, A.,
Hamdan, M., 2013. Potential of utilising solar cooling in The University
of Jordan. Energy Convers. Manag. 65, 729–735. https://doi.org/10.1016/j.
enconman.2012.01.045.

Fathi, R., Ouaskit, S., 2001. Performance of a solar LiBr -water absorption
refrigerating systems. Rev. Energ. Ren. Journées Therm 73–78.

Florides, G.A., Tassou, S.A., Kalogirou, S.A., Wrobel, L.C., 2002. Review of solar
and low energy cooling technologies for buildings. Renew. Sustain. Energy
Rev. 6, 557–572. https://doi.org/10.1016/S1364-0321(02)00016-3.

Fong, K.F., Lee, C.K., 2020. Solar desiccant cooling system for hot and humid
region – a new perspective and investigation. Sol. Energy 195, 677–684.
https://doi.org/10.1016/j.solener.2019.12.009.

2905

https://doi.org/10.1016/j.renene.2020.08.157
https://doi.org/10.1016/j.renene.2020.08.157
https://doi.org/10.1016/j.renene.2020.08.157
https://doi.org/10.1016/j.renene.2004.05.005
https://doi.org/10.1016/j.renene.2004.05.005
https://doi.org/10.1016/j.renene.2004.05.005
https://doi.org/10.1016/j.energy.2019.116789
https://doi.org/10.1016/j.enconman.2019.112343
https://doi.org/10.1016/j.enconman.2019.112343
https://doi.org/10.1016/j.enconman.2019.112343
https://doi.org/10.1016/j.renene.2004.09.017
https://doi.org/10.1016/j.solener.2019.06.033
https://doi.org/10.1016/j.enconman.2018.11.062
https://doi.org/10.1016/j.enconman.2018.11.062
https://doi.org/10.1016/j.enconman.2018.11.062
https://doi.org/10.1016/j.jclepro.2021.126010
https://doi.org/10.1016/j.jclepro.2021.126010
https://doi.org/10.1016/j.jclepro.2021.126010
https://doi.org/10.1016/j.rser.2005.02.003
https://doi.org/10.1016/j.rser.2005.02.003
https://doi.org/10.1016/j.rser.2005.02.003
https://doi.org/10.3390/en12081543
https://doi.org/10.3390/en12081543
https://doi.org/10.3390/en12081543
https://doi.org/10.1177/1687814015586120
https://doi.org/10.1177/1687814015586120
https://doi.org/10.1177/1687814015586120
https://doi.org/10.1016/j.est.2021.103584
https://doi.org/10.1016/j.est.2021.103584
https://doi.org/10.1016/j.est.2021.103584
https://doi.org/10.1016/j.applthermaleng.2017.08.005
https://doi.org/10.1016/j.renene.2021.01.086
https://doi.org/10.1080/23744731.2020.1823059
https://doi.org/10.1080/23744731.2020.1823059
https://doi.org/10.1080/23744731.2020.1823059
https://doi.org/10.1016/j.renene.2020.03.044
https://doi.org/10.1016/j.renene.2020.03.044
https://doi.org/10.1016/j.renene.2020.03.044
https://doi.org/10.1016/j.solener.2011.08.013
https://doi.org/10.1016/j.solener.2011.08.013
https://doi.org/10.1016/j.solener.2011.08.013
https://doi.org/10.1504/IJEX.2016.078926
https://doi.org/10.1016/j.renene.2020.09.079
https://doi.org/10.1016/S1359-4311(03)00105-4
https://doi.org/10.1016/j.ijrefrig.2018.08.011
https://doi.org/10.1016/j.ijrefrig.2018.08.011
https://doi.org/10.1016/j.ijrefrig.2018.08.011
https://doi.org/10.1016/j.enbuild.2017.11.040
https://doi.org/10.1016/j.enbuild.2017.11.040
https://doi.org/10.1016/j.enbuild.2017.11.040
https://doi.org/10.1016/j.applthermaleng.2018.04.061
https://doi.org/10.1016/j.applthermaleng.2018.04.061
https://doi.org/10.1016/j.applthermaleng.2018.04.061
https://doi.org/10.1016/j.apenergy.2015.12.009
https://doi.org/10.1007/s12008-017-0398-8
https://doi.org/10.1007/s12008-017-0398-8
https://doi.org/10.1007/s12008-017-0398-8
https://doi.org/10.1016/j.applthermaleng.2017.11.059
https://doi.org/10.1016/j.applthermaleng.2017.11.059
https://doi.org/10.1016/j.applthermaleng.2017.11.059
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb46
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb46
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb46
https://doi.org/10.1016/j.enbuild.2016.10.021
https://doi.org/10.1016/j.applthermaleng.2017.12.004
https://doi.org/10.1016/j.applthermaleng.2017.12.004
https://doi.org/10.1016/j.applthermaleng.2017.12.004
https://doi.org/10.1016/j.applthermaleng.2019.114579
https://doi.org/10.1016/j.applthermaleng.2019.114579
https://doi.org/10.1016/j.applthermaleng.2019.114579
https://doi.org/10.1016/j.enconman.2020.112894
https://doi.org/10.1016/j.jobe.2019.101152
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb52
https://doi.org/10.1016/j.applthermaleng.2016.10.206
https://doi.org/10.1016/j.applthermaleng.2016.10.206
https://doi.org/10.1016/j.applthermaleng.2016.10.206
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb54
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb54
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb54
https://doi.org/10.1016/j.applthermaleng.2017.08.020
https://doi.org/10.1016/j.applthermaleng.2017.08.020
https://doi.org/10.1016/j.applthermaleng.2017.08.020
https://doi.org/10.1016/j.apenergy.2014.03.092
https://doi.org/10.1016/j.enconman.2021.114102
https://doi.org/10.1016/j.enconman.2021.114102
https://doi.org/10.1016/j.enconman.2021.114102
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb58
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb58
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb58
https://doi.org/10.1016/j.rser.2019.109318
https://doi.org/10.3390/en14144325
https://doi.org/10.3390/en14144325
https://doi.org/10.3390/en14144325
https://doi.org/10.1016/j.rser.2006.01.007
https://doi.org/10.1016/j.solener.2019.12.076
https://doi.org/10.1016/j.enconman.2012.01.045
https://doi.org/10.1016/j.enconman.2012.01.045
https://doi.org/10.1016/j.enconman.2012.01.045
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb64
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb64
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb64
https://doi.org/10.1016/S1364-0321(02)00016-3
https://doi.org/10.1016/j.solener.2019.12.009


Q. Al-Yasiri, M. Szabó and M. Arıcı Energy Reports 8 (2022) 2888–2907

Fong, K.F., Lee, C.K., Chow, T.T., 2011. Improvement of solar-electric compression
refrigeration system through ejector-assisted vapour compression chiller for
space conditioning in subtropical climate. Energy Build. 43, 3383–3390.
https://doi.org/10.1016/j.enbuild.2011.08.038.

Franco, A., Miserocchi, L., Testi, D., 2021. Energy intensity reduction in large-scale
non-residential buildings by dynamic control of HVAC with heat pumps.
Energies 14, 3878. https://doi.org/10.3390/en14133878.

Fudholi, A., Sopian, K., 2019. A review of solar air flat plate collector for drying
application. Renew. Sustain. Energy Rev. 102, 333–345. https://doi.org/10.
1016/j.rser.2018.12.032.

Gao, Y., Ji, J., Guo, Z., Su, P., 2018. Comparison of the solar PV cooling system
and other cooling systems. Int. J. Low-Carbon Technol. 13, 353–363. https:
//doi.org/10.1093/ijlct/cty035.

Ge, T.S., Wang, R.Z., Xu, Z.Y., Pan, Q.W., Du, S., Chen, X.M., Ma, T., Wu, X.N.,
Sun, X.L., Chen, J.F., 2018. Solar heating and cooling: Present and future de-
velopment. Renew. Energy 126, 1126–1140. https://doi.org/10.1016/j.renene.
2017.06.081.

Ghafoor, A., Munir, A., 2015. Worldwide overview of solar thermal cooling
technologies. Renew. Sustain. Energy Rev. 43, 763–774. https://doi.org/10.
1016/j.rser.2014.11.073.

Ghodbane, M., Husseín, A.K., 2021. Performance analysis of a solar-driven ejector
air conditioning system under el-oued climatic conditions. Algeria. J. Therm.
Eng 7, 172–189. https://doi.org/10.18186/thermal.847334.

Ghorbani, B., Ebadi, S.M., 2020. Economic evaluation of saline water desalination
system in Qeshm Island using using flat plate solar collectors and phase
change material. Iran. J. Ecohydrol. 7, 891–906. https://doi.org/10.22059/ije.
2020.306023.1352.

Gordon, J.M., Choon Ng, K., 2000. High-efficiency solar cooling. Sol. Energy 68,
23–31. https://doi.org/10.1016/S0038-092X(99)00053-5.

Gupta, Y., Metchop, L., Frantzis, A., Phelan, P.E., 2008. Comparative analysis
of thermally activated, environmentally friendly cooling systems. Energy
Convers. Manag. 49, 1091–1097. https://doi.org/10.1016/j.enconman.2007.09.
016.

Han, B., Li, W., Li, M., Liu, L., Song, J., 2020. Study on Libr/H2O absorption cooling
system based on enhanced geothermal system for data center. Energy Rep.
6, 1090–1098. https://doi.org/10.1016/j.egyr.2020.11.072.

Henning, H.-M., 2007. Solar assisted air conditioning of buildings – an overview.
Appl. Therm. Eng. 27, 1734–1749. https://doi.org/10.1016/j.applthermaleng.
2006.07.021.

Henning, H., Häberle, A., Lodi, A., Motta, M., 2006. Solar cooling and refrigera-
tion with high temperature lifts–thermodynamic background and technical
solution. In: Proc. of 61st National ATI Congress, ATI-IIR International Session
‘Solar Heating and Cooling’, 14th September.

Hong, X., Leung, M.K.H., He, W., 2019. Effective use of venetian blind in Trombe
wall for solar space conditioning control. Appl. Energy 250, 452–460. https:
//doi.org/10.1016/j.apenergy.2019.04.128.

Hussein, I.I., Essallah, S., Khedher, A., 2020. Comparative study of HVDC and
HVAC systems in presence of large scale renewable energy sources. In:
2020 20th International Conference on Sciences and Techniques of Automatic
Control and Computer Engineering (STA). pp. 225–230. https://doi.org/10.
1109/STA50679.2020.9329347.

Hwang, Y., Radermacher, R., Alili, A., Al Kubo, I., 2008. Review of solar cooling
technologies. HVAC\& R Res 14, 507–528. https://doi.org/10.1080/10789669.
2008.10391022.

IEA (Internal Energy Agency), 2018. The future of cooling: opportunities
for energy-efficient air conditioning. Available online: https://www.oecd-
ilibrary.org/energy/the-future-of-cooling_9789264301993-en.

IEA (International Energy Agency), 2013. Technology roadmap. Energy effi-
cent building envelopes. Oecd Available online, http://dx.doi.org/10.1007/
SpringerReference_7300.

IEA (International Energy Agency), UN Environment Programme, 2019.
2019 Global status report for buildings and construction: Towards a
zero-emission, efficient and resilient buildings and construction sec-
tor. Available online: https://www.worldgbc.org/news-media/2019-global-
status-report-buildings-and-construction.

IEA (International Energy Agency), 2020. Global space cooling equipment
sales in 2019 and compound annual growth rate, 2010. Available
online: https://www.iea.org/data-and-statistics/charts/global-space-cooling-
equipment-sales-in-2019-and-compound-annual-growth-rate-2010-19.

IEA (International Energy Agency), 2021. Net zero by 2050: A roadmap for the
global energy sector. Available online: https://www.iea.org/reports/net-zero-
by-2050.

IMM FTUI Science and Technology, 2013. Solar air conditioner. Available online:
https://iptekimmftui.wordpress.com/2013/04/12/solar-air-conditioner/.

Jani, D.B., Mishra, M., Sahoo, P.K., 2016. Experimental investigation on solid
desiccant–vapor compression hybrid air-conditioning system in hot and
humid weather. Appl. Therm. Eng. 104, 556–564. https://doi.org/10.1016/j.
applthermaleng.2016.05.104.

Jia, C.X., Dai, Y.J., Wu, J.Y., Wang, R.Z., 2007. Use of compound desiccant
to develop high performance desiccant cooling system. Int. J. Refrig. 30,
345–353. https://doi.org/10.1016/j.ijrefrig.2006.04.001.

Jiang, W., Li, S., Yang, L., Du, K., 2019. Experimental investigation on performance
of ammonia absorption refrigeration system with TiO2 nanofluid. Int. J.
Refrig. 98, 80–88. https://doi.org/10.1016/j.ijrefrig.2018.09.032.

Jribi, S., Saha, B.B., Koyama, S., Bentaher, H., 2014. Modeling and simulation of
an activated carbon–CO2 four bed based adsorption cooling system. Energy
Convers. Manag. 78, 985–991. https://doi.org/10.1016/j.enconman.2013.06.
061.

Kalkan, N., Young, E.A., Celiktas, A., 2012. Solar thermal air conditioning technol-
ogy reducing the footprint of solar thermal air conditioning. Renew. Sustain.
Energy Rev. 16, 6352–6383. https://doi.org/10.1016/j.rser.2012.07.014.

Khalid Shaker Al-Sayyab, A., Mota-Babiloni, A., Navarro-Esbrí, J., 2021. Novel
compound waste heat-solar driven ejector-compression heat pump for si-
multaneous cooling and heating using environmentally friendly refrigerants.
Energy Convers. Manag. 228, 113703. https://doi.org/10.1016/j.enconman.
2020.113703.

Khan, M.Z.I., Sultana, S., Saha, B.B., Akisawa, A., 2011. Experimental study on
a three-bed adsorption chiller. Int. J. Air-Condition. Refrig. 19, 285–290.
https://doi.org/10.1142/S2010132511000661.

Kholghi, S.A., S. Mahmoudi, S.M., 2019. Energy and exergy analysis of a modified
absorption cycle: A comparative study. Sustain. Energy Technol. Assess. 32,
19–28. https://doi.org/10.1016/j.seta.2019.01.002.

Kim, D.S., Infante Ferreira, C.A., 2008. Solar refrigeration options – a state-of-
the-art review. Int. J. Refrig. 31, 3–15. https://doi.org/10.1016/j.ijrefrig.2007.
07.011.

Kim, H.-J., Lee, S.-J., Cho, S.-H., Jeong, J.-W., 2016. Energy benefit of a dedicated
outdoor air system over a desiccant-enhanced evaporative air conditioner.
Appl. Therm. Eng. 108, 804–815. https://doi.org/10.1016/j.applthermaleng.
2016.07.185.

Kumaresan, G., Santosh, R., Raju, G., Velraj, R., 2018. Experimental and numerical
investigation of solar flat plate cooking unit for domestic applications. Energy
157, 436–447. https://doi.org/10.1016/j.energy.2018.05.168.

Liu, Y.M., Yuan, Z.X., Wen, X., Du, C.X., 2021. Evaluation on performance of solar
adsorption cooling of silica gel and SAPO-34 zeolite. Appl. Therm. Eng. 182,
116019. https://doi.org/10.1016/j.applthermaleng.2020.116019.

Macía, A., Bujedo, L.A., Magraner, T., Chamorro, C.R., 2013. Influence parame-
ters on the performance of an experimental solar-assisted ground-coupled
absorption heat pump in cooling operation. Energy Build. 66, 282–288.
https://doi.org/10.1016/j.enbuild.2013.07.012.

Marlinda Uyun, A.S., Miyazaki, T., Ueda, Y., Akisawa, A., 2010. Performance anal-
ysis of a double-effect adsorption refrigeration cycle with a silica gel/water
working pair. Energies 3, 1704–1720. https://doi.org/10.3390/en3111704.

Maryami, R., Dehghan, A.A., 2017. An exergy based comparative study between
LiBr/water absorption refrigeration systems from half effect to triple effect.
Appl. Therm. Eng. 124, 103–123. https://doi.org/10.1016/j.applthermaleng.
2017.05.174.

Meron Mulatu Mengistu, 2011. Study of Solar Cooling Alternatives for Residential
Houses in Bahir Dar City.

Modi, B., Mudgal, A., Patel, B., 2017. Energy and exergy investigation of small ca-
pacity single effect lithium bromide absorption refrigeration system. Energy
Procedia 109, 203–210. https://doi.org/10.1016/j.egypro.2017.03.040.

Montagnino, F.M., 2017. Solar cooling technologies, design, application and
performance of existing projects. Sol. Energy 154, 144–157. https://doi.org/
10.1016/j.solener.2017.01.033.

Mugagga, G.R., Chamdimba, H.B.N., 2020. Adoption of solar cooling in east africa.
In: Proceedings of the Sustainable Research and Innovation Conference.
JKUAT Main Campus, Kenya, pp. 15–20.

Narayanan, R., Harilal, G.K., Golder, S., 2021. Feasibility study on the solar
absorption cooling system for a residential complex in the Australian
subtropical region. Case Stud. Therm. Eng. 27, 101202. https://doi.org/10.
1016/j.csite.2021.101202.

Nasruddin, Lemington, Alhamid, M.I., 2015. Numerical simulation of a two-
bed solar-driven Adsorption chiller in a tropical climate. Int. J. Technol. 6,
594–603. https://doi.org/10.14716/ijtech.v6i4.1333.

Nikbakhti, R., Iranmanesh, A., 2021. Potential application of a novel in-
tegrated adsorption–absorption refrigeration system powered with solar
energy in Australia. Appl. Therm. Eng. 194, 117114. https://doi.org/10.1016/
j.applthermaleng.2021.117114.

Nikbakhti, R., Wang, X., Hussein, A.K., Iranmanesh, A., 2020. Absorption cooling
systems – review of various techniques for energy performance enhance-
ment. Alexandria Eng. J. 59, 707–738. https://doi.org/10.1016/j.aej.2020.01.
036.

Ningbo Yoton Industrial & Trade Co., L., 2021. Hybrid solar air conditioner
[WWW Document]. URL http://yoton.en.hisupplier.com/product-863372-
hybrid-solar-air-conditioner.html.

Otanicar, T., Taylor, R.A., Phelan, P.E., 2012. Prospects for solar cooling – an
economic and environmental assessment. Sol. Energy 86, 1287–1299. https:
//doi.org/10.1016/j.solener.2012.01.020.

Özbek, N.S., Uslu, A., 2019. Event-based control strategies for HVAC systems.
In: 2019 3rd International Symposium on Multidisciplinary Studies and
Innovative Technologies (ISMSIT). pp. 1–5. https://doi.org/10.1109/ISMSIT.
2019.8932743.

2906

https://doi.org/10.1016/j.enbuild.2011.08.038
https://doi.org/10.3390/en14133878
https://doi.org/10.1016/j.rser.2018.12.032
https://doi.org/10.1016/j.rser.2018.12.032
https://doi.org/10.1016/j.rser.2018.12.032
https://doi.org/10.1093/ijlct/cty035
https://doi.org/10.1093/ijlct/cty035
https://doi.org/10.1093/ijlct/cty035
https://doi.org/10.1016/j.renene.2017.06.081
https://doi.org/10.1016/j.renene.2017.06.081
https://doi.org/10.1016/j.renene.2017.06.081
https://doi.org/10.1016/j.rser.2014.11.073
https://doi.org/10.1016/j.rser.2014.11.073
https://doi.org/10.1016/j.rser.2014.11.073
https://doi.org/10.18186/thermal.847334
https://doi.org/10.22059/ije.2020.306023.1352
https://doi.org/10.22059/ije.2020.306023.1352
https://doi.org/10.22059/ije.2020.306023.1352
https://doi.org/10.1016/S0038-092X(99)00053-5
https://doi.org/10.1016/j.enconman.2007.09.016
https://doi.org/10.1016/j.enconman.2007.09.016
https://doi.org/10.1016/j.enconman.2007.09.016
https://doi.org/10.1016/j.egyr.2020.11.072
https://doi.org/10.1016/j.applthermaleng.2006.07.021
https://doi.org/10.1016/j.applthermaleng.2006.07.021
https://doi.org/10.1016/j.applthermaleng.2006.07.021
https://doi.org/10.1016/j.apenergy.2019.04.128
https://doi.org/10.1016/j.apenergy.2019.04.128
https://doi.org/10.1016/j.apenergy.2019.04.128
https://doi.org/10.1109/STA50679.2020.9329347
https://doi.org/10.1109/STA50679.2020.9329347
https://doi.org/10.1109/STA50679.2020.9329347
https://doi.org/10.1080/10789669.2008.10391022
https://doi.org/10.1080/10789669.2008.10391022
https://doi.org/10.1080/10789669.2008.10391022
https://www.oecd-ilibrary.org/energy/the-future-of-cooling_9789264301993-en
https://www.oecd-ilibrary.org/energy/the-future-of-cooling_9789264301993-en
https://www.oecd-ilibrary.org/energy/the-future-of-cooling_9789264301993-en
http://dx.doi.org/10.1007/SpringerReference_7300
http://dx.doi.org/10.1007/SpringerReference_7300
http://dx.doi.org/10.1007/SpringerReference_7300
https://www.worldgbc.org/news-media/2019-global-status-report-buildings-and-construction
https://www.worldgbc.org/news-media/2019-global-status-report-buildings-and-construction
https://www.worldgbc.org/news-media/2019-global-status-report-buildings-and-construction
https://www.iea.org/data-and-statistics/charts/global-space-cooling-equipment-sales-in-2019-and-compound-annual-growth-rate-2010-19
https://www.iea.org/data-and-statistics/charts/global-space-cooling-equipment-sales-in-2019-and-compound-annual-growth-rate-2010-19
https://www.iea.org/data-and-statistics/charts/global-space-cooling-equipment-sales-in-2019-and-compound-annual-growth-rate-2010-19
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://iptekimmftui.wordpress.com/2013/04/12/solar-air-conditioner/
https://doi.org/10.1016/j.applthermaleng.2016.05.104
https://doi.org/10.1016/j.applthermaleng.2016.05.104
https://doi.org/10.1016/j.applthermaleng.2016.05.104
https://doi.org/10.1016/j.ijrefrig.2006.04.001
https://doi.org/10.1016/j.ijrefrig.2018.09.032
https://doi.org/10.1016/j.enconman.2013.06.061
https://doi.org/10.1016/j.enconman.2013.06.061
https://doi.org/10.1016/j.enconman.2013.06.061
https://doi.org/10.1016/j.rser.2012.07.014
https://doi.org/10.1016/j.enconman.2020.113703
https://doi.org/10.1016/j.enconman.2020.113703
https://doi.org/10.1016/j.enconman.2020.113703
https://doi.org/10.1142/S2010132511000661
https://doi.org/10.1016/j.seta.2019.01.002
https://doi.org/10.1016/j.ijrefrig.2007.07.011
https://doi.org/10.1016/j.ijrefrig.2007.07.011
https://doi.org/10.1016/j.ijrefrig.2007.07.011
https://doi.org/10.1016/j.applthermaleng.2016.07.185
https://doi.org/10.1016/j.applthermaleng.2016.07.185
https://doi.org/10.1016/j.applthermaleng.2016.07.185
https://doi.org/10.1016/j.energy.2018.05.168
https://doi.org/10.1016/j.applthermaleng.2020.116019
https://doi.org/10.1016/j.enbuild.2013.07.012
https://doi.org/10.3390/en3111704
https://doi.org/10.1016/j.applthermaleng.2017.05.174
https://doi.org/10.1016/j.applthermaleng.2017.05.174
https://doi.org/10.1016/j.applthermaleng.2017.05.174
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb104
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb104
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb104
https://doi.org/10.1016/j.egypro.2017.03.040
https://doi.org/10.1016/j.solener.2017.01.033
https://doi.org/10.1016/j.solener.2017.01.033
https://doi.org/10.1016/j.solener.2017.01.033
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb107
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb107
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb107
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb107
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb107
https://doi.org/10.1016/j.csite.2021.101202
https://doi.org/10.1016/j.csite.2021.101202
https://doi.org/10.1016/j.csite.2021.101202
https://doi.org/10.14716/ijtech.v6i4.1333
https://doi.org/10.1016/j.applthermaleng.2021.117114
https://doi.org/10.1016/j.applthermaleng.2021.117114
https://doi.org/10.1016/j.applthermaleng.2021.117114
https://doi.org/10.1016/j.aej.2020.01.036
https://doi.org/10.1016/j.aej.2020.01.036
https://doi.org/10.1016/j.aej.2020.01.036
http://yoton.en.hisupplier.com/product-863372-hybrid-solar-air-conditioner.html
http://yoton.en.hisupplier.com/product-863372-hybrid-solar-air-conditioner.html
http://yoton.en.hisupplier.com/product-863372-hybrid-solar-air-conditioner.html
https://doi.org/10.1016/j.solener.2012.01.020
https://doi.org/10.1016/j.solener.2012.01.020
https://doi.org/10.1016/j.solener.2012.01.020
https://doi.org/10.1109/ISMSIT.2019.8932743
https://doi.org/10.1109/ISMSIT.2019.8932743
https://doi.org/10.1109/ISMSIT.2019.8932743


Q. Al-Yasiri, M. Szabó and M. Arıcı Energy Reports 8 (2022) 2888–2907

Palomba, V., Wittstadt, U., Bonanno, A., Tanne, M., Harborth, N., Vasta, S., 2019.
Components and design guidelines for solar cooling systems: The experience
of ZEOSOL. Renew. Energy 141, 678–692. https://doi.org/10.1016/j.renene.
2019.04.018.

Patel, J., Pandya, B., Mudgal, A., 2017. Exergy based analysis of licl-H2O absorp-
tion cooling system. Energy Procedia 109, 261–269. https://doi.org/10.1016/
j.egypro.2017.03.061.

Peris Pérez, B., Ávila Gutiérrez, M., Expósito Carrillo, J.A., Salmerón Lissén, J.M.,
2022. Performance of solar-driven ejector refrigeration system (SERS) as pre-
cooling system for air handling units in warm climates. Energy 238, 121647.
https://doi.org/10.1016/j.energy.2021.121647.

Pillai, J., Desai, R., Ten, A., 2018. Dehumidification strategies and their applicabil-
ity based on climate and building typology. In: 2018 Building Performance
Analysis Conference and SimBuild, pp. 759–766.

Qadar Chaudhary, G., Ali, M., Sheikh, N.A., ul Haq Gilani, S.I., Khushnood, S., 2018.
Integration of solar assisted solid desiccant cooling system with efficient
evaporative cooling technique for separate load handling. Appl. Therm. Eng.
140, 696–706. https://doi.org/10.1016/j.applthermaleng.2018.05.081.

Rafique, M.M., 2020. Evaluation of metal–organic frameworks as potential
adsorbents for solar cooling applications. Appl. Syst. Innov. 3 (26), https:
//doi.org/10.3390/asi3020026.

Rahman, S., Said, Z., Issa, S., 2020. Performance evaluation and life cycle analysis
of new solar thermal absorption air conditioning system. Energy Rep. 6,
673–679. https://doi.org/10.1016/j.egyr.2019.11.136.

Robbins, T., Garimella, S., 2020. An autonomous solar driven adsorption cooling
system. Sol. Energy 211, 1318–1324. https://doi.org/10.1016/j.solener.2020.
10.068.

Roumpedakis, T.C., Vasta, S., Sapienza, A., Kallis, G., Karellas, S., Wittstadt, U.,
Tanne, M., Harborth, N., Sonnenfeld, U., 2020. Performance results of a solar
adsorption cooling and heating unit. Energies 13, 1630. https://doi.org/10.
3390/en13071630.

Sabbagh, A.A., Gómez, J.M., 2018. Optimal control of single stage LiBr/water
absorption chiller. Int. J. Refrig. 92, 1–9. https://doi.org/10.1016/j.ijrefrig.
2018.05.007.

Sadi, M., Chakravarty, K.H., Behzadi, A., Arabkoohsar, A., 2021. Techno-economic-
environmental investigation of various biomass types and innovative
biomass-firing technologies for cost-effective cooling in India. Energy 219,
119561. https://doi.org/10.1016/j.energy.2020.119561.

Sah, R.P., Choudhury, B., Das, R.K., 2015. A review on adsorption cooling systems
with silica gel and carbon as adsorbents. Renew. Sustain. Energy Rev. 45,
123–134. https://doi.org/10.1016/j.rser.2015.01.039.

Sah, R.P., Choudhury, B., Das, R.K., 2016. A review on low grade heat powered
adsorption cooling systems for ice production. Renew. Sustain. Energy Rev.
62, 109–120. https://doi.org/10.1016/j.rser.2016.04.036.

Sah, R.P., Choudhury, B., Das, R.K., Sur, A., 2017. An overview of modelling
techniques employed for performance simulation of low–grade heat operated
adsorption cooling systems. Renew. Sustain. Energy Rev. 74, 364–376. https:
//doi.org/10.1016/j.rser.2017.02.062.

Saikia, K., Vallès, M., Fabregat, A., Saez, R., Boer, D., 2020. A bibliometric
analysis of trends in solar cooling technology. Sol. Energy 199, 100–114.
https://doi.org/10.1016/j.solener.2020.02.013.

Sarbu, I., Sebarchievici, C., 2013. Review of solar refrigeration and cooling
systems. Energy Build. 67, 286–297. https://doi.org/10.1016/j.enbuild.2013.
08.022.

Scopus database, 2022. Solar cooling and air-conditioning systems [WWW Doc-
ument]. URL https://www.scopus.com/search/form.uri?display=basic#basic.

Senthil, R., Cheralathan, M., 2019. Enhancement of the thermal energy storage
capacity of a parabolic dish concentrated solar receiver using phase change
materials. J. Energy Storage 25, 100841. https://doi.org/10.1016/j.est.2019.
100841.

Sha, A.A., Baiju, V., 2021. Thermodynamic analysis and performance evaluation
of activated carbon-ethanol two-bed solar adsorption cooling system. Int. J.
Refrig. 123, 81–90. https://doi.org/10.1016/j.ijrefrig.2020.12.006.

Sharifi, S., Nozad Heravi, F., Shirmohammadi, R., Ghasempour, R., Pe-
trakopoulou, F., Romeo, L.M., 2020. Comprehensive thermodynamic and
operational optimisation of a solar-assisted LiBr/water absorption refriger-
ation system. Energy Rep. 6, 2309–2323. https://doi.org/10.1016/j.egyr.2020.
08.013.

Sokhansefat, T., Mohammadi, D., Kasaeian, A., Mahmoudi, A.R., 2017. Simulation
and parametric study of a 5-ton solar absorption cooling system in Tehran.
Energy Convers. Manag. 148, 339–351. https://doi.org/10.1016/j.enconman.
2017.05.070.

Song, A., Lu, L., Ma, T., 2017. Life-cycle evaluation of different types of cooling
systems in buildings. Energy Procedia 142, 1743–1748. https://doi.org/10.
1016/j.egypro.2017.12.558.

Suárez López, M.-J., Prieto, J.-I., Blanco, E., García, D., 2020. Tests of an absorption
cooling machine at the Gijón solar cooling laboratory. Energies 13, 3962.
https://doi.org/10.3390/en13153962.

Sun, H., Xu, Z., Wang, H., Wang, R., 2015. A solar/gas fired absorption system for
cooling and heating in a commercial building. Energy Procedia 70, 518–528.
https://doi.org/10.1016/j.egypro.2015.02.156.

Sur, A., Das, R.K., 2016. Review of technology used to improve heat and
mass transfer characteristics of adsorption refrigeration system. Int. J.
Air-Conditioning Refrig. 24, 1630003.

Sur, A., Das, R.K., 2017. Experimental investigation on waste heat driven
activated carbon-methanol adsorption cooling system. J. Brazilian Soc. Mech.
Sci. Eng. 39, 2735–2746. https://doi.org/10.1007/s40430-017-0792-y.

Sur, A., Sah, R.P., Pandya, S., 2020. Milk storage system for remote areas
using solar thermal energy and adsorption cooling. Mater. Today Proc. 28,
1764–1770. https://doi.org/10.1016/j.matpr.2020.05.170.

Tashtoush, B.M., Al-Nimr, M.A., Khasawneh, M.A., 2019. A comprehensive review
of ejector design, performance, and applications. Appl. Energy 240, 138–172.
https://doi.org/10.1016/j.apenergy.2019.01.185.

Tschopp, D., Tian, Z., Berberich, M., Fan, J., Perers, B., Furbo, S., 2020. Large-
scale solar thermal systems in leading countries: A review and comparative
study of Denmark, China, Germany and Austria. Appl. Energy 270, 114997.
https://doi.org/10.1016/j.apenergy.2020.114997.

Tso, C.Y., Chan, K.C., Chao, C.Y.H., Wu, C.L., 2015. Experimental performance
analysis on an adsorption cooling system using zeolite 13X/CaCl2 adsorbent
with various operation sequences. Int. J. Heat Mass Transf. 85, 343–355.
https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.005.

Tsoutsos, T., Anagnostou, J., Pritchard, C., Karagiorgas, M., Agoris, D., 2003. Solar
cooling technologies in Greece, an economic viability analysis. Appl. Therm.
Eng. 23, 1427–1439. https://doi.org/10.1016/S1359-4311(03)00089-9.

Tükel, M., Tunçbilek, E., Komerska, A., Keskin, G.A., Arıcı, M., 2021. Reclas-
sification of climatic zones for building thermal regulations based on
thermoeconomic analysis: A case study of Turkey. Energy Build. 246, 111121.
https://doi.org/10.1016/j.enbuild.2021.111121.

Ventas, R., Lecuona, A., Vereda, C., Legrand, M., 2016. Two-stage double-effect
ammonia/lithium nitrate absorption cycle. Appl. Therm. Eng. 94, 228–237.
https://doi.org/10.1016/j.applthermaleng.2015.10.144.

Wang, R.Z., Ge, T.S., Chen, C.J., Ma, Q., Xiong, Z.Q., 2009. Solar sorption cooling
systems for residential applications: Options and guidelines. Int. J. Refrig. 32,
638–660. https://doi.org/10.1016/j.ijrefrig.2009.02.005.

Wang, D.C., Li, Y.H., Li, D., Xia, Y.Z., Zhang, J.P., 2010. A review on adsorption
refrigeration technology and adsorption deterioration in physical adsorption
systems. Renew. Sustain. Energy Rev. 14, 344–353. https://doi.org/10.1016/j.
rser.2009.08.001.

Wang, D.C., Wang, Y.J., Zhang, J.P., Tian, X.L., Wu, J.Y., 2008. Experimental study
of adsorption chiller driven by variable heat source. Energy Convers. Manag.
49, 1063–1073. https://doi.org/10.1016/j.enconman.2007.09.022.

Weiss, W., Mauthner, F., 2018. Solar heat worldwide (IEA solar heating & cooling
programme). Mark. Contrib. to energy supply.

Xu, Y., Li, Z., Chen, H., Lv, S., 2020. Assessment and optimisation of solar
absorption-subcooled compression hybrid cooling system for cold storage.
Appl. Therm. Eng. 180, 115886. https://doi.org/10.1016/j.applthermaleng.
2020.115886.

Xu, Z.Y., Wang, R.Z., 2017. Comparison of CPC driven solar absorption cooling
systems with single, double and variable effect absorption chillers. Sol.
Energy 158, 511–519. https://doi.org/10.1016/j.solener.2017.10.014.

Yang, M., Lee, S.Y., Chung, J.T., Kang, Y.T., 2017. High efficiency H2O/LiBr
double effect absorption cycles with multi-heat sources for tri-generation
application. Appl. Energy 187, 243–254. https://doi.org/10.1016/j.apenergy.
2016.11.067.

Yazaki Energy Systems, I., 2011. Fired single-effect chillers information [WWW
Document]. URL https://www.yazakienergy.com/sales.php.

Yu, Y., Niu, F., Guo, H.A., Woradechjumroen, D., 2016. A thermo-activated wall
for load reduction and supplementary cooling with free to low-cost thermal
water. Energy 99, 250–265. https://doi.org/10.1016/j.energy.2016.01.051.

Zendehboudi, A., Esmaeili, H., 2016. Effect of supply/regeneration section area
ratio on the performance of desiccant wheels in hot and humid climates:
an experimental investigation. Heat Mass Transf. 52, 1175–1181. https:
//doi.org/10.1007/s00231-015-1620-5.

Zhai, X.Q., Qu, M., Li, Y., Wang, R.Z., 2011. A review for research and new design
options of solar absorption cooling systems. Renew. Sustain. Energy Rev. 15,
4416–4423. https://doi.org/10.1016/j.rser.2011.06.016.

Zingre, K.T., Yang, E.H., Wan, M.P., 2017. Dynamic thermal performance of
inclined double-skin roof: Modeling and experimental investigation. Energy
133, 900–912. https://doi.org/10.1016/j.energy.2017.05.181.

2907

https://doi.org/10.1016/j.renene.2019.04.018
https://doi.org/10.1016/j.renene.2019.04.018
https://doi.org/10.1016/j.renene.2019.04.018
https://doi.org/10.1016/j.egypro.2017.03.061
https://doi.org/10.1016/j.egypro.2017.03.061
https://doi.org/10.1016/j.egypro.2017.03.061
https://doi.org/10.1016/j.energy.2021.121647
https://doi.org/10.1016/j.applthermaleng.2018.05.081
https://doi.org/10.3390/asi3020026
https://doi.org/10.3390/asi3020026
https://doi.org/10.3390/asi3020026
https://doi.org/10.1016/j.egyr.2019.11.136
https://doi.org/10.1016/j.solener.2020.10.068
https://doi.org/10.1016/j.solener.2020.10.068
https://doi.org/10.1016/j.solener.2020.10.068
https://doi.org/10.3390/en13071630
https://doi.org/10.3390/en13071630
https://doi.org/10.3390/en13071630
https://doi.org/10.1016/j.ijrefrig.2018.05.007
https://doi.org/10.1016/j.ijrefrig.2018.05.007
https://doi.org/10.1016/j.ijrefrig.2018.05.007
https://doi.org/10.1016/j.energy.2020.119561
https://doi.org/10.1016/j.rser.2015.01.039
https://doi.org/10.1016/j.rser.2016.04.036
https://doi.org/10.1016/j.rser.2017.02.062
https://doi.org/10.1016/j.rser.2017.02.062
https://doi.org/10.1016/j.rser.2017.02.062
https://doi.org/10.1016/j.solener.2020.02.013
https://doi.org/10.1016/j.enbuild.2013.08.022
https://doi.org/10.1016/j.enbuild.2013.08.022
https://doi.org/10.1016/j.enbuild.2013.08.022
https://www.scopus.com/search/form.uri?display=basic#basic
https://doi.org/10.1016/j.est.2019.100841
https://doi.org/10.1016/j.est.2019.100841
https://doi.org/10.1016/j.est.2019.100841
https://doi.org/10.1016/j.ijrefrig.2020.12.006
https://doi.org/10.1016/j.egyr.2020.08.013
https://doi.org/10.1016/j.egyr.2020.08.013
https://doi.org/10.1016/j.egyr.2020.08.013
https://doi.org/10.1016/j.enconman.2017.05.070
https://doi.org/10.1016/j.enconman.2017.05.070
https://doi.org/10.1016/j.enconman.2017.05.070
https://doi.org/10.1016/j.egypro.2017.12.558
https://doi.org/10.1016/j.egypro.2017.12.558
https://doi.org/10.1016/j.egypro.2017.12.558
https://doi.org/10.3390/en13153962
https://doi.org/10.1016/j.egypro.2015.02.156
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb139
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb139
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb139
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb139
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb139
https://doi.org/10.1007/s40430-017-0792-y
https://doi.org/10.1016/j.matpr.2020.05.170
https://doi.org/10.1016/j.apenergy.2019.01.185
https://doi.org/10.1016/j.apenergy.2020.114997
https://doi.org/10.1016/j.ijheatmasstransfer.2015.02.005
https://doi.org/10.1016/S1359-4311(03)00089-9
https://doi.org/10.1016/j.enbuild.2021.111121
https://doi.org/10.1016/j.applthermaleng.2015.10.144
https://doi.org/10.1016/j.ijrefrig.2009.02.005
https://doi.org/10.1016/j.rser.2009.08.001
https://doi.org/10.1016/j.rser.2009.08.001
https://doi.org/10.1016/j.rser.2009.08.001
https://doi.org/10.1016/j.enconman.2007.09.022
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb151
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb151
http://refhub.elsevier.com/S2352-4847(22)00173-1/sb151
https://doi.org/10.1016/j.applthermaleng.2020.115886
https://doi.org/10.1016/j.applthermaleng.2020.115886
https://doi.org/10.1016/j.applthermaleng.2020.115886
https://doi.org/10.1016/j.solener.2017.10.014
https://doi.org/10.1016/j.apenergy.2016.11.067
https://doi.org/10.1016/j.apenergy.2016.11.067
https://doi.org/10.1016/j.apenergy.2016.11.067
https://www.yazakienergy.com/sales.php
https://doi.org/10.1016/j.energy.2016.01.051
https://doi.org/10.1007/s00231-015-1620-5
https://doi.org/10.1007/s00231-015-1620-5
https://doi.org/10.1007/s00231-015-1620-5
https://doi.org/10.1016/j.rser.2011.06.016
https://doi.org/10.1016/j.energy.2017.05.181

	A review on solar-powered cooling and air-conditioning systems for building applications
	Introduction
	Overview of SCACSs
	Solar thermal powered cooling and air-conditioning systems
	Absorption systems
	Adsorption systems
	Desiccant systems

	Comparison of SABSs, SADSs and SDSs
	System COP
	Driving temperature
	Overall collector area
	Overall installations
	Economic indicator

	Research gaps and recommendations for future studies
	Conclusions
	Declaration of competing interest
	Acknowledgements
	References


