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Abstract
Solar energy is the most sustainable and free source to manage the world energy demand. One aspect of solar-driven energy 
supply can be observed in cooling systems. Recently, solar energy-based cooling systems have received many attentions. 
Solar cooling systems utilizing solar collectors, as the renewable and sustainable-based solution, have the good potentials to 
overcome the challenges associated with consumption of fossil fuels. In this study, the recent advances about the potentials of 
dish collectors and linear Fresnel reflectors for the usage in the cooling systems are reviewed. In addition, the solar-powered 
conventional absorption chiller and cryogenic systems are investigated. Hybrid cooling solar systems and solar-based com-
bined cooling, heating, and power systems are also studied. The hydrogen production in cooling integrated systems and cold 
thermal energy storage are discussed. In each section, in addition to general description of the system, some explanations 
about the thermodynamic and economic aspects of the systems are provided. Finally, the main results of the review are sum-
marized and based on the available gaps between the literatures, some suggestions are provided for the future studies. It was 
found that using solar dish collectors in a hybrid system, designed for the freshwater and LNG production, causes carbon 
dioxide emissions reduction by 40%, and also increases freshwater and LNG production by 95% and 4.7%, respectively. In 
the hybrid trigeneration solar-biomass power plants, using the linear Fresnel reflector leads to 29% save in biomass and land.
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Introduction

Today, energy security and environmental protection are 
the most important issues in the world communities. The 
world’s energy demand is increasing due to the popula-
tion growth and the economic developments in societies 
(Oyedepo, 2012). It has been predicted that the world’s 
population is going to reach 9.7 billion by 2050 and more 
than 11.2 billion by 2100 (Nations U, 2015). In addition, 
according to a report published by the International Energy 
Agency, IEA, in 2015, the world energy demand will be 
increased more than 1.5 times by 2030 compared to 2015, 

due to population growth and the economic development 
of communities (Dincer, 2011). On the other hand, the 
available energy resources to meet this demand (most of 
which are fossil resources) are limited and they are rapidly 
depleting (Dincer, 2011; Shafiee and Topal, 2009). Also, 
these resources have an unequal distribution in the world 
(Shafiee and Topal, 2009). The use of fossil resources in 
recent decades has caused environmental pollutions and the 
emission of greenhouse gases (IEA 2016) and consequently, 
climate change and global warming as well as the produc-
tion of toxic gases such as NOX and  SO2. As a result, at the 
present, finding new ways to prevent energy and environ-
mental crises has become a daily challenge for societies in 
the twenty-first century (Shafiee and Topal, 2009). For this 
reason, many countries have made various programs to use 
different energy sources and they are looking for solutions 
to replace fossil fuels with sustainable and renewable energy 
sources (Shafiee and Topal, 2009; IPCC, 2014). For exam-
ple, the Scandinavian countries have ambitiously goals to 
use renewable resources in the near future. Denmark seeks 
to become a country based on 100% renewable energies, and 
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Sweden and Norway are working to reduce the production of 
greenhouse gases to zero by 2050 (Hoeven 2013). Figure 1 
demonstrates the contribution of renewable energy resources 
in energy supply in 2017 comparing with its values in 2050 
(IRENA, 2020). According to Fig. 1, it is predicted that the 
share of renewable energy consumption in 2050 will reach 
86% of the total amount of energy supply and the share of 
fossil energy resources will significantly decrease.

Among the candidates for renewable energy, i.e. the 
solar, geothermal, wind, gravity-related energy sources, and 
kinetic energies of the earth surface (such as sea waves), 
the solar energy is the most sustainable and free source to 
meet the world energy demand (Dan et al. 2017; Blaschke 
et al., 2013; Modi et al., 2017). The sun annually radiates 
4 × 10

21kJ energy to the earth ( 4 × 10
14kWh daily), which 

about 5 × 10
19kJ can be harvested easily (Van der Hoeven 

2013; Gupta, 1999). This energy is not a threat to the envi-
ronment (Gupta, 1999). The contribution of solar energy 
to supply the world energy demand is still negligible (Van 
der Hoeven, 2013). Figure 2 shows the distribution of aver-
age annual solar radiation on the Earth’s surface. To better 
understand the amount of radiant energy of the sun to the 
earth’s surface, areas marked with dark spots can provide 
all the primary energy demand of the entire world. It is also 
assumed that the capturing efficiency of this energy is only 
8% (NASA, 2014).

Although solar energy is a sustainable and renew-
able source, the technologies used to harvest this source 
of energy are immature. This is due to the high cost of 
instruments (Energysage, 2016) and the issues related to 
large land required to install instruments. As compared 
with the energy production density of fossil fuel derived 

power plants (200–11,000 W
e
∕m2 ), solar powered tech-

nologies can provide two order of magnitude smaller 
energy production density (2–10 W

e
∕m2 ). This makes it 

difficult to use this energy source for some communities 
(Smil, 2015). As reported by Squatrito et al. 2014, 0.1% of 
Italians agricultural surface area was cultivated with PV 
systems in 2014. This caused serious debate that led to a 
ban on the installation of PVs on agricultural lands. On the 
other hand, IRENA has predicted that the cost of installing 
solar equipment will decrease around 58% till 2030 com-
pared to 2018 due to advances in solar energy technologies 
(IRENA, 2020). Increasing the efficiency of solar energy 
harvesting systems detract the problem associated with the 
need for vast lands as more energy can be harvested in a 
certain area by using more efficient technologies.

One aspect of solar driven energy supply can be 
observed in cooling systems. Approximately 10% of 
total electricity consumed in the world is used to fulfill 
the cooling demands (IEA, 2019). In addition, utilization 
of traditional refrigeration cycles powered by fossil fuels 
has destructive consequences for the environment. When 
the availability of the solar resource is high, the cool-
ing demand grows. The solar driven cooling systems are 
attractive due to use of free source of energy and preven-
tion of pollution emissions. Recently, the use of solar col-
lectors has improved cooling technologies especially sorp-
tion refrigeration technologies. This is due to the ability 
of collectors to provide the desired operating temperature 
as an important factor in cooling systems (Alsagri et al., 
2020). Solar sorption, including adsorption and absorption 
systems, has high potentials in cooling applications (IEA, 

Fig. 1  Contribution of renewable energy sources in 2017 and 2050 (IRENA 2020)
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2019). Figure 3 illustrates the number of papers published 
about solar energy utilization in cooling technologies. It 
can be seen that the number of articles attributed to the 
solar-powered cooling systems is increased during recent 
year (Saikia et al., 2020). Table 1 summarizes the con-
cluded studies on solar-powered cooling systems and their 
main results.

Due to high demands for renewable energy resources, 
the current trend of researches is under the influence of 
these types of energy especially solar energy. In recent 
years, researchers have focused on the hybrid systems 
rather than conventional ones to get more outputs from 
the solar or biogas as the input energy. In this paper, a 
comprehensive review is conducted on the different solar-
powered cooling systems, as shown in Fig. 4. First, differ-
ent types of collectors and operating fluids are presented. 
Then, the studies performed on the use of parabolic dish 
collector and linear Fresnel reflector in absorption cycles 
are reviewed. The applications of parabolic dish collec-
tor in cryogenic cycle are also investigated. After that, 
the studies conducted on the use of parabolic dish collec-
tor and linear Fresnel reflector in the hybrid production 
cycles are reviewed. Then, the use of these two collectors 
in combined cooling, heating, and power (CCHP) systems 
is discussed. The applications of parabolic dish collector 
and linear Fresnel reflector in hydrogen production cycles 
and cold thermal energy storage are investigated. The ther-
modynamics and economic aspects of different systems 
are also discussed. Finally, based on the available gaps 
between the literatures, some suggestions are provided for 
the future studies.

Fig. 2  The distribution of solar irradiance over the Earth in one year (NASA, 2014)

Fig. 3  The number of published papers about solar energy utilization 
in cooling technologies (Saikia et al., 2020)
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Solar thermal collectors and heat transfer 
fluids

Solar collectors are devices that absorb solar radiation and 
convert it into thermal energy (thermal collectors) or elec-
trical energy (photovoltaic panels). A PV panel is a semi-
conductor, so its electrical performance can be explained 
by an equivalent circuit consisting of diodes and resistors 
(Sohani et al., 2021; Shahverdian et al., 2021). The major 
issue with PV solar modules is the low conversion efficiency 
compared to the solar thermal collectors (Sharma and Bhat-
tacharya, 2022). One of the requirements of any solar sys-
tem is a collector. Thermal collectors are used to absorb 
the sun's radiation and convert it into heat. Different types 

of solar collectors are shown in Fig. 5. Thermal collectors 
are divided into two general categories: non-concentrating 
and concentrating collectors. Flat-plate collector (FPC) and 
evacuated tube collector (ETC) are in the non-concentrating 
category, while parabolic dish collector (PDC), compound 
parabolic collector (CPC), parabolic trough collector (PTC), 
linear Fresnel reflector (LFR), and heliostat field collector 
(HFC) are in the concentrating category. Flat plate collectors 
have an absorber surface that absorbs sunlight, converts it to 
heat, and then transfers it to fluid tubes. Evacuated tube col-
lectors have the same function as flat plate collectors, except 
that the absorber tube with an evacuated tube is used instead 
of the absorber surface. In a compound parabolic collector, 
a parabolic reflector surface is used to reflect radiation on 

Table 1  An overview of the solar-powered cooling systems

Author(s)/year Article type Solar integration Cooling systems

Lu et al. (2013) Research CPC (Compound Parabolic Concentrator) solar collector Absorption cooling system
Buonomano et al. (2018) Research Flat plat and concentrating photovoltaic/thermal system Absorption and adsorption chillers
Zhu et al. (2018) Research Flat plate solar collector Adsorption cooling system
Ebrahimi et al. (2021) Research Parabolic trough solar collector

(PTC)
Cryogenic energy storage system

Xia et al. (2014) Research CPC (Compound Parabolic Concentrator) solar collector Cryogenic energy of LNG
(liquefied natural gas)

Mehrpooya et al. (2020) Research Parabolic trough solar collector
(PTC)

Cryogenic biogas

Mohammadi et al. (2020) Review Solar energy systems Multigeneration systems
Sezer and Koç (2019) Research Concentrated photovoltaics/thermal (CPVT) Multigeneration systems
Siddiqui and Dincer (2020) Research Solar tower Multigeneration systems
Erzen et al. (2020) Research Photovoltaics/thermal (PV/T) panel Multigeneration systems
Kasaeian et al. (2020) Review Solar energy systems Polygeneration systems
Luqman et al. (2020) Research Parabolic trough solar collector

(PTC)
Polygeneration systems

Abdelhay et al. (2020) Research Parabolic trough solar collector
(PTC)

Polygeneration systems

Mendecka et al. (2020) Research Photovoltaic (PV) panel Polygeneration systems
Li et al. (2020) Research Photovoltaics/thermal (PV/T) panel Trigeneration system
Sebastián et al. (2021) Research Fresnel collector Micro-trigeneration system
Mohsenipour et al. (2020) Research Flat plate solar collector Trigeneration system
Jafary et al. (2021) Research Parabolic trough solar collector

(PTC)
Trigeneration system

Saini et al. (2020) Research Evacuated tube collector CCHP systems
Wang et al. (2020) Review Solar energy systems CCHP systems
Yan et al. (2020) Research Solar collector CCHP systems
Wang et al. (2021) Research Full-spectrum hybrid solar energy device CCHP systems
Aghaziarati and Aghdam (2021) Research Parabolic trough solar collector

(PTC)/Fresnel collector/Parabolic dish collector
CCHP systems

Burton et al. (2021) Review Solar energy systems Hydrogen production
Temiz and Dincer (2021) Research Parabolic trough solar collector

(PTC)
Hydrogen production

Qureshy and Dincer (2021) Research solar photoelectrochemical reactor Hydrogen production
Tukenmez et al. (2022) Research Parabolic trough solar collector

(PTC)
Hydrogen production
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the absorber tube. Parabolic collectors can track the sun on 
an axis as shown in Fig. 5, which increases their efficiency 
compared to the compound parabolic collector. Parabolic 
collectors have problems such as structural complexity and 
hydraulic circuit due to receiver motion, high cost of reflec-
tor construction, and wind loading. Fresnel collectors do 
not have the mentioned problems associated with parabolic 
collectors due to the simpler structure and lack of movement 
of the receiver and the use of flat reflectors. The Fresnel col-
lector can be considered a broken parabolic reflector so that 
each reflector can independently track and reflect sunlight to 

the receiver. Dish collectors are commonly used to achieve 
high temperatures. This collector, which is a point reflector, 
can track the sun in two axes. To receive very high radiant 
energy, a heliostat field collector is used, which has several 
reflectors to reflect the solar radiation towards the receiver in 
the center tower (Kalogirou, 2013). For concentrating solar 
collectors, the use of hollow cylindrical fins increases the 
heat transfer (Subramaniam and Senthil, 2021).

Different fluids such as water, air, nanofluids, thermal 
oils, etc. can be used to transfer heat absorbed by the col-
lectors. The nanofluids are often used as the working fluid 

Fig. 4  Different solar-powered systems equipped with PDC and LFR

Fig. 5  Different types of solar 
collectors (Sakhaei and Valipour 
2021; Sakhaei and Valipour 
2020; Al-hamzawi 2022;  Kalo-
girou, 2013)

Flat-plate collector Linear Fresnel reflector Parabolic dish collector
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due to their good potential for heat transfer (Saffarian et al., 
2020; Moravej et al. 2021; Siavashi et al., 2019, Ghola-
malipour et al., 2019). The heat received by these fluids can 
be used directly or indirectly for heating/cooling and power 
generation systems. In the direct method, the fluid receives 
heat and passes through the collector, while in the indirect 
one, the fluid enters the heat exchanger after receiving the 
heat and transfers the heat to another fluid. One of the com-
mon fluids for the indirect water system is ethylene glycol. 
Other fluids such as silicone oils and refrigerants are also 
used. Common fluids for solar cooling in the absorption 
refrigeration system are water-ammonia and water-lithium 
bromide, which ammonia is used as the refrigerant and lith-
ium is used for absorption (Kalogirou, 2013).

Cooling effect

In this section, important cooling methods are discussed. At 
first, absorption and adsorption cooling cycles, as the most 
frequent cooling methods, powered by parabolic dish collec-
tor (PDC) and linear Fresnel reflector (LFR) are reviewed. 
The studies conducted about the cryogenic and gas lique-
faction cycles using PDC are also reviewed. Finally, the 
cold thermal energy storage powered by solar energy is also 
investigated.

Absorption and adsorption cooling cycles

In the absorption refrigeration cycle, despite the compres-
sion refrigeration cycle, heat is used as input energy. A sim-
ple type of this cycle is shown in Fig. 6. The components of 
this cycle are the generator, absorber, condenser, evapora-
tor, expansion valve, and pump. Various parameters, such as 
evaporator temperature, condenser temperature, regeneration 
temperature, cycle time, and inter-stage pressure, affect the 

coefficient of performance of the adsorption refrigeration 
system (Chauhan et al., 2022). In a water-ammonia absorp-
tion refrigeration system, water acts as an absorbent, and 
ammonia acts as the refrigerant. In the water-lithium bro-
mide system, lithium bromide acts as an absorbent. These 
two aforementioned systems are two main types of absorp-
tion refrigeration systems. In an absorption refrigeration 
cycle, the absorber, generator, and pump act like a compres-
sor in the vapor compression cycle. The refrigerant at the 
outlet of the evaporator is absorbed by the liquid absorbent, 
and consequently, the strength of the solution increases as 
the liquid absorbent passes through the absorber. This solu-
tion reaches the condenser pressure by passing the pump 
and in the generator, some of the refrigerants evaporate with 
direct heat and separate from the solution. The high-pres-
sure refrigerant passes through the condenser and expan-
sion valve and is ready to absorb heat from the environment 
in the evaporator. The mechanical energy of the pump and 
the heat of the generator are two required energies for this 
cycle. Thermal energy is a major part of energy consump-
tion, which can be supplied by solar collectors. The most 
important advantages of this method are low noise opera-
tion, low vibration, and low energy required. Also, the most 
important disadvantage of this cycle is its lower coefficient 
of performance than the vapor compression cycle (Hundy 
et al., 2016).

Figaj et al. (2019) studied an absorption chiller which, is 
used for cooling in a single-floor house. In the experimental 
part, they used the PDC in their system and their computer 
simulations were performed by TRNSYS software based on 
a transient model for a hybrid solar cooling system powered 
by PDC and flat plate collector. Their system is shown in 
Fig. 7. For the investigation of the system’s performance, 
they studied the effects of various time and climatic param-
eters, dish and flat plate collector areas, and energy tariffs. 
They reported the PDC efficiency of 70%, energy saving of 

Fig. 6  Layout diagram for a 
basic circuit of an absorption 
cycle (Hundy et al., 2016)

42621Environmental Science and Pollution Research  (2022) 29:42616–42646



50%, optimal dish area per absorption chiller capacity of 
1.6m2/kW, and payback period between 8 and 23 years for 
their system. Based on their results, the proposed system is 
not so economic because of the low gas and electric tariffs of 
the research location and consequently, the payback period is 
rather long. One proper solution may be replacing lower-cost 
collectors like LFR to reduce the payback period and make 
the system more economical.

Begum et al. (2019) investigated experimentally absorp-
tion cooling cycle with PDC and three fluids, including 
ammonia, water, and hydrogen. They conducted their experi-
ments for 2 days and the temperatures of the generator and 
evaporator were recorded during the experiments. They 
reported the COP of 1.6 at the minimum evaporator tempera-
ture of 23°C and maximum generator temperature of 92°C.

Mehrpooya et al. (2018) focused on an absorption refrig-
eration cycle that can be used to supply both power and 
desalinate water. The system of refrigeration is based on 
ammonia-water absorption and the process of multi-effect 
is used in its desalination section. The refrigeration produc-
tion of the proposed cycle was 820.8 kW. The aspen Hysys 
software simulations and the second law of thermodynam-
ics analysis were performed for all parts of the system. 
They concluded that about 86% of the total rate of exergy is 
destructed for heat exchangers and distillation column. Over-
all exergy efficiency and thermal efficiency for the system 
were 66.05% and 80.70%, respectively. They also reported a 
payback period of 5.783 years and a net profit of 6.828 mil-
lion US$ per year for the aforementioned system.

Patel et al. (2017) focused on the novel cascaded vapor 
compression-absorption system as shown in Fig. 8. This sys-
tem is based on the solar-biomass with the usage of organic 
Rankine cycle (ORC) and can be used as the low-tempera-
ture cooling system. They calculated the solar fraction and 
break-even point via thermo-economic analysis for both 
PDC and LFR and the results are presented in Table 1. It can 

be found that the case of LFR has lower values solar frac-
tion and break-even point and this is due to the lower annual 
efficiency and cost of LFR. They also changed the working 
fluid of ORC and investigated the effects of working fluid by 
calculation of break-even values. They showed that depend-
ing on the value and cost of calorific, the biomass system has 
about 39% and 30% lower values of capital cost and break-
even point, respectively as compared with the solar-biomass 
powered system. As a result, to use their proposed system 
through solar-powered, LFR is more preferred than PDC 
because of its lower cost. In another hand, PDC for a single 
cooling output purpose does not have economic Justification.

Sioud and Garma (2018) focused on the water/lithium 
bromide absorption cooling system with ejector single-effect 
absorption cycle. This system was also coupled with LFR 
as shown in Fig. 9. Due to the usage of ejector single-effect 
absorption cycles instead of ordinary cycles, higher tem-
peratures are needed in this system and this leads to higher 
performance. The optical performance of LFR was stud-
ied through a mathematical model. Some simulations and 
analyses were performed on the system to find the COP of 
the cycle, the optical performance of LFR, chilled water and 
cooling medium temperatures, and solar radiation and ambi-
ent temperature. The maximum COP of 1.03 was recorded 
for the generator pressure of 272 kPa. In this study, the appli-
cation of a novel absorption cycle instead of a traditional one 
leads to higher COP. However, higher temperature is needed 
to satisfy the system requirement. PDC can be a desirable 
option in such systems because of higher operating tempera-
tures with a lower area than LFR. It also may affect collector 
field area reduction and lower capital cost.

Zhou et al. (2017) performed theoretical and experi-
mental studies on the single/double hybrid effect absorp-
tion chiller coupled with LFR and molten salt thermal stor-
age tank. For all components of the proposed system, the 
dynamic mathematical models were used and the results 

Fig. 7  Layout diagram for hybrid dish-flat plate collector absorption chiller designed by Figaj et al. (2019)
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were validated by the experimental data. In addition, the 
second law of thermodynamics analysis was done to deter-
mine a concentration ratio of 30. They reported COP in the 
range of 0.73 to 1.09 for the single/double effect chiller 

and the seasonal thermal COP of 0.88 and the seasonal 
solar fraction of 27.2% for Shanghai summer conditions.

Serag-Eldin (2014) used a mathematical model for the 
absorption chiller with roof-mounted LFR. This system 

Fig. 8  Layout diagram for a novel cascaded vapor compression-absorption system designed by Patel et al. (2017)

Fig. 9  Layout diagram for 
water/lithium bromide absorp-
tion cooling system with ejector 
designed by Sioud and Garma 
(2018)
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was designed to use as the air-conditioning in a desert 
home. The effects of design parameters on the efficiency 
of the system were studied. It was found that all the cool-
ing loads can be responded by the proposed system. 
This system has also less roof space as compared with a 
photovoltaic-based.

Döll et al. (2014) designed an ammonia-water absorption 
chiller with a cooling capacity of 12 kW coupled with LFR 
for the cold storage near Freiburg in Germany. They focused 
on the optimization of the plant. They concluded that by 
using the solar cooling system, five times higher electrical 
efficiency can be achieved and the electrical energy effi-
ciency ratio can be exceeded to 12 in direct cooling.

Popov (2014) studied a gas turbine combined with the 
cycle plant, which was integrated with the solar power sys-
tem. This system was named by the solar-assisted combined 
cycle. In one of the case studies, an absorption chiller was 
considered for cooling of gas turbine that its required steam 
was generated by LFR. Finally, Popov (2014) concluded that 
the usage of absorption chiller leads to lower plant capital 
costs and smaller land area required for the system as com-
pared with the other cases.

Weber et al. (2014) studied two water-ammonia absorp-
tion chillers that were combined with LFR. They investi-
gated the performance for various operation and control 
parameters. Operation temperatures and collector capaci-
ties used in this study are presented in Table 2. An energy 
efficiency ratio (EER) of 12 and 0.8 were determined for 
the electrical and thermal systems, respectively at the ideal 
operating conditions.

Pino et al. (2013) focused on the design and validation of 
a mathematical model developed for the LFR. Water heat-
ing was related to the thermal and optical properties in this 
model. A double-effect absorption chiller in Seville, Spain 
was used for the validation. They also developed a one-axis 
tracking mechanism, which can be used to maximize the 
radiation reception. The optical and thermal errors in the 
model were about 3% and 7%, respectively in comparison 
with the experimental data.

Chemisana et al. (2013) compared two absorption cool-
ing units. The first unit was a single-effect absorption chiller 
coupled with an evacuated tube collector, while the second 
one was the double-effect absorption chiller with LFR. They 
found that the installation area needed for LFR is lower than 
that for the non-concentrating collectors. In addition, LFR 
needs a larger aperture area. Heat rejection in a cooling sys-
tem powered by LFR is lower and this leads to lower opera-
tion and investment costs.

Berger et al. (2012) studied two cascading ammonia-
water absorption chillers, which can be used for industrial 
cooling in the cold room. LFR was used in their system to 
supply the required heat at 200 ◦C  and a cold temperature 
of -12  ◦C  was also achieved.

Robledo et al. (2011) developed a lumped parameter 
dynamic model of a LFR used in a refrigeration cycle. They 
considered their model as a control model or as a simula-
tion tool for testing the controller’s behavior. They validated 
their model with the data achieved from the plant at different 
operating conditions. Finally, they showed that their model 
can reproduce the system behavior with acceptable accuracy 
due to model complexity.

Bermejo et al. (2010) studied experimentally a double-
effect LiBr-water absorption chiller equipped with LFR for 
a cooling plant. They also used a direct-fired natural gas 
burner; because only 75% of the generator’s total heat input 
can be produced by LFR. They investigated the effects of 
some parameters such as LFR size and dirtiness, climatol-
ogy, piping heat losses, operation control, and coupling 
between LFR and chiller. The efficiency of their system is 
presented in Table 2.

In a numerical study, Velázquez et al. (2010) focused 
on an advanced absorption refrigeration system with LFR 
as the generator. They used a one-dimensional numerical 
model of LFR and then validated their numerical result 
with the experimental data. Their numerical results showed 
that using a LFR as a direct generator supplies the energy 
needed for the advanced cooling system. The energy pro-
vided by LFR is 17.9% higher than that supplied by single 
effect water–lithium bromide with the parabolic through the 
collector.

Details of studies conducted on the absorption and 
adsorption cooling cycles with PDC and LFR are presented 
in Table 2. In conclusion, the solar fraction for the PDC is 
higher than LFR. However, the lower cost of LFR leads to 
a lower cost of energy generation and that is the reason for 
the researcher’s tendency to choose LFR heat sources more 
than PDCs in absorption cooling systems. In other words, 
PDCs are economic in the cases that more outputs such as 
power, domestic hot water, space heating, and distilled water 
in addition to single cooling load generation is desirable.

Cryogenics

Cryogenics is the science of production and effects of 
temperatures below approximately -150 ◦C . Among many 
applications of cryogenics, liquid natural gas (LNG) repre-
sents one of the largest and fast-growing industrial usages 
of cryogenics together with the liquefaction and separation 
of air gases as shown in Fig. 10 (Zohuri, 2018). These sys-
tems require a source of energy like solar energy as a power 
generation unit. PDCs have the highest performance among 
all kinds of collectors, as they track the sun in two axes 
throughout a day and concentrate the irradiation absorbed 
by the surface of the collector, onto the absorber, which is its 
focal point. The application of absorber is the conversion of 
the radiant solar energy to thermal energy through working 
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fluid and this converted energy can be used in a variety of 
power generation systems like Rankine power cycle, Brayton 
power cycle, and Stirling engine (Ebrahimi et al., 2020).

Only a few studies are conducted on the cryogenic sys-
tems coupled with the solar collectors. PDC is usually used 
as the collector in these systems and the main application of 
such systems is LNG production. In this section, the studies 
conducted on these technologies are reviewed.

Ghorbani et  al. (2019) performed both energy and 
exergy analysis for a hybrid system that is used to produce 

LNG and freshwater. For the cooling cycle of such a sys-
tem, they used the ammonia-water absorption system. The 
needed cooling load and liquefaction process are provided 
by a refrigeration system with the mixed fluid, which is 
shown in Fig. 11. Two alternatives were considered to sup-
ply the required power and heat for the absorption cycle, 
including the natural-gas-fired power plant and the solar 
power plant with the dish collectors. Their results indi-
cated that the heat exchangers are responsible for the high-
est irreversibilities (61% of irreversibilities). Using solar 

Table 2  Details of studies conducted on absorption and adsorption cooling cycles with PDC and LFR

Author(s)/year Type of research Type of collector Efficiency Main results

Figaj et al. (2019) Theoretical and Experimental DC �dish=70% Energy saving: 70%
Payback period: 8 to 23 years
Optimal dish area per absorption chiller 

capacity of 1.6m2/kW
Begum et al. (2019) Experimental PDC COP = 1.6 Minimum evaporator temperature: 23°C

Maximum generator temperature: 92°C
Mehrpooya et al. (2018) Theoretical PDC �th=80.7%

�ex=66.05%
Refrigerant capacity: 820.8 kW
Payback period: 5.783 years
Net annual profit: 6.828 million US$ per year

Patel et al. (2017) Theoretical PDC and LFR _ PDC/LFR (n-pentane) break-even point: 
7.71/7.43 years

PDC/LFR solar fraction: 0.254/0.179
Different ORC working fluid break-even 

point:
Toluene/ R245fa: 7.85/8.16 years

Sioud and Garma (2018) Theoretical LFR C O P = 1.03
�collector = 0.61

Refrigerant capacity: 60 kW
Generator pressure: 272 kPa
Chilled/cooling water temperatures: 7 ◦ C/ 

25 ◦ C
Zhou et al. (2017) Theoretical and Experimental LFR COP = 0.73 to 1.09 

(single/double 
effect)

Average seasonal cooling capacity: 102 kW
Determination of concentration ratio of 30

Serag-Eldin (2014) Theoretical LFR �cavity = 80% Less roof space is required for the case of 
LFR-based compared with the case of a 
photovoltaic-based system

Döll et al. (2014) Experimental LFR EER: 12 Cooling capacity: 12 kW
Popov (2014) Theoretical LFR - Lower plant capital costs and smaller land 

area required by the usage of absorption 
chiller

Weber et al. (2014) Theoretical and
Experimental

LFR EERth: 0.8
EER.el: 12

Chilled water temperatures:-12 ◦C and 0 ◦C
Total cooling capacity of both chillers: 

25 kW
Pino et al. (2013) Experimental LFR - Optical and thermal model error: 3% and 7%
Chemisana et al. (2013) Theoretical LFR - LFR system needs lower installation area and 

lower operation and investment costs
Berger et al. (2012) Experimental LFR - Cold temperature production: -12 ◦C
Robledo et al. (2011) Theoretical and

Experimental
LFR - A lumped parameter dynamic model of a 

LFR for a refrigeration cycle
Bermejo et al. (2010) Experimental LFR �maxcollector = 0.4

COPmax = 1.25
Nominal cooling capacity: 147 kW
Solar cooling ratio: 0.44

Velázquez et al. (2010) Theoretical and
Numerical

LFR �LFR = 0.63

COP = 0.85
An advanced absorption refrigeration system 

with LFR
cooling capacity: 10.6 kW
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dish collectors causes carbon dioxide emissions reduction 
by 40%, and also increases freshwater and LNG production 
by 95% and 4.7%, respectively. They also reported a total 
energy efficiency of 85.8%. The prime cost for the produc-
tion of both structures was 0.2580 and 0.1784 US$ per kg 
of LNG. According to their results, it is beneficial to use 
PDCs to reduce inappropriate emissions, but this selection 
increases the capital cost by 49.32%. As a result, integrat-
ing the proposed system with lower-cost collectors like 
LFR might be helpful to improve economic parameters.

Ebrahimi et al. (2020) designed the novel integrated 
structure to produce the liquid nitrogen for the gas plat-
forms. The required power for the separation and lique-
faction cycles was provided by PDC thorough the Rank-
ine cycle as shown in Fig. 12. Production of pure liquid 
nitrogen of this cycle was 40.44 kg/h and the cycle power 
of 32.34 kW and the heat generation capacity of 130 kW 
were achieved. They reported an exergy efficiency of 46% 
and total irreversibility of 57 kW for their system. Finally, 
according to their economic analysis, the prime production 

Fig. 10  Cryogenic air separa-
tion plant with distillation 
column towers (Zohuri, 2018)

Fig. 11  Layout diagram for LNG and freshwater solar power plant designed by Ghorbani et al. (2019)
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cost and the payback period were 7.309 years and 1.203 $/
LN2, respectively.

Piadehrouhi et al. (2019) performed a study on an inte-
grated structure for simultaneous generation of power and 
liquefaction of carbon dioxide. An absorption refrigeration 
cycle and PDC were used for the carbon dioxide liquefaction 
and heat supply, respectively in this study. Production of 
pure liquid carbon dioxide of this cycle was 26.27 kg/s and 
the power heat generation capacity for the cycle was about 
179 MW. The exergy analysis showed that the exergy effi-
ciency of the entire system was 60.74% and the total exergy 
destruction was 416 MW. The prime production cost and the 
payback period of the system were 3.3 years and 3.04 cents/
kWh, respectively.

Details of studies conducted on cryogenic cycles pow-
ered by PDC are presented in Table 3. In conclusion, PDC 
is the only solar collector in previous investigations as a 
heat source of gas liquefaction and cryogenic cycles. In 
other words, due to the great potential of PDCs to supply 
high temperatures with high efficiency, the researchers used 
this collector. However, because of LFR’s undeniable role 
in reducing the costs of solar cooling systems, it would be 

necessary to compare both the performance and economic 
parameters of PDC and LFR in cryogenic systems.

Solar hybrid generation cycles

Solar hybrid generation cycles are the new approach in solar 
cooling cycles. They are replaced with traditional cycles, 
which had only one product. In this section, all studies 
conducted on these cycles, in which the number of their 
products is more than one, are classified and reviewed in 
four subsections including, multigeneration, polygeneration, 
cogeneration, and trigeneration cycles. The number of useful 
outputs in the first and second cycles is more than three and 
for the third and fourth aforementioned cycles are two and 
three, respectively. Hybrid generation cycles are efficient 
systems that can generate multiple energies, such as elec-
tricity, and can also be used for cooling, heating, desalina-
tion, and hydrogen production. (Kasaeian et al., 2020) Using 
solar energy in combination with hybrid systems leads to 
the achievement of several high-efficiency outputs with a 
clean source. Solar energy usually can be used in hybrid 

Fig. 12  Block flow diagram of 
integrated structure for produc-
tion of liquid nitrogen with PDC 
designed by Ebrahimi et al. 
(2020)

Table 3  Details of studies conducted on cryogenic cycles powered by PDC

Author(s)/year Type of research Type of collector Efficiency Main results

Ghorbani et al. (2019) Theoretical PDC �th = 85%The power per kg of LNG: 0.19 kWh
Prime cost of both structures: 0.2580 and 0.1784 US$ per kg of 

LNG
Ebrahimi et al. (2020) Theoretical PDC �ex = 46%Production of pure liquid nitrogen: 40.44 kg/h

Cycle power/heat generation capacity: 32.34/ 130 kW
Prime production cost and payback period: 7.309 years and 1.203 

$/LN2

Piadehrouhi et al. (2019) Theoretical PDC �ex = 60.74%Production of pure liquid carbon dioxide: 26.27 kg/s
Cycle power heat generation capacity: 179 MW
Prime production cost and payback period: 3.3 years and 3.04 

cents/kWh
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generation systems using solar collectors to generate heat 
directly or indirectly.

Multigeneration

Ghorbani et al. (2020) studied a multigeneration system 
combined with PDC. The useful outputs of this system were 
power, cooling, and hydrogen. Thorough energy and exergy 
analysis, they reported the overall energy and exergy effi-
ciencies of 90.77% and 92.19%, respectively for their sys-
tem. Moreover, a COP of 0.39 was achieved. Finally, the 
production capacity for the electricity, cooling, and hydro-
gen was 4.36 MW, 1.65 MW, and 2026 kg/h, respectively 
in their system.

Onder et al. (2019) performed a study on a multigenera-
tion system equipped with PDC. The outputs of this system 
were power, cooling, heating, hydrogen, and hot water. They 
calculated the energy and exergy efficiencies of 54.17% and 
50.46%, respectively for their system. They also investigated 
the effects of different parameters such as reference tem-
perature, solar irradiation, thermochemical reaction tem-
perature, and compression pressure on the thermodynamics 
performance of the system. They concluded that an increase 

in solar radiation flux causes an increase in electricity and 
hydrogen production rates of the multigeneration system. 
They also showed the significant impact of ambient tempera-
ture on the system performance. Furthermore, an increase 
in reference temperature increases hydrogen production 
rates and the whole exergy efficiency of the multigeneration 
system.

Hogerwaard et al. (2017) focused on a multigeneration 
system coupled with PDC. This system had different parts, 
including the organic Rankine cycle-based gas turbine, 
absorption chiller, single-stage flash desalination unit, and 
direct space heating system. Through the energy and exergy 
analysis, the energy and exergy efficiencies of 0.284 and 
0.27 were recorded, respectively. Finally, the results showed 
that this system is more promising and sustainable than a 
single heat source system for residential or commercial 
applications.

Ozturk and Dincer (2013) designed a multigeneration 
system equipped with PDC. Their design is shown in 
Fig. 13. Their system has some productions such as power, 
heating, cooling, hot water, hydrogen, and oxygen. They 
reported the energy and exergy efficiencies of 52.71% 
and 57.35% of the system, respectively. They showed that 

Fig. 13  Schematic diagram of a multigeneration system equipped with PDC (Ozturk and Dincer, 2013)
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the highest exergy destruction occurs in PDC. They also 
investigated the effects of operating conditions such as the 
reference temperature, direct solar radiation, and receiver 
temperature. They showed that the increase of the collec-
tor receiver temperature and solar radiation flux affect the 
receiver outputs and increase the exergy efficiency of the 
system. They also concluded that an increase in the refer-
ence temperature affects positively the exergy efficiency 
of hydrogen production, the Rankine, organic Rankine, 
and utilization cycles in addition to the multigeneration 
system. In addition, an increase in reference temperature 
affects inversely the absorption system exergy efficiency. 
Due to their findings, the reason for the highest exergy 
destruction in PDC is the enormous temperature difference 
between the working fluid of the collector and the collec-
tor receiver’s surface temperature. The solution for this 
problem may be the proper design of the receiver and its 
optimization. Furthermore, comparative economic studies 
are needed between PDC and LFR to find the cost-effective 
solar-powered option in these systems.

Rady et al. (2015) focused on a LFR multigeneration 
solar plant. Their plant was capable to produce solar ther-
mal power of 120 kW, electric power of 4.3 kW with organic 
Rankine cycle, and refrigeration of 35 kW with its absorp-
tion chiller. They also compared the potentials of parabolic 
thorough collector and LFR for the usage in their plant 
and found that LFR reduces the operation hours of organic 
Rankine cycle and absorption chiller about 50% and 30%, 
respectively.

The details of studies conducted on multigeneration sys-
tems equipped with PDC and LFR are presented in Table 4. 
It can be concluded that multigeneration systems have many 
outputs and are applicable by both PDC and LFR. The main 
products are the same in all the studies but may differ in one 
or two, such as fresh water and hydrogen production. These 
systems seem to be applicable in power plants rather than 
domestic usage. This shows the need of further studies for 
domestic feasibility potential of them. Moreover, compara-
tive economic studies between LFR and PDC in these cycles 
are preferred to achieve the most cost-effective system.

Polygeneration

Yilmaz et al. (2020) studied a polygeneration cycle equipped 
with PDC as shown in Fig. 14. This cycle can be used to 
produce different useful outputs such as hydrogen, electric-
ity, fresh and hot water, and heating–cooling. The Rankine 
cycle, membrane distillation, and PEM electrolyzer were 
used for the production of electricity, freshwater, and hydro-
gen, respectively. Through the thermodynamics analysis, 
the energy and exergy efficiencies of 58.43% and 54.18%, 
respectively were achieved. Based on their results, the high-
est irreversibility was for PDC with 29.81%, which shows 
the importance of focusing on its receiver design and optimi-
zation. Furthermore, economic studies are needed to evalu-
ate the economic feasibility of these systems.

Ullvius and Rokni (2019) designed the polygeneration 
system equipped with PDC, reversible solid oxide fuel cell, 

Table 4  Details of studies conducted on multigeneration systems equipped with PDC and LFR

Author(s)/year Type of research 
and collector 
type

Type of collector Efficiency Main results

Ghorbani et al. (2020) Theoretical PDC �en = 90.77%

�ex = 92.19%

C.O.P = 0.39

Outputs: power, cooling and hydrogen
Production capacities for electricity, cooling, and hydrogen: 

4.36 MW, 1.65 MW and 2026 kg/h
Onder et al. (2019) Theoretical PDC �en = 54.17%

�ex = 50.46%

Useful outputs: power, cooling, heating, hydrogen, and hot 
water

Increase in electricity and hydrogen production rates of multi-
generation system by increasing solar radiation flux

Significant impact of ambient temperature on the system 
performance

Increase in hydrogen production rates and the whole exergy 
efficiency of multigeneration system by increasing reference 
temperature

Hogerwaard et al. (2017) Theoretical PDC �en = 0.284

�ex = 0.27

Promising and sustainable system for residential or commer-
cial applications

Ozturk and Dincer (2013) Theoretical PDC �en = 52.71%

�ex = 57.35%

The highest exergy destruction component: PDC

Rady et al. (2015) Theoretical LFR - Capacity of electric power production: 4.3 kW
Capacity of refrigeration: 35 kW
Reduction of the operation hours of organic Rankine cycle and 

absorption chiller about 50% and 30%, respectively by usage 
of LFR
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and desalination unit. Their design is shown in Fig. 15. The 
solid oxide fuel cell was used to produce hydrogen, power, 
and freshwater. They reported the capacities of 500 kW and 
8464 L per day for the electricity and freshwater, respec-
tively for their system. Finally, the energy and exergy effi-
ciencies of 19.3% and 26.4%, respectively were achieved for 
this polygeneration system. In another study conducted by 
Rokni (2019) about this system, it was concluded that the 
rate of daily freshwater production is at least 6500 L and 
hydrogen can be produced continuously even on winter days 
with low irradiation.

El-Emam and Dincer (2017) studied a polygeneration 
cycle equipped with PDC. This system can be used to pro-
duce power, cooling, and hydrogen. In this system, biomass 
fuel was considered as the backup source when solar energy 
is absent. Through a thermodynamics analysis, the energy 
and exergy efficiencies of 39.99% and 27.47%, respectively 
were reported. They also performed a parametric study to 
investigate the effects of environmental parameters and oper-
ating conditions on the performance of the system. They 
concluded that the overall efficiency of the system reduces 
with the high receiver temperature, with less influence on 
the exergy efficiency in comparison with energy efficiency. 

Also, they showed that the cost rate is highly affected by the 
receiver temperature. Furthermore, receiver design to obtain 
the optimum temperature for overall efficiency improvement 
is essential in PDC-based polygeneration systems.

Askari et al. (2019) conducted a study on a polygeneration 
system powered by the LFR. They compared their system 
with that powered by photovoltaic panels. The useful outputs 
of this system were power, cooling, and freshwater. They 
also performed a techno-economic comparison between two 
power systems and concluded that the payback period of 
LFR is higher as compared with the photovoltaic panels. In 
this study, the thermal-based system with LFR had a better 
operation in different aspects such as energy-saving, annual 
electricity generation, capital cost, and payback period than 
the electric-based system. Furthermore, a comparative study 
in these types of studies is needed between LFR and PDC to 
determine the best thermal option scenario as thermal and 
economic parameters.

Calise et al. (2019) studied the polygeneration cycle 
powered by a LFR. They compared the results of this 
system with those of the system powered by the evacu-
ated tube solar collector. The useful outputs were heating 
and cooling, hot water, and fresh desalinated water. They 

Fig. 14  Schematic diagram of a polygeneration cycle equipped with PDC (Yilmaz et al., 2020)
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simulated the energy trend of both systems in TRNSYS 
software. They also conducted a thermo-economic analy-
sis for both collectors. They concluded that the evacuated 
tube solar collector is more economic than LFR based on 
their payback period. In this study, the evacuated tube 
collectors were better than LFR in operation. However, 
LFRs are not weak collectors in the polygeneration cycle 
and based on available solar radiation, the high perfor-
mance also can be achieved for them. Hence, for a poly-
generation system with hydrogen production and power 
generation, LFR and PDC are feasible options because of 
their high concentration ratios and operating temperature 
ranges.

The details of studies conducted on polygeneration 
systems equipped with PDC and LFR are presented in 
Table 5. In conclusion, polygeneration systems have vari-
ous outputs and are applicable by PDC and LFR. The 
research works in this field have great potential to be 
continued as the economic aspect in PDC-based systems 
and other outputs such as power and hydrogen in LFR-
based systems are important.

Cogeneration

Jabari et al. (2020) studied a cogeneration system powered 
with PDC. This system can be used to generate power and 
cooling for large buildings on hot and humid days. Dish 
Stirling technology was used in this cycle for air blower 
derivation and provision of the building load. The outlet heat 
of Stirling engine was used in the humidification dehumidifi-
cation desalination unit of this system. They also simulated 
and modeled mathematically their system to investigate its 
performance and feasibility. They concluded that the opti-
mum operating point of the humidification dehumidification 
and Stirling cycles is determined by an approach that not 
only the electricity requirement are obtained and the ther-
mal efficiency of the Stirling cycle is maximized, but also 
the heat extracted from the solar power generation process 
should be equal to the heating demand of the humidification 
dehumidification desalination unit.

Hou and Zhang (2019) investigated a novel cogeneration 
system equipped with a PDC, vacuum thermionic generator, 
and an absorption refrigerator. The maximum efficiency of 

Fig. 15  Schematic diagram of a polygeneration cycle combined with solid oxide fuel cell (Rokni, 2019)
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the system was about 27.06%. They also studied the effects 
of the design parameters, such as absorber temperature of 
PDC, solar concentration ratio, and solar irradiance, on the 
performance of the system. They concluded that solar irradi-
ance, solar concentration ratio, heat transfer area ratio, heat 
transfer coefficient, and ambient temperature have positive 
roles in performance enhancement. Moreover, the efficiency 
of their proposed system could be maximized through 

optimizing parameters, including PDC receiver temperature 
and heat transfer area ratio.

Abdul Shukoor and Reddy (2019) studied a 19 kW PDC-
based cogeneration cycle. They also used the lithium bro-
mide water absorption chiller in their system. The schematic 
diagram of their cogeneration system is shown in Fig. 16. In 
this study, they also performed a thermodynamics analysis, 
which was also validated with experimental data. It can be 

Table 5  Details of studies conducted on polygeneration systems equipped with PDC and LFR

Author(s)/year Type of research 
and collector 
type

Type of collector Efficiency Main results

Yilmaz et al. (2020) Theoretical PDC �en = 58.43%

�ex = 54.18%

Useful outputs: hydrogen, electricity, fresh and hot water, 
and heating–cooling

Ullvius and Rokni (2019) Theoretical PDC �en = 19.3%

�ex = 26.4%

Capacity of electricity generation: 500 kW
Capacity of freshwater production: 8464 L per day

El-Emam and Dincer (2017) Theoretical PDC �en = 39.99%

�ex = 27.47%

Useful outputs: power, cooling, and hydrogen
Reduction of the system overall efficiency with high 

receiver temperature
High effect of the receiver temperature on the cost rate

Askari et al. (2019) Theoretical LFR - Payback period of LFR: 13.97 years
High payback period of LFR as compared with the photo-

voltaic panels
Calise et al. (2019) Theoretical LFR �en = 54% Payback period of LFR: 3.59 years

More economic aspect of the evacuated tube solar collector 
than LFR based on their payback period

Fig. 16  Schematic diagram of cogeneration system equipped with PDC proposed by Abdul Shukoor and Reddy (2019)

42632 Environmental Science and Pollution Research  (2022) 29:42616–42646



found that 2.37 kW and 0.41 kW exergy can be destructed 
in desorber and absorber, respectively.

Bellos et al. (2019) focused on the cogeneration system 
powered with LFR. Their system is displayed in Fig. 17. In 
their proposed system, electricity and cooling were provided 
by organic Rankine cycle and lithium-bromide/water single-
effect absorption chiller. They used Engineering Equation 
Solver software at the steady-state conditions to perform a 
parametric study on this system. They also performed the 
optimization for the dynamic case of the model. Through a 
thermo-economic analysis, the energy and exergy efficien-
cies of 17.5% and 8.3%, respectively were calculated. In 
addition, 8 k€ was dedicated for the net income of the sys-
tem, and 18 MWh was the yearly production of this system. 
Furthermore, the concentrating area for this research was 
enormous for 150  m2, and a PDC was better for this system 
with a smaller size. Moreover, a comparative study is cru-
cial by replacing a PDC with LFR in this system to evaluate 
economic parameters changes.

The details of studies conducted on cogeneration sys-
tems equipped with PDC and LFR are presented in Table 6. 
As a result, cogeneration systems have two main outputs: 
power and cooling. Also, in some works, one product may be 
replaced by desalinated water. In general, researchers prefer 
PDC because of its higher temperature range and smaller 
concentrating area rather than LFR. In PDC-based systems, 
the extracted heat from the Stirling engine can produce 
another output.

Trigeneration

Jabari et al. (2016) studied a novel trigeneration system 
equipped with PDC. This system has useful outputs such 
as electricity, heating, and cooling. Their system was based 
on air to an air heat pump and the required heat was also 
supplied by the dish Stirling engine. They found that this 
system has the potential to considerably decrease  CO2 and 
NOX and also save fuel consumption. They also used the 

Fig. 17  Schematic diagram of cogeneration system equipped with LFR proposed by Bellos et al. (2019)
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thermodynamic approach to investigate the tri-generation 
microgrid. Finally, the results of their proposed trigenera-
tion system indicate that this system can be considered as 
a near-zero energy/greenhouse gas emissions technology, 
especially in the case of demand response programs and 
battery storage systems.

Calise et al. (2013) studied a Photovoltaic/Thermal tri-
generation system. They used the PDC and photovoltaic 
panels to produce power, heating–cooling, and hot water. 
In the case of heating–cooling, an absorption chiller was 
used. Their economic results showed the beneficial aspect 
of the system under a suitable funding policy. They had also 
a parametric investigation on the effects of operating and 
design parameters, such as solar plant area, tank volumes, 
and setpoint temperatures, on the performance of the system. 
Based on their results, the significant potential of energy 
savings of the system under investigation especially in the 
summer was observed. Furthermore, they concluded that 
the external radiation and temperature fluctuations induce 
fluctuations in thermal and electrical productions. They 
also explained that the aforementioned fluctuations could 
be decreased by using the large tank volumes. Although, by 
using large volumes, large thermal losses and high capital 
costs must be considered.

Buonomano et al. (2013) studied a trigeneration system. 
They used the combined unit of PDC and photovoltaic pan-
els in the form of Photovoltaic/Thermal collectors. Their 
system is disclosed in Fig. 18. They designed this system 
to produce electricity and heating–cooling with the usage 
of a two-effect absorption chiller. They also conducted 

mathematical modeling and simulation on their system to 
investigate its performance. They achieved good values for 
the electrical and thermal efficiencies with respect to the 
operating conditions. Moreover, based on the results, their 
system is so expensive because of the usage of triple-junc-
tion PV cells. Hence, further studies are needed to compare 
this system with the fully thermal system by employing dish 
Stirling to obtain the most economical option.

Dabwan et al. (2019) performed a study on a LFR based 
trigeneration system used to provide cooling and produce 
heat and electricity. Schematic diagram of this system is 
displayed in Fig. 19. Thorough a thermo-economic analy-
sis, they found that using this LFR integrated system leads 
to 7.6% decrease in the levelised electricity cost and also 
 CO2 emissions reduction in comparison with the simple gas 
turbine trigeneration plant without LFR. They also devel-
oped an optimum design for their proposed system via a 
conceptual approach. As a result, an LFR-based system is 
a prominent solution to make the system more economical. 
However, this system needs to be compared with the PDC-
powered system to find the most suitable option for high 
energy efficiency.

Nixon et al. (2012) studied the hybrid trigeneration solar-
biomass power plants powered by the LFR. This system can 
be used for power generation and process heat purposes. The 
maximum thermal capacity of this system was in the range 
of 2 to 10 MW. They conducted an economic analysis and 
found that their system is more profitable than other renewa-
ble systems despite its higher levels of energy costs. In com-
parison with a pure biomass system, their proposed system 

Table 6  Details of studies conducted on cogeneration systems equipped with PDC and LFR

Author(s)/year Type of research and collector type Type of collector Efficiency Main results

Jabari et al. (2020) Theoretical PDC - Achievement of electricity require-
ment and maximization of the ther-
mal efficiency of the Stirling cycle 
in the optimum operating point of 
the humidification dehumidifica-
tion and Stirling cycles

Hou and Zhang (2019) Theoretical PDC �en = 27.06% Positive roles of solar irradiance, 
solar concentration ratio, heat 
transfer area ratio, heat transfer 
coefficient and ambient tempera-
ture in the performance enhance-
ment

Maximization of the efficiency of 
proposed system through optimiz-
ing parameters including PDC 
receiver temperature heat transfer 
area ratio

Abdul Shukoor and Reddy (2019) Theoretical and experimental PDC C.O.P = 4.3 Total irreversibility for desorber and 
absorber: 2.37 kW and 0.41 kW

Bellos et al. (2019) Theoretical LFR �en = 17.5%

�ex = 8.3%

The net income of the system:, 8 k€
System yearly production: 18 MWh
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has a longer payback period. However, 3.2 times increase 
in the feedstock makes their system affordable. They also 
observed that using the Fresnel-based system leads to a 29% 
save in biomass and land but also increases the levels of 
energy cost and exergy loss.

The details of studies conducted on trigenration systems 
equipped with PDC and LFR are presented in Table 7. In 
conclusion, trigeneration systems have at least three main 
outputs, and the type of output can be different according to 
the system’s design. These systems can be integrated with 
other heat and energy sources like photovoltaic panels and 
biomass power plants. Furthermore, the large-scale applica-
tion of these systems is rather than residential usage.

Combined cooling, heating, and power 
systems

In this section, studies conducted on the combined cooling, 
heating, and power (CCHP) cycle are reviewed. Although 
this cycle has a similar structure to those investigated in the 
previous sections, it can be used to provide cooling, heating, 
and power, separately. As a result, it is important to focus on 
this cycle in a separate section.

Wu et al. (2020) proposed a novel steam/air biomass 
system in combination with the CCHP system powered by 

PDC. In this system, high-temperature steam produced by 
PDC acts as a biomass gasification agent. According to their 
study, reaction kinetics models of steam biomass gasification 
using solar energy were developed and also thermodynam-
ics performance has been studied numerically. It was found 
that under certain conditions, the primary energy efficiency 
of 51.34% can be achieved. Based on local weather, the off-
design performance of the system and the annual energy-
saving potential were investigated. In addition, to analyze 
the feasibility of this system, an economic analysis was also 
performed. According to the economic analysis, the payback 
period of the proposed system was determined 2.70 years, 
which is 3.94 years less than the reference system. Moreover, 
they showed that based on the economic benefit, there is no 
reduction in the total investment and maintenance costs of 
the hybrid system, but an increase in the annual electricity, 
heating, and cooling profits can be observed.

Wu et al. (2019) performed the exergy and exergoeco-
nomic analysis for a novel CCHP system. This system was 
based on solar thermal biomass gasification. The required 
heat of the system was supplied by using PDC. The gas pro-
duced is used for driving the internal combustion engine to 
generate electricity. The chilled/hot water is also produced 
by a waste heat unitization system. The results of this study 
revealed that about 49.2% of the total exergy loss of the 
system occurs in the internal combustion engine.

Fig. 18  Schematic diagram of trigeneration system powered with PDC proposed by Buonomano et al. (2013)
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Su et al. (2018a, b) studied the potentials of biogas for 
the usage in CCHP system powered with PDC. Their system 
is displayed in Fig. 20. The results showed that the use of 
solar energy and biogas in the proposed system improves the 
annual electricity production and the refrigeration capacity 
about 8.70% and 2.57%, respectively, and reduces the natural 
gas consumption by 8.66%. Their proposed hybrid CCHP 
with solar or biogas energy is applicable in industrial sites 
like milk plants. Moreover, a fully solar-powered system is 
enough for small-scale residential applications.

In another study, Su et al. (2018a, b) designed a PDC-
based CCHP system. They used the optimization model 
based on the comprehensive evaluation criteria that were 
developed under Lhasa Tibet weather data. They optimized 

the key parameters of the CCHP and the electric load by the 
genetic algorithm. Based on their results, the biogas-fired 
CCHP and PDC/Stirling power system reduce the natural 
gas consumption and electricity received from outside the 
system by about 3.3% and 77.8%, respectively.

Su et al. (2017) studied a PDC-based CCHP integrated 
with the biogas energy system. In their system, the caloric 
value of biogas was enhanced before combustion by the spe-
cial solar heat based on the thermochemical process. With 
the usage of PDC, the exergy efficiency of the system was 
enhanced and carbon dioxide footprint was also decreased. 
Their thermodynamic investigation showed that the energy 
and exergy efficiencies of 46.8% and 26.49%, respectively 
were achieved. The carbon dioxide was also decreased by 

Fig. 19  Schematic diagram of 
trigeneration system equipped 
with LFR proposed by Dabwan 
et al. (2019)

42636 Environmental Science and Pollution Research  (2022) 29:42616–42646



about 18.27% in this system. They also studied the criti-
cal parameters and performed a dynamic simulation of the 
system. They concluded that the steam/carbon ratio selec-
tion affects the optimum carbon dioxide footprint and exergy 
efficiency of the system.

Moradi and Mehrpooya (2017) studied a CCHP sys-
tem powered with PDC and integrated with SOFC. They 
designed this system for a commercial tower in Tehran. They 
developed a MATLAB software electrochemical model for 
the SOFC used in the system. They recorded the values of 

79.49%, 48.73%, and 41.49% for the thermal, electrical, and 
SOFC efficiencies, respectively. They also showed that 3.47 
million dollars is needed for investment and 3.43 years is the 
payback period of this system.

Marefati et al. (2019) focused on a new LFR based CCHP 
cycle. The schematic diagram of their system is shown in 
Fig. 21. It can be seen that this system consisted of a SOFC, 
double-effect absorption chiller, Stirling engine, and steam 
turbine. They conducted a thermodynamic analysis on 
their proposed system. The values of 67.5%, 55.6%, and 

Table 7  Details of studies conducted on trigenration systems equipped with PDC and LFR

Author(s)/year Type of research 
and collector 
type

Type of collector Efficiency Main results

Jabari et al. (2016) Theoretical PDC - Capability of  CO2 and NOX reduction and saving in fuel consump-
tion

Achievement of near-zero energy/greenhouse gas emissions tech-
nology especially in the case of demand response programs and 
battery storage system

Calise et al. (2013) Theoretical PDC - Significant potential of energy savings of the system under investi-
gation especially in the summer

Effect of external radiation and temperature fluctuations on fluctua-
tion in thermal and electrical productions

Buonomano et al. (2013) Theoretical PDC - Achievement of good values for the electrical and thermal efficien-
cies with respect to the operating conditions

Dabwan et al. (2019) Theoretical LFR - 7.6% decrease in levelised electricity cost and also  CO2 emissions 
reduction in comparison with simple gas turbine trigeneration 
plant without LFR

Nixon et al. (2012) Theoretical LFR - Economically profitable than biomass despite its higher energy and 
exergy loss costs

Long payback period for proposed system in comparison with a 
pure biomass system

Affordability of system due to 3.2 times increase in the feed stock

Fig. 20  Schematic diagram of CHP cycle equipped with PDC designed by Su et al. (2018a, b)
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12,560 kW were achieved for the energy efficiency, exergy 
efficiency, and irreversibility of the system, respectively. 
Finally, they conducted the sensitivity analysis to determine 
the effect of system parameters like inlets flow rate, the out-
let pressure of the components, and temperature changes of 
the solar system on the hybrid system performance. They 
concluded that an increase in the flow rate of fuel causes a 
reduction in the thermal efficiency of the proposed system. 
Also, an increase in the flow rate of fuel reduces the total 
exergy efficiency of the CCHP cycle. Based on their results, 
their proposed system is very sensitive to the temperatures of 
stream numbers 25 and 26 (see Fig. 21). With the increase of 
this parameter, the exergy efficiency and destruction of LFR 
for stream 25 increases and decreases, respectively.

Moaleman et al. (2018) performed a study on the LFR/
photovoltaic-based CCHP system. The TRNSYS software 
was used to simulate the system. The system was designed 
for a typical residential building. The electricity demand of 
the building cannot be totally provided by the proposed sys-
tem and 6030 kWh of the electrical energy must be supplied 
by the grid. The values of 12.8% and 58.01% were achieved 
for the electrical efficiencies of the LFR and CCHP cycle, 
respectively.

The details of studies conducted on CCHP systems 
equipped with PDC and LFR are presented in Table 8. In 
conclusion, CCHP systems are preferable renewable-based 
systems with residential applications. It has three main out-
puts that can support all the ventilation and power demand 

of a building all over the year. It is common to combine 
CCHP systems with other renewable sources like biomass 
and SOFC, especially for larger energy demand applica-
tions. However, PDC and LFR can also supply all the energy 
demands of these systems. It is crucial to compare PDC and 
LFR for a CCHP system in different aspects of energy and 
economic to provide the best commercial CCHP for resi-
dential applications.

Hydrogen production and cold thermal 
energy storage

The methods involved for hydrogen production from the 
solar source have achieved a degree of maturity and effec-
tiveness thanks to the forthcoming of new technological 
ideas and the formation of modern solar thermodynamic 
bases. These technologies enable the conversion of solar 
radiations into heat with a temperature ranging between 200 
◦C and 2000 ◦C and with a maximum efficiency of 70%. This 
primary heat will later be converted to hydrogen energy. 
Several various pieces of research have been conducted 
for the usage of solar energy as the main source of energy 
production. The methods of hydrogen production employ-
ing solar energy are featured in Fig. 22 (Ngoh and Njomo, 
2012).

In this section, the studies conducted about the hydro-
gen production and solid oxide fuel cell and also the cold 

Fig. 21  Schematic diagram of 
LFR-based CCHP system pro-
posed by Marefati et al. (2019)
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Table 8  Details of studies conducted on CCHP systems equipped with PDC and LFR

Author(s)/year Type of research and collector 
type

Type of collector Efficiency Main results

Wu et al. (2020) Theoretical PDC �th,avg = 45.56%. Payback period of the proposed 
system is 2.70 years

No reduction in the total invest-
ment and maintenance costs of 
the hybrid system and increases in 
the annual electricity, heating, and 
cooling profits based on economic 
benefit

Wu et al. (2019) Theoretical PDC - 49.2% of the total exergy loss occurs 
in internal combustion engine

Su et al. (2018a, b) Theoretical–Experimental PDC - Improvement of annual electricity 
production: 8.70%,

Improvement of refrigeration pro-
duction: 2.57%

Reduction of natural gas consump-
tion: 8.66%

Su et al. (2018a, b) Theoretical PDC - Reduction of natural gas and 
electricity consumption: 3.3% and 
77.8%

Su et al. (2017) Theoretical PDC �th = 46.8%

�ex = 26.49%

Enhancement of caloric value of 
biogas

Reduction value of carbon dioxide: 
18.27%

Moradi and Mehrpooya (2017) Theoretical PDC �th = 79.49%

�el = 48.73%

�SOFC = 41.49%

Investment cost: 3.47 million dollars
Payback period: 3.43 years

Marefati et al. (2019) Theoretical LFR �en = 67.5%

�ex = 55.6%

Reduction of the thermal and total 
exergy efficiency of proposed 
CCHP cycle through an increase in 
the flow rate of the fuel

Moaleman et al. (2018) Theoretical LFR �el,LFR = 12.8%

�el,CCHP = 58.01%

Application in residential building
Demand of 6030 kWh of electrical 

energy from the grid in addition to 
proposed system

Fig. 22  A schematic diagram 
of the methods of hydrogen 
production from solar energy 
proposed by Ngoh and Njomo 
(2012)
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thermal energy storage systems used in the cooling plants 
equipped with the PDCs and LFRs are reviewed. It should 
be noted that the hydrogen in these multigeneration systems 
is one of the major outputs. Due to the special focus on 
hydrogen production in these systems, a separate section is 
considered for this topic in this review study. In addition, the 
cold thermal energy storage systems used in the refrigeration 
cycles coupled with the PDCs are also reviewed.

Koc et  al. (2020) studied a combined power plant 
equipped with the PDC and biomass gasifier. This system 
was developed for the production of liquefied hydrogen. In 
addition to the hydrogen, their system was also able to gen-
erate the power and hot water and provide heating–cooling. 
The production rates for this plant were 3.9 MW, 6584 kW, 
4206 kW, and 0.087 kg/s for the electricity, cooling, heat-
ing, hydrogen, and hot water, respectively. The values of 
51.93% and 47.14% were reported for the energy and exergy 
efficiencies of this system, respectively. In this study, they 
also investigated the effects of some parameters, such as the 
reference temperature, solar radiation intensity, gasifier tem-
perature, combustion temperature, and parameters related 
to the Brayton and organic Rankine cycles. They concluded 
that the increase of reference temperature causes a reduc-
tion in the energy and exergy efficiencies of the single-effect 
absorption cooling process. The energy and exergy efficien-
cies of the whole plant increase. Moreover, an increase in 

solar intensity rate makes an increase in plant performance. 
They also reported a rise in gasifier and gasification tempera-
ture, causing a reduction in the exergy destruction rate of the 
entire system. Finally, they showed that a rise in combustion 
temperature increases the thermodynamic efficiency of the 
proposed plant.

Ghorbani and Mehrpooya (2020) focused on the idea of 
refrigeration storage for usage in industrial applications. 
Their system is shown in Fig. 23. It can be seen that there is 
a hybrid solar-driven refrigeration system, which is coupled 
with the cold thermal energy storage unit. The PDC is also 
used in this system to provide the power required to drive 
the water-ammonia absorption cycle. The method consid-
ered for the storage of exceeding produced refrigeration in 
their system was based on the phase change material (PCM) 
system. The cold energy stored in the PCM was used at night 
time. They also performed the simulations on this system 
with TRNSYS, HYSYS, and MATLAB software. They 
observed that the exergy destruction rate of PDC is 77.33% 
and the exergy efficiency of the whole system is 45.14%. 
One crucial point about this PDC-based system is relative 
high exergy efficiency of PDC with low irreversibility, which 
is beneficial to reach a lower amount of exergy destruction 
to improve the system efficiency.

Yilmaz et al. (2019) studied a multigeneration system 
powered by the PDC. The hydrogen, heating, cooling, 

Fig. 23  Schematic diagram of refrigeration storage system equipped with PDC proposed by Ghorbani et al. (2020)
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drying, and power were the outputs of this system. The 
layout diagram of this system is displayed in Fig. 24. The 
results of this study showed that the PDC has the highest 
irreversibility rate of 24,750 kW. In addition, the values of 
48.19% and 43.57% were reported for the energy and exergy 
efficiencies, respectively. The effects of different parame-
ters such as the reference temperature, solar irradiation, and 
related pressure of high-pressure turbine were investigated. 
They concluded that the increase of reference temperature of 
the system causes an increase in exergy efficiency, whereas 
reduces irreversibility rate. Moreover, it can be concluded 
that an increase in solar irradiation has a positive effect on 
the exergy efficiency of the whole plant. Finally, an increase 
in the input pressure of a high-pressure turbine causes an 
increase in the exergy performance of the entire system. As a 
result, hydrogen production in a PDC-based multigeneration 

system is efficient because these systems have good potential 
in terms of energetic and exergetic efficiencies.

Sanz-Bermejo et al. (2014) used the solid-oxide elec-
trolysis cells (SOEC) to produce the hydrogen. SOEC in 
this study worked at the operating temperature in the range 
of 600 to 1000ºC. The power of SOEC was supplied by 
the LFR. The castable ceramic thermal energy storage unit 
was also used in this system. They considered two cases, 
including the case about the direct use of produced hydrogen 
for bus refueling stations and the case of storing produced 
hydrogen for the later usage of electricity production.

The details of study conducted about hydrogen produc-
tion and cold thermal energy storage systems powered 
with PDC and LFR are presented in Table 9. It can be con-
cluded that hydrogen production has received many atten-
tions in recent years, especially in combination with hybrid 

Fig. 24  Layout diagram of 
multigeneration system with 
hydrogen production designed 
by Yilmaz et al. (2019)
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generation systems. It is possible to produce hydrogen by 
both PDC and LFR, but PDC is preferable because of the 
high temperature and efficiency. Cold thermal energy storage 
is currently under development and investigation, and only a 
few studies have used the PDC in such systems. However, it 
is necessary to use this method and investigate its operation 
in LFR-based system.

Conclusions and future works

In this paper, a review was conducted on the solar-powered 
cooling systems coupled with the parabolic dish collector 
and linear Fresnel reflector. The solar-powered conventional 
absorption chiller and cryogenic systems were investigated. 
The hybrid cooling solar systems and solar-based combined 
cooling, heating, and power systems were also studied. 
Finally, hydrogen production in the cooling integrated sys-
tems and cold thermal energy storage were discussed. The 
main results of this review are summarized as follows:

• The absorption and adsorption cooling cycles in the form 
of a hybrid cooling plant can be powered by the PDC., 
The LFR can be used in common absorption chillers. 
The PDC-based absorption chillers are more complex 
and efficient systems and the LFR based cooling systems 
are more economic and cheaper.

• Solar cryogenic systems are a new technology used in 
solar cooling and there is a lack of study about the appli-
cations of LFR in these systems. For PDC-based systems, 
a few theoretical studies are conducted bout gas liquefac-
tion and LNG production.

• There are different solar hybrid generation systems such 
as multigeneration, polygeneration, cogeneration, and 
trigeneration systems. The literature review showed that 
most of the studies conducted in this field are theoretical 
and very little experimental data is available. The com-
mon outputs of these systems are electricity, desalinated 
and freshwater, heating–cooling, domestic hot water, 
and hydrogen. In these systems, it is important to design 

a compact plant to supply all the energy required in a 
building. The previous studies showed that PDC is pref-
erable in these solar hybrid generation systems due to its 
higher efficiency.

• CCHP systems are similar to hybrid generation systems. 
However, they have special outputs and applications. One 
important feature of CCHP systems is the potential of 
these systems for the combination with a biogas system. 
These systems can be used in residential buildings.

• Hydrogen production by renewable resources is a rather 
new topic for study. The plants of hydrogen produc-
tion integrated with solar cooling systems have mostly 
appeared in the hybrid generation plant. The hydrogen 
production unit and solid oxide fuel cell-powered with 
PDC and LFR were designed. Cold thermal energy stor-
age is a smart technique to make the system sustainable 
as the non-stop supplement of refrigeration, especially in 
the nighttime.

Based on this literature review, the following suggestions 
are provided for future studies:

• More experimental studies should be conducted on 
the hybrid systems powered by both PDC and LFR to 
compare their performance in real conditions. Hybrid 
cascaded vapor compression-absorption systems have a 
good potential for the combination with the PDC and 
LFR. More theoretical and experimental studies should 
be conducted in this field.

• LFR based cryogenic systems are a rather new topic for 
the investigation and more studies are needed to compare 
their performance and economic results with PDC-based 
systems. There is also a lack of experimental data about 
the PDC-based gas liquefaction systems.

• There are a few studies about the multiple generation 
systems combined by LFR and this can be the subject of 
future studies.

• There is a lack of experimental data for the CCHP sys-
tems, such as solar hybrid generation systems, pow-
ered by both PDC and LFR. These systems have a high 

Table 9  Details of study conducted about hydrogen production and cold thermal energy storage systems powered with PDC and LFR

Author(s)/year Type of research 
and collector type

Type of collector Efficiency Main results

Koc et al. (2020) Theoretical PDC �en = 51.93%

�ex = 47.14%

Production rates for power, hot water, and heat-
ing–cooling: 3.9 MW, 6584 kW, 4206 kW, 
and0.087 kg/s

Ghorbani and Mehrpooya (2020) Theoretical PDC �ex = 45.14% Cooling capacity: 373.7 kW
Exergy destruction rate for PDC: 77.33%

Yilmaz et al. (2019) Theoretical PDC �en = 51.93%

�ex = 47.14%

Irreversibility of PDC: 24750 kW

Sanz-Bermejo et al. (2014) Theoretical LFR �en = 43.1% Capacity of hydrogen production: 500 kg/day
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potential for usage in residential buildings. More stud-
ies must be conducted to provide a low-cost and simple 
design of these systems.

• Solar-based hydrogen production systems have a high 
potential for future studies. Some studies can also be 
conducted on high-performance PDC and LFR plants 
used to produce and store hydrogen energy. Cold ther-
mal energy storage in LFR based plants can be the sub-
ject of the future studies.
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