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Abstract

:

Solar cooling systems are widely used in the building sector, as they can utilize low-grade solar energy to reduce carbon emissions. To improve the thermodynamic performance and economic performance of solar cooling systems, solar cooling systems driven by photovoltaic–thermal (PVT) collectors have been widely studied. This paper reviews the recent research on the technological improvement of PVT collectors, the development of thermally driven cooling cycles, and the performance of solar cooling systems driven by PVT collectors. Innovative heat sink structures and the utilization of a high-thermal-conductivity coolant are employed to increase the solar-energy-conversion efficiency of PVT collectors. The use of thermal and mechanical two-stage compression and cascade cooling expands the lower temperature limit of the heat source required for the solar cooling cycle. In addition, specific examples of solar cooling systems driven by PVT collectors are reviewed to explore their thermodynamic and economic performance. Finally, the technical developments in and prospects of different types of PVT collectors and solar cooling systems are explored in an attempt to provide some insight to researchers. This study shows that the PVT collector’s electrical and thermal efficiencies can be improved by 0.85–11% and 1.9–22.02%, compared to those of conventional PV systems and PVT systems based on water cooling, respectively. Furthermore, the lower limit of the heat source temperature for the new thermally driven cooling system expands by 4–20 °C. Finally, the performances of solar cooling systems driven by PVT collectors show a minimum payback period of 8.45–9.3 years, which proves favorable economic feasibility.
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1. Introduction


With the increase in industrial manufacturing requirements and people’s demands for residential comfort, the energy consumption for refrigeration has reached a new high level. The International Institute of Refrigeration in Paris (IIF/IIR) has reported that refrigeration and air-conditioning processes consume about 15% of the electricity produced globally, while the energy consumption for air-conditioning systems in households and commercial buildings has accounted for up to 45% [1]. However, the main part of electricity consumption is non-renewable energy. It is reported by Our World In Data that 84% of global primary energy comes from fossil fuels [2]. Since these critical issues are caused by the use of fossil fuels, our dependence on them must be reduced.



Using renewable energy to replace fossil fuels is an effective way to reduce carbon emissions and slow down global warming. Among the many renewable energy sources, solar energy has received a lot of attention because of its cleanliness, large availability, and inexhaustible nature. Therefore, the collection, conversion, and utilization of solar energy to drive cooling systems can reduce energy consumption. Solar cooling systems consist of solar energy conversion systems and cooling systems. The most direct way to convert and utilize solar energy is by converting solar radiation into electricity through photovoltaic (PV) cells or by using solar thermal collectors to receive solar radiation to obtain heat. Therefore, the main configurations of solar cooling systems are electrical cooling systems based on PV generation and thermal cooling systems driven by the collected solar radiation. Among the mentioned thermal cooling systems, the most common are absorption cooling systems, adsorption cooling systems, injection cooling systems, and desiccant cooling systems. A common characteristic shared by these systems is the availability of low-grade heat sources, which makes them potentially compatible with the intermittent and inhomogeneous nature of solar radiation. However, solar thermal collectors can only utilize solar radiation to produce thermal energy for domestic hot water and industrial heat applications without electrical output. Meanwhile, in the process of photovoltaic power generation, less than 20% of the solar radiation energy is converted into electricity, while the remaining part is absorbed by PV cells in the form of heat or reflected into the environment [3]. Moreover, the conversion efficiency of PV cells decreases as the operating temperature increases [4]. All of the above options utilize the energy of solar radiation in only one way. Therefore, photovoltaic–thermal (PVT) collectors that can combine electrical and thermal energy output are known as a better choice for driving solar cooling systems.



A PVT collector consists of PV cells and a heat sink module and converts solar radiation into electricity while collecting solar heat through a cooling medium. This feature of the PVT collector significantly increases its efficiency in harnessing solar radiation. Many researchers have investigated different PVT heat sink modules. For example, Singh et al. [5] conducted a simulation study of a PVT system based on a spiral flow absorber. The results show that the electrical efficiency of the PVT system with cooling can be improved by 0.4–0.5% compared to the conventional PV system. Hocine et al. [6] comparatively studied two different types of PVT heat sink modules, and the maximum electrical and thermal efficiencies obtained were 12.7% and 36.32%. As a result, solar cooling systems based on PVT collectors have been widely studied and recognized by the industry and have proven to be an effective way to reduce energy consumption from cooling systems. Beccali et al. [7] investigated the performance of a desiccant cooling system driven by PVT collectors in two application scenarios. The results show that the maximum ratio of primary energy saved by the proposed system is 70–93%. Additionally, economic analysis shows that the proposed system exhibits decent economic benefits for a maximum public investment of 30% and doubled energy prices. Calise et al. [8] proposed a solar CCHP system based on PVT collectors and performed an energy and economic analysis. The economic analysis shows that the studied system has a minimum simple payback period of up to 5.4 years and is eligible for profitability when supported by appropriate policies and is able to deliver electricity to the grid. In addition, flat-plate PVT collectors have lower investment costs and easier maintenance requirements than concentrating PVT collectors or tower receivers due to their simpler structure. Although concentrating PVT collectors and tower receivers can significantly increase the temperature of the produced solar heat up to 1000 °C, the excessive temperature can lead to a sharp decline in the electrical efficiency of PV cells and a loss of performance. While the overall gain of PVT collectors is influenced by PV generation [9], PVT collectors that combine high electrical efficiency and decent solar thermal production capacity are a better choice as the prime mover in a solar cooling system.



In recent years, researchers have pointed out many directions for improving the performance and energy-saving benefits of solar cooling systems. Among them, researchers are interested in enhancing the efficiency of PVT collectors. Since photovoltaic power generation dominates the energy gains of PVT collectors, it is not desirable to sacrifice this gain in favor of attempts to improve the heat transfer performance of PVT collectors. In recent years, PVT collectors have been studied in an attempt to enhance their heat-transfer characteristics while maintaining their electricity generation, such as improving the tube and plate structure of PVT collectors and adding nanoparticles to the coolant to increase the thermal conductivity, while some researchers have combined various measures to maximize the solar energy utilization of PVT collectors. Additionally, there is the issue of the low solar heat temperature produced by PVT collectors, which is below 85 °C under most climatic conditions [10]. Therefore, thermally cooling systems driven by PVT collectors need to be equipped to operate at a low drive temperature [9]. Researchers have improved solar cooling systems driven by PVT collectors by reducing the source temperature required for thermally driven cooling systems via combining thermal and mechanical two-stage compression processes, cascade cooling, etc. As such, the technical improvements made to PVT collectors are introduced in Section 2, the thermally driven cooling systems utilizing low-temperature heat sources proposed by researchers in recent years are introduced in Section 3, and Section 4 will summarize the solar cooling systems driven by PVT collectors, while the primary concerns and challenges are concluded in Section 5. Additionally, recommendations and a future outlook are given in Section 6. Finally, the conclusions of this study are summarized in Section 7.




2. Photovoltaic–Thermal Collectors


PVT collectors serve as windows for collecting solar radiation and provide power as prime movers when combined with thermally driven cooling systems, so improving the efficiency of PVT collectors in utilizing solar radiation is the focus of current research. Studies in recent years have focused on improving the heat transfer characteristics of PVT collectors, including employing innovative heat exchange structures and improving the thermal conductivity of the coolant (e.g., adding nanoparticles to coolant), etc. Most of the improvement effects have been evaluated in terms of energy efficiency.



2.1. Photovoltaic–Thermal Collectors with Innovative Heat Exchange Structure


Researchers have enhanced the heat transfer performance of PVT collectors mainly by improving the shape and arrangement of flow channels, modifying the cross-sectional geometry of flow channels, and adding inserts into the flow channels.



Among all the cross-sectional geometries, the circle is the most conventional and widespread, and researchers have modified the shape of the flow channels to enhance the heat-transfer characteristics of PVT. Boumaaraf et al. [11] carried out numerical simulations and experimental verifications of the PVT system with serpentine tubes in a semi-arid region. The system had been proved to offer an efficient energy supply for individual homes in semi-arid areas. Ma et al. [12] used sheet-and-plain tubes to cool their PVT system, and iron filings were used as the filling material for the insulation. Kazem et al. [13] recommended spiral flow as the flow channel arrangement after comparing three kinds of flow channel shapes (direct flow, spiral flow, and web flow). The specific channel shapes are shown in Figure 1. Since the results show that the PVT system with spiral flow channels had an average PV temperature of 45.2 °C at a mass flow rate of 40 kg/h, which was lower than those of the rest of the flow channel configurations. Meanwhile, Misha et al. [14] designed a new type of dual oscillating tubes for the cooling of PVT systems. All of the above studies generally exhibited about 10% improvement in PV efficiency compared to conventional PV systems.



Beyond that, researchers have also explored the effect of other flow channel cross-section geometries on the heat transfer characteristics of PVT systems. Kianifard et al. [15] utilized a serpentine half-circular tube instead of a circular tube to cool their PVT system. The results indicate that increasing the number of pipe rows can significantly improve the thermal efficiency but reduces the electrical efficiency. Hissouf et al. [16] conducted a comparative study of circular, half-circular, and square tubes. The results all show the higher performance of the half-circular tubes compared to the circular one. Poredoš et al. [17] tested three types of roll-bond (serial, parallel, and bionic) heat exchangers, as shown in Figure 2. The results show that the bionic configuration enables a significantly lower pressure drop, of 385 Pa, than the parallel configuration, with an average pressure drop of 787 Pa. Pang et al. [18] investigated the heat transfer characteristics of rectangular and arch cross-section channels shown in Figure 3 and then obtained the optimum ratio of size and space. The results show that the arch cross-section was superior. In particular, a fluid channel with periodically varying cross-sectional shape was proposed by Shahsavar et al. [19] and demonstrated better thermal performance. In addition, Ramdani et al. [20] designed a rectangular fluid channel arranged above the PV cell, as shown in Figure 4a. As described in Figure 4b, the absorption coefficient of water increases within the radiation wavelength range of >750 nm, which corresponds to the wavelength range of infrared radiation. Thus, the fluid simultaneously functioned as a thermal energy transmitter and a filter. The results show that the PVT system with this design obtained a more uniform and lower PV cell temperature below 68 °C.



Finally, a series of inserts and twisted tubes are introduced to further enhance the fluid disturbance. Maadi et al. [21,22] investigated the effect of conical-leaf inserts and wavy inserts added into the tubes on the heat transfer characteristics of their PVT system by simulation, and the corresponding images of the inserts are shown in Figure 5a,b. Although the addition of these two inserts results in a 13.26–36.26-fold increase in pressure drops, the results of the studies indicate that the ratio of pumping power to PVT system electrical output power is negligible in the 10−6 order of magnitude. In particular, Kalateh et al. [23] welded twisted tapes (clockwise and counter-clockwise) into riser tubes to enhance the heat transfer performance of their PVT system. The schematic of the twisted tubes is shown in Figure 5c. The specific details of the above study are summarized in Table 1.




2.2. Photovoltaic–Thermal Collectors with Nanofluids


In addition, researchers are also aiming to modify the coolants used in PVT systems to lower the operating temperatures of PV cells, collect more thermal energy, and maximize the utilization of solar radiation. Among them, the addition of nanoparticles to the base fluid to enhance the thermal conductivity of the coolant has been a hot topic in recent research.



Water is a widely used and reliable coolant and has been widely studied and applied in the cooling processes of PVT systems. Therefore, in recent years, many researchers have focused on water as a base fluid to which various types of nanoparticles (metals and their oxides, nonmetals and their oxides, etc.) have been added to improve the heat transfer characteristics of the coolant. Ould-Lahoucine et al. [24] created numerical simulations of a PVT system configured with rectangular channels using TiO2/water nanofluid. The results of the study show that the use of TiO2/water nanofluid yields a very limited increase in the outlet temperature compared to pure water. Subsequently, Menon et al. [25] performed an experimental study on an unglazed PVT system to compare the effects of water and CuO/water nanofluid on the performance of the system and obtained an average of 20.78% and 35.67% improvement in electrical and thermal efficiencies. Shahsavar et al. [26] added magnetite nanoparticles to water to enhance the thermal conductivity of the coolant. It was revealed that the nanoparticle concentration and mass flow rate have a positive effect on the thermal efficiency and thermal exergy efficiency of the PVT system. Furthermore, comparative studies between metal nanoparticles have been carried out to provide some guidelines. In a study by Hissouf et al. [27], Cu and Al2O3 were added to a base fluid (water) to test and analyze the energy performance of the PVT system. It suggested that the Cu/water nanofluid was more effective compared to the Al2O3/water nanofluid. Jia et al. [28] conducted a numerical analysis of PVT systems using Al2O3/water and TiO2/water nanofluids. The results show that the performance of Al2O3/water nanofluid was superior, and the thermal power of the PVT collector increased with the increase in nanoparticle volume concentration, which showed a positive correlation. Alsalame et al. [29] conducted a comparative study to determine the performance of systems using CuO/water and Al2O3/water nanofluids as coolants. The results show the superiority of CuO/water nanofluid. The above study demonstrates that among metal nanoparticles, the oxides of Cu and Cu can lead to superior performance improvement in nanofluids due to their good thermal conductivity.



For non-metallic nanoparticles, Esmaeilinasab et al. [30] and Gelis et al. [31] both chose SiO2 as nanoparticles to be added to water and achieved decent performance of PVT systems. Notably, Sreekumar et al. [32] tested the performance of the MXene(Ti3C2)/water nanofluid. The results show that although the pressure drop yielded by MXene/water nanofluid was up to 88% higher than that of water, the pump’s power was low, and the heat transfer performance of the nanofluid was significantly improved (up to 17% of the thermal efficiency). Rahmanian et al. [33] performed a numerical simulation of a PVT system employing a water–multiwalled carbon nanotube (CNT) nanofluid as a coolant. A coefficient of cooling efficiency (CCE) was also introduced for the relationship between the additional electrical energy gain from the pumping system and its energy consumption. The results show that the CCE can be enhanced by increasing the thermal conductivity of the nanofluid. Besides this, the electrical efficiency of the nanofluid with a flow rate of 50 L/h was enhanced by 11% at a CNT concentration of 0.1 vol%, compared to the PV system.



To address the problem of insufficient heat output of a single nanofluid, some researchers have analyzed the heat transfer improvement performance of hybrid nanofluids. The effects of using a single nanofluid (CuO/water) and a hybrid nanofluid (CuO + Fe/water) on the performance of the PVT systems were numerically simulated by Karaaslan et al. [34]. The results show that using the nanofluid leads to a higher pressure drop than using pure water, while the maximum electrical efficiency values of pure water, CuO/water, and CuO + Fe/water nanofluids showed little difference. Hooshmandzade et al. [35] conducted indoor and outdoor experiments to investigate the effects of different concentrations of single (SiO2 or Al2O3) and hybrid (SiO2 + Al2O3) nanofluids on the performance of PVT systems. It was shown that the hybrid nanofluid (0.5–0.5 wt. %) manifested the most significant improvement in electrical and thermal efficiency for both systems, with values of 1.99% and 9.09%, and 2.32% and 14.33%, respectively. Kazemian et al. [36] conducted numerical simulations of a novel PVT-ST serial system and investigated the application of four nanofluids in this system, including multiwall carbon–aluminum oxide (MWCNT-Al2O3), multiwall carbon nanotube–silicon carbide (MWCNT-SiC), graphene–aluminum oxide (Gr-Al2O3), and graphene–aluminum oxide (Gr-SiC). Among the results, the highest overall efficiency of 77.40% was achieved by MWCNT-SiC with a 2% volume concentration. Furthermore, Adun et al. [37] prepared Al2O3 + ZnO + Fe3O4/water ternary nanofluid and applied it in a PVT system. The results show that the best economic was achieved using 0.5 vol% ternary nanofluid under laminar and turbulent flow.



The type of nanoparticles has a significant impact on the effectiveness of improvement in nanofluid physical properties, but exploring suitable base fluids is also a goal of researchers. Rubbi et al. [38] prepared nanofluids by adding MXene particles to soybean oil (SO) for the cooling of PVT systems. The results indicate that the thermal conductivity of Ti3C2/SO nanofluid at 55 °C was increased by 60.82% at 0.125 wt. % compared to the pure soybean oil. At an irradiance of 1000 W/m2 and a mass flow rate of 0.07 kg/s, the electrical output of the PVT system with nanofluid was improved by 15.44% compared with that of the Al2O3/water nanofluid, and the total thermal efficiency of PVT at this time reached 84.25%. Samylingam et al. [39] investigated the thermal and energetic properties of PVT systems based on MXene/pure olein palm oil (OPO) nanofluid using Comsol. A comparative study with Al2O3/water nanofluid was undertaken. The results of the study show that the use of MXene instead of Al2O3/water nanofluid could lead to an increase in the thermal efficiency of the system by about 16% at a mass flow rate of 0.07 kg/s. More specific details about the above studies are listed in Table 2.





3. Thermally Driven Cooling Systems Utilizing Low Temperature Heat Sources


In order to match the thermal output of PVT collectors, the temperature of the driven heat source must be as low as possible. Several studies have been carried out by researchers for this purpose.



Wu et al. [40] proposed two compression-assisted absorption cooling cycles in which the refrigerant is compressed at the high-pressure and low-pressure sides, respectively. The scheme of the proposed system is shown in Figure 6. In addition, conventional and low-GWP refrigerants were used in the cycle, and a thermodynamic performance model was developed. The results show that the proposed system can achieve a maximum coefficient of performance (COP) of 0.670 when employing R32 as the working pair. Simultaneously, the driving temperature range of the proposed system is 45–85 °C, with the lower limit extended from 60 °C to 45 °C.



Subsequently, Wu et al. [41] developed another novel solar-powered flexible hybrid-energy heat pump with the structure as shown in Figure 7. The heat pump can be adjusted by adjusting the allocation of refrigerant entering the absorption section, thus enabling it to respond to varying solar radiation and building cooling loads, resulting in three modes of system operation. When the allocation of refrigerant entering the absorption section was in the range of 0.2 to 0.8, the cooling capacity decreased from 170.3 to 71.0 kW, and the COP increased from 7.1 to 38.4, under operating conditions with a condenser inlet temperature of 25 °C and a generator inlet temperature of 90 °C.



Sun et al. [42] proposed a compression-assisted absorption cooling cycle in which the compressor is between the evaporator and the absorber, as shown in Figure 8. In addition, a new R1234yf/ionic liquid working pair here replaces the conventional working pair. The effects of different operating conditions (generation, evaporation, condensation and absorption temperatures, and compression ratios) on the cooling performance of the cooling cycle were investigated in this study. The results show that the minimum generation temperature required by the compression-assisted cooling cycle with the new workpiece pairs is about 62–70 °C, with a corresponding COP of about 0.2. In addition, it was pointed out that although using the new working pair requires a lower COP than using the conventional working pair, the size of the cooling equipment is much smaller, which can further reduce investment costs.



He et al. [43] proposed a novel cooling system consisting of a two-stage vapor-absorption cooling subsystem (VAS) and a vapor-compression cooling subsystem (VCS). In this system, shown in Figure 9, the VAS employs a LiBr/H2O working pair, while the VCS uses R1234yf and R1234ze (E) refrigerants. The results show that this new system can generate 7 °C of cooling output using low-grade thermal heat. This system significantly reduces the available heat source temperature from 90 °C to 45 °C. Optimal generator 1 (GEN1) and evaporator subcooling unit (ESU) temperatures, which together maximize COPnet, are achieved.



Nikbakhti et al. [44] theoretically evaluated the thermal characteristics of a novel integrated adsorption–absorption cooling system, the schematic diagram of which is shown in Figure 10. The authors studied the combined system with two layouts by changing the positions of the adsorption and absorption subsystems. The results show that the COP and cooling capacity of the absorption-bottom–adsorption-top system were about 5% and 15% higher than those of the adsorption-bottom–absorption-top system at a heat source temperature of 65 °C, respectively. Meanwhile, the required heat source temperature is extended to a minimum of 50 °C.



Subsequently, the integrated absorption-bottom–adsorption-top system was further investigated by Nikbakhti et al. [45]. In this system, shown in Figure 11, the condenser in the conventional absorption subsystem is replaced by the adsorber in the adsorption subsystem. The authors in this study investigated two layouts (with and without a water storage tank) to buffer the effects of intermittent solar radiation. The results show that the system with a water storage tank achieved a more consistent cooling output, with an average daily cooling capacity improvement of 15% and a COP of 0.37, compared to 0.32 for the system without a water storage tank.



Zeng et al. [46] developed a thermodynamic model for a solar absorption-subcooled compression hybrid cooling system and performed an advanced exergy analysis of the system to investigate the effects of heat source temperature, heat sink temperature, and absorption subsystem size on the exergy destructions of this new system. The system’s structure is shown in detail in Figure 12. The cooling capacity of the absorption subsystem is employed to subcool the refrigerant of the compression subsystem, which raises the evaporation temperature of the absorption subcycle and reduces the required heat source temperature. The results show that when the cooling capacity of the absorption subsystem was increased from 5 kw to 45 kw, and the avoidable endogenous exergy destructions taking place inside condenser 2 and the compressor were reduced by 12.3% and 12.8%, respectively. The study suggests the priorities of the main components that require improvement to be ranked as condenser 2, compressor, evaporator, and subcooler.



Gao et al. [47] designed a novel hybrid solid sorption-compression refrigeration cycle for refrigerated warehouses, as shown in Figure 13, which lowers the desorption temperature of the sorption bed by adding a compressor between the sorption bed and the condenser, thus reducing the required heat source temperature and enabling the utilization of low-temperature heat sources. The results show that SrCl2-(8–1) NH3 is the most suitable working pair for this new system when the heat source temperature is below 90 °C and the minimum heat source temperature required for the system is 60 °C. At a condensing temperature of 40 °C and an evaporating temperature of −25 °C, the maximum COP obtained for the new system is about 7.0.



Zhang et al. [48] modified the kalina cycle within the classical mode of the kalina power cycle coupled with a compression-assisted absorption cooling cycle by adding liquefaction, distribution, recuperating, and pressurization processes. The system shown in Figure 14 uses a low-GWP HFC/ionic liquid working pair, and the operating mode of the system can be changed by varying the flow rate of the refrigerant to the power and cooling subcycles, such that the new system achieves a cold, dual-output power mode. The results show that the power generated by the new system is 81.03% greater than that of the reference system under base conditions. Additionally, the study points out that both the cooling load and the network increase as the heat source inlet temperature increases.



Hu et al. [49] proposed a compression-assisted absorption cooling cycle using surface and deep seawater, and two configurations were proposed in this study, with compressors in the low-pressure and high-pressure sections, respectively. The schematic of the proposed system is shown in Figure 15. The effects of intermediate pressure on exergy efficiency and primary energy rate ratio were analyzed in the study. The results of the study show that the low-pressure compression-assisted absorption cooling cycle has a higher primary energy rate ratio of 1.392, which indicates that compression in the low-pressure section increases the energy-saving capacity of the system. In addition, the primary energy rate ratio showed a positive correlation with the surface seawater temperature. The primary energy rate of the low-pressure compression-assisted cooling cycle was increased by 1.62 when the surface temperature of seawater increased from 29 to 49 °C.



Huang et al. [50] added a recooling subcycle to a CO2 transcritical cooling cycle with a dedicated subcooling subcycle to reduce the power consumption of the compressor and to improve the utilization of the heat source temperature. The proposed cooling cycle is shown in Figure 16. The modified cooling cycle utilizes the cooling capacity generated by the recooling subcycle to recool the condenser and absorber in the dedicated subcooling subcycle, so as to reduce its exhaust heat temperature and thus extend the operating range of the heat source temperature. The results of the study show that the mechanical work of the proposed cooling cycle is 0.95 kW, which is 28.5% lower compared to the mechanical work of the reference system (1.33 kW). In addition, the lower limit of the heat source temperature of the proposed system is extended by 4 °C from 73 °C to 69 °C.



Kumar et al. [51] modified a conventional vapor absorption–resorption (VAR) cooling system by replacing the throttle valve in the system with an ejector, thus allowing the new system to operate at lower pressures. The three layouts of the proposed system are shown in the figure, and the classification is based on the secondary flow to the ejector, as shown in Figure 17, Figure 18 and Figure 19. The results of the study indicate that the third configuration’s COP is 15% higher than that of the conventional VAR system at a resorber pressure of 6 bar, and the heat source temperature required will range from 75 °C to 70 °C. A comparison of the novel thermally driven cooling cycles is presented in Table 3.




4. Solar Cooling Systems Driven by Photovoltaic–Thermal Collectors


Considering the intermittent and unstable nature of solar radiation, the electrical and thermal energy output of PVT collectors may not be stable, so solar cooling systems often require the aid of power grids and thermal energy buffers, as well as the assistance of electric chillers in scenarios with high cooling loads such as high-rise buildings. In recent years, researchers have conducted many studies on the key parameters and operating strategies of solar cooling systems.



Hassan et al. [52] conducted a theoretical study of a solar cooling system consisting of PVT collectors and adsorption cooling units for different Middle Eastern climatic conditions, and the system’s structure is shown in detail in Figure 20. The results show that the proposed system has a maximum cooling capacity of 7.439–8.1 kW, a COP of 0.42–0.43, and a maximum power generation of 10.77–12.55 kW in the three cities studied.



In addition, Hassan et al. [53] modified the PVT- and ETC-driven adsorption cooling system to form a combined cooling, heat, and power (CCHP) system and conducted a theoretical study under the climate conditions of Alexandria. The schematic of the proposed system is shown in Figure 21. The authors used different combinations of PVT and ETC in series and parallel to combine the advantages of both, resulting in five system layouts. The results of the study show that the system with parallel PVT (Conf-1) achieved greater power production, with a total of 81.7 kWh per day in July. Conf-1 and Conf-5 achieved the best average system efficiencies in August, at 0.315 and 0.313, respectively.



Later on, Hassan et al. [54] introduced the ORC unit into the proposed trigeneration system and studied four configurations with the hot water supply sequence as a variable to determine the optimal operation. The results of the study show that the system without an ORC unit achieved the largest average cooling capacity and COP in summer, with 9.6 kW and 0.41, respectively, while it achieved the best net present value (NPV) and payback period, at USD 16,877.9 and 8.45 years, respectively.



Gado et al. [55] proposed a renewable biomass–solar–wind energy system driving a cascade adsorption–compression cooling system, as shown in Figure 22, to analyze its potential for application in cold storage at specified freezing temperatures. The results show that the biomass–PVT–battery system and biomass–PVT–wind–battery system can both provide all the electrical energy required for the operation of the system in summer, with a surplus of 16.6 kWh and 15 kWh, respectively. The excess power is used to heat the thermal storage tank with an electric heater. However, in the proposed system, the heat generated from biomass accounts for 80–100% of the system’s heat requirement and provides the majority of the heat demand. At the same time, an economic analysis shows that scenario 1 (biomass–PVT–battery system) is more attractive [56]. The levelized cost of refrigeration for scenario 1 is USD 0.235/kWh, compared to USD 0.237/kWh for scenario 2. This is due to the higher initial investment, operation, and maintenance costs of the wind turbine.



Aneli et al. [57] proposed an adsorption cooling system based on a PVT collector for the climatic conditions of the Mediterranean region and introduced an auxiliary heat source into the solar heating circuit to provide stable input when the solar irradiation is low. The schematic of the proposed system is shown in Figure 23. The results of the study show that the proposed system produces 2.3 to 4.5 kWh more electric power and 2.9 kWh less cooling capacity compared to the reference system.



Li et al. [58] proposed a PVT-based absorption–subcooled compression trigeneration system applicable in three subtropical cities in China. The structure of the system is shown in Figure 24. During the cooling period and when the water temperature in the hot water storage tank is high enough (70 °C), the heat collected by the PVT collector is used to drive the absorption subsystem, and the cooling capacity produced is used to subcool the refrigerant in the compression subsystem, reducing the power consumption of the compressor. In addition, the compression subsystem is used to provide steady cooling to compensate for the intermittent operation of the absorption subsystem, while the power generated by the PVT collector is used to power the compressor. The results show that the absorption subsystem of the proposed system achieves an average annual COP of up to 0.615 and annual specific electricity savings of up to 170.6 kWh/m2, of which PV generation accounts for 108 kWh/m2.



Subsequently, Chen et al. [59] proposed three operation schemes (conventional, thermal storage, and cold storage) based on the trigeneration system in conjunction with time-of-use electricity pricing to achieve greater economic benefits. The structure of the system is shown in Figure 25 and Figure 26. The thermal storage scheme has the same structure as the conventional scheme, but the thermal storage scheme stores the heat collected by the PVT collector in the hot water storage tank and releases it during peak periods to drive an absorption chiller. The cold storage solution stores the cooling capacity produced by the absorption chillers in a cool water storage tank and releases it during peak electricity prices. This study shows that the system with the cold storage scheme has a significant advantage in terms of collector electrical efficiency, which is 17% higher than that of the system with the conventional scheme, and 10% higher than that of the conventional PV system. A comparison of the solar cooling systems driven by photovoltaic–thermal collectors is shown in Table 4.




5. Primary Concerns and Challenges


Solar cooling systems driven by photovoltaic-thermal collectors are becoming increasingly popular, owing to the wide-spread use of PV technologies, remarkable enhancement of solar energy utilization, and extensive cooling demand in summer. In addition, it will be cost-effective with the development of technology. A large amount of effort is being made to overcome the challenges of such systems, aiming to promote the large-scale commercial application.



5.1. Photovoltaic–Thermal Collectors


Photovoltaic-thermal collectors are one of the critical components of the system. They serve as the main power source for the entire layout, and hence the corresponding concern and challenge lies in the heat transfer enhancement.



5.1.1. Photovoltaic–Thermal Collectors with Innovative Heat Exchange Structure


The improvement of heat exchange structure is reducing the boundary layer and increasing the fluid mixing. Considering that increasing the contact area between the fluid and the absorber plate can enhance the heat transfer process, the main improvement is increasing the flow distance of fluid in the tube and modifying the cross-sectional geometry. For example, the shape and arrangement of flow channels have been developed by using spiral flow tubes and the new dual oscillating tubes. At the same time, geometries such as roll-bond, rectangle, and half-circle are applied to increase the contact area with the absorber plate. In addition, adding inserts to the flow channels increases fluid turbulence and intensifies partial fluid mixing to carry more heat.



One of the primary challenges is the lack of clarity in the evaluation of the enhanced electrical and thermal energy output of PVT systems due to structural improvements, because the structural modifications will lead to an increase in fluid turbulence, which will inevitably lead to an increase in fluid flow resistance, manifested as an increase in pumping power. It is particularly critical to evaluate how the incremental pumping power is relative to the incremental energy output of the PVT system after structural improvements are performed.



The second challenge is that when PVT collectors are applied to drive a thermally driven cooling system, it is not clear how the corresponding improvements in PVT collectors lead to the evaluation of the overall system in electrical, thermal, and cooling capacity. Because such systems contain multiple energy-conversion processes, the increase in thermal output of PVT collectors needs to undergo multiple energy conversions before it can be easily evaluated by researchers.




5.1.2. Photovoltaic–Thermal Collectors with Nanofluids


The addition of various nanofluids enhances the fluid characteristics. The physical properties of the nanoparticles and the base fluid determine the heat transfer characteristics of the configured nanofluid, so the mainstream nanoparticles are currently metals and their oxides and carbon nanotubes, etc., which have high thermal conductivity. Meanwhile, to further enhance the thermal output of nanofluids, hybrid nanofluids have attracted much attention. Researchers have added two or three types of nanoparticles to the base fluid to prepare hybrid nanofluids, and hybrid nanofluids have shown higher heat transfer performance. In addition, base fluids also severely affect the stability and absorption rate of nanofluids, and various types of vegetable oils are also employed as alternatives to conventional base fluids due to their higher thermal conductivity and environmental compatibility with biodegradability.



The first major challenge in the development of PVT systems using nanofluids is their unavoidable safety issue. Most nanofluids are toxic, which places limitations on their use in applications such as the food processing industry and large cold storage, which are the main applications for solar cooling systems.



Another challenge with nanofluids is their stability over long operating times. As the working time increases, the nanofluid will decompose internally and its uniformity will be affected, further affecting the thermal conductivity. At the same time, nanofluids are more corrosive to pipes than pure fluids; thus, this increases the risk of use and maintenance costs.





5.2. Thermally Driven Cooling Systems Utilizing Low-Temperature Heat Sources


Thermally driven cooling systems, involving the provision of cooling capacity by heat, are highly important for the layout performance. The efforts are made in two respects: one is to lower the heat source operation temperature and the other deals with the performance improvement via the internal heat recuperation. Considering the heat-rejection temperature depends on the environment one, the main approach to reducing the heat source’s working temperature lies in decreasing the pressure difference between evaporation and condensation processes and increasing the evaporator temperature, e.g., by supplementing the mechanical compressor between the evaporator/condenser and absorber/generator, as well as coupling the evaporation process of thermally driven chillers with the subcooling process of the vapor compression one. Along with the above-mentioned approach, mechanical recooling is employed to reduce the dissipated heat temperature to some extent, which is proposed by Huang et al. [50]. Additionally, the discharge heat of mechanical compressors is usually recovered by the generator to lower the heat consumption, e.g., like the layout presented by He et al. [43].



One of the primary challenges regarding the development of thermally driven chillers is the comprehensive assessment of thermodynamic performance, structure complexity, and investment cost. In other words, the system with moderate complexity and relatively low cost is promising. The considerable solution is based on the combined cycle consisting of an absorption and compression cooling portion, because it is easily available from the market. In this regard, the cycle based on the mass and energy coupling is favorable, since it is able to reduce the system complexity and cost, while the cycle based on the energy coupling is beneficial from the standpoint of system integration.



Another challenge of thermally driven chillers lies in their flexible operation. Since the installation area of PVT collectors is restricted by the building roof size, the cooling output produced through the solar heat is relatively small. Therefore, from the economic viewpoint, the utilization of solar heat in terms of the time-of-use electricity price is beneficial; i.e., the priority follows the peak, flat, and valley one. Consequently, it is required that the working fluid entering the heat-driven process is flexible in the chiller, as displayed by the system proposed by Wu et al. [41]. Nevertheless, the above-mentioned issue lacks adequate attention, and a such cycle is still rare.




5.3. Solar Cooling Systems Driven by Photovoltaic–Thermal Collectors


A large amount effort contributes to the optimization of design and operation, such as setting the key parameters, as well as working strategy, with respect to the fact that the performance of solar refrigeration systems coupled with PVT collectors seriously relies on it. In this regard, much attention is paid to the scale of the collector and storage tank, chiller set point temperature, and size, as well as hot water flow rate, which aims to achieve a reasonable tradeoff of incomes from the solar heat and PV utilization. Note that the coordination of solar heat and PV utilization is difficult because both are dependent upon the PV cell temperature; i.e., the elevated temperature is favorable for the solar heat utilization but adverse for the PV process. In addition to the above-mentioned issue, the study also concerns the system feasibility and potential for different cities.



The first challenge lies in lacking the prototype experiment and the poor amount of operation data. It is found that most investigations regarding the solar refrigeration system coupled with PVT collectors is performed theoretically, which is incapable of realizing and understanding the system working characteristic exactly. Accordingly, it is difficult to make a really reasonable control strategy due to the lack of operation experience. The second challenge is the unsure cost of PVT collectors, leading to the fact that the evaluation data of the system deviates from the actual situation to some extent. PVT collectors are not mature products in the market, and their prices mainly come from various sources. In this regard, it is inevitable that the cost for different sources deviates from each other, because of the difference in local market price and labor cost. The layout potential is likely to be overestimated in the case of notable differences in the local situation and the cited source.





6. Recommendations and Future Outlook


	
Since electrical energy is a high-grade energy source and the energy output of PVT collectors is primarily determined by PV generation, the goal of PVT collector modifications should be to increase the thermal energy output as much as possible while not sacrificing electrical energy output. Additionally, when the PVT collector is employed to drive a thermally driven cooling system, the performance improvement in the modified PVT collectors for the overall cooling system is ultimately reflected in the electrical energy savings.



	
Since the solar cooling layout driven by PVT collectors usually serves as the distributed system and the collector installation area is limited by building roof size, the cooling demand is inevitably met with the aid of the power grid. Thereby, the combination of the heat-driven process and the vapor compression one in the entire cycle is necessary. In this regard, the mass and energy coupling of the heat-driven process and the vapor compression one is beneficial to reduce the complexity of thermally driven hybrid chillers. Taking into account the coordination of the PV and thermal efficiencies, the heat source’s working temperature of the refrigeration cycle must come down to below 60 °C. Furthermore, the refrigeration cycle with the flexible allocation of heat consumption in a certain cooling demand is favorable from the economic viewpoint, e.g., through the time-of-use electricity price, to enhance the profitability.



	
There is an urgent need to develop the prototype and exactly analyze the operation characteristic by means of experiment. The system design and operation optimization should be carried out based on the experiment data. Additionally, the cost of PVT collectors should be considered exactly in the assessment of system potential in order to avoid overestimation.







7. Conclusions


This paper provides an updated review of recent developments in solar cooling systems, focusing on the technological improvements made to PVT collectors, performance improvements, the expansion of the lower temperature limits of thermally driven cooling systems, and energy savings achieved by PVT collector-based solar cooling systems, which together help researchers to select the most appropriate solar cooling system configuration. Therefore, the following findings were made.



	
The utilization of a coolant with high thermal conductivity and the proposed heat sink structure resulted in a more uniform temperature distribution of the PVT collector and the maintenance of a stable electrical energy conversion efficiency, with a thermal efficiency improvement of 12.2–68.5%. Although certain designs lead to an increase in pressure drop, this does not have a large impact on the electrical efficiency of the PVT collector in the range of operating conditions studied.



	
The hybrid nanofluid used, due to its higher thermal conductivity, can transfer heat from the PV module more efficiently, which helps the PVT to achieve higher electrical and thermal outputs. In the reviewed literature, PVT systems with nanofluids have displayed improvements in electrical efficiency of 1.9–11% and thermal efficiency by 1.9–22.02%, compared to conventional PV systems and water-based PVT systems, respectively.



	
The lower limit of the driving temperature of the novel thermally driven cooling system has been extended by 4–20 °C, depending on the type of thermally driven cooling system under study, which was mainly achieved using thermal and mechanical two-stage compression or cascade cooling. Here, the lower limit of the driving temperature of the adsorption cycle was extended by 20 °C, reaching 40–50 °C. In contrast, the lower limit of the driving temperature of the absorption cycle was extended by 4 °C, reaching 70 °C.



	
Solar cooling systems are mainly PVT-driven adsorption cooling systems and PVT-driven absorption systems. The adsorptive system driven by PVT collectors has a maximum power production of 81.7 kWh per day, a maximum COP of 2.1, and a minimum payback period of 8.45 years. The absorption system driven by the PVT system, on the other hand, achieves a better cooling performance, with a maximum COP of 0.615 and annual electricity cost savings of CNY 109,080, and with a minimum payback period of 9.3 years.



	
The improved economic features and adaptability to solar radiation of absorption–subcooled compression cooling systems make their further development in solar cooling systems more promising.
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Figure 1. (a) Direct flow tube, (b) spiral flow tube, and (c) web flow tube [13]. Reprinted with permission from Ref. [13]. 2020, Hussein A. Kazem. 
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Figure 2. Schematic diagram of three flow channel of the PVT system. (a) Serial, (b) parallel, and (c) bionic. (d) The dimensions of the absorbers. Reproduced from [17], Elsevier 2020. 
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Figure 3. Cross-sections of the PV and PVT modules: (a) commercial PV module; (b) conventional PVT module; (c) new PVT module with rectangle geometry; (d) new PVT module with arch geometry. Reproduced from [18], Elsevier 2020. 
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Figure 4. (a) Cross-sectional view of the new hybrid water-based PVT solar collector and (b) spectral variations in the solar ATM 1.5, single-crystalline Si response, and water absorption coefficient. Reproduced from [20], Elsevier 2020. 
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Figure 5. (a) Schematic diagram of the base conical-leaf insert in the tube [21], (b) the wavy insert used in [22], (c) and the twisted tapes used in [23]. Reproduced from [23], Elsevier 2022. 
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Figure 6. Scheme of the compression-assisted absorption cooling cycles proposed in [40]. Reproduced from [40], Elsevier 2020. 
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Figure 7. Schematic diagram of the novel solar-powered flexible hybrid-energy heat pump [41]. Reproduced from [41], Elsevier 2020. 
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Figure 8. The principle of compression-assisted absorption cooling cycles. Reproduced from [42], Elsevier 2020. 
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Figure 9. Schematic diagram of the novel VAS and VCS cascade cooling system. Reproduced from [43], Elsevier 2020. 
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Figure 10. Schematic diagram of the integrated adsorption–absorption cooling system. Reproduced from [44], Elsevier 2021. 
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Figure 11. Schematic diagram of the novel integrated adsorption–absorption cooling system. Reproduced from [45], Elsevier 2021. 
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Figure 12. The principle of the solar absorption-subcooled compression hybrid cooling system. Reproduced from [46], Taylor and Francis Ltd. 2022. 






Figure 12. The principle of the solar absorption-subcooled compression hybrid cooling system. Reproduced from [46], Taylor and Francis Ltd. 2022.



[image: Energies 16 05331 g012]







[image: Energies 16 05331 g013 550] 





Figure 13. Schematic diagram of the novel hybrid solid sorption-compression refrigeration cycle with intercooler. Reproduced from [47], Elsevier 2021. 
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Figure 14. Schematic diagram of the novel compression-assisted absorption cooling system with a kalina cycle. Reproduced from [48], Elsevier 2022. 
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Figure 15. Schematic diagram of the compression-assisted absorption cooling systems. Reproduced from [49], Elsevier 2022. 
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Figure 16. Schematic diagram of the CO2 transcritical cooling cycle integrated dedicated subcooling subcycle and recooling subcycle. Reproduced from [50], Elsevier 2022. 






Figure 16. Schematic diagram of the CO2 transcritical cooling cycle integrated dedicated subcooling subcycle and recooling subcycle. Reproduced from [50], Elsevier 2022.



[image: Energies 16 05331 g016]







[image: Energies 16 05331 g017 550] 





Figure 17. Schematic diagram of the first configuration (C1) of the ejector-assisted VAR cooling cycle. Reproduced from [51], Elsevier 2022. 
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Figure 18. Schematic diagram of the second configuration (C2) of the ejector-assisted VAR cooling cycle. Reproduced from [51], Elsevier 2022. 
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Figure 19. Schematic diagram of the third configuration (C3) of the ejector-assisted VAR cooling cycle. Reproduced from [51], Elsevier 2022. 
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Figure 20. Schematic diagram of the integrated solar-powered cooling system. Reproduced from [52], Elsevier 2020. 
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Figure 21. Schematic diagram of the solar-powered adsorption-based trigeneration system. Reproduced from [53], Elsevier 2021. 
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Figure 22. Schematic diagram of the cascade adsorption–compression cooling system based on biomass–solar–wind energy system. Reproduced from [55], Elsevier 2021. 
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Figure 23. Schematic diagram adsorption chiller based on PVT collector. Reproduced from [57], Elsevier 2022. 
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Figure 24. Schematic diagram of the absorption–subcooled compression trigeneration system driven by PVT collectors. Reproduced from [58], Elsevier 2020. 
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Figure 25. Schematic diagram of the absorption–subcooled compression trigeneration system layout using conventional operation scheme and heat energy storage scheme. Reproduced from [59], Elsevier 2020. 
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Figure 26. Schematic diagram of the absorption–subcooled compression trigeneration system layout using cool energy storage scheme. Reproduced from [59], Elsevier 2020. 
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Table 1. Comparison of improvements yielded by PVT collector heat sink structures.
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Ref.

	
N/E

	
Flow Channel Type

	
Cross-Sectional Shape/Insert Type

	
Efficiency

	
Working Fluid

	
Flow Rate

	
Key Findings




	
Electrical

	
Thermal

	
Total






	
[11]

	
N

	
Serpentine

	
Circle

	
7%

	
61%

	
79.43%

	
Water

	
-

	

	
The thermal power is up to 261 W, and the electrical power is 30.23 W.









	
[12]

	
N

	
Sheet-and-plain

	
Circle

	
15.5%

	
49.1%

	
-

	
Water

	
240 L/h

	

	
The annual average electrical efficiency is 15.5% and the annual average thermal efficiency is 49.1%.









	
[13]

	
N and E

	
Direct, Spiral, Web

	
Circle

	
7.1% for direct-PVT, 8.5% for web-PVT, 9.1% for spiral-PVT

	
9.8% for direct-PVT, 19.4% for web-PVT, 26% for spiral-PVT

	
-

	
Water

	
40 kg/h

	

	
Spiral-PVT collectors and direct-PVT collectors reach the highest overall efficiencies of 35% and 27.5%, respectively.









	
[14]

	
N and E

	
A new dual oscillating

	
Circle

	
11.71%

	
59.6%

	
-

	
Water

	
2–6 L/min

	

	
The maximum cell temperature is 329.1 K.



	
Compared with the conventional PV panel, the electrical efficiency of the proposed PVT system is improved by 0.85%.









	
[15]

	
N

	
Serpentine

	
Half-circle

	
12.6%

	
71%

	
-

	
Water

	
0.5–4 L/min

	

	
When the flow rate is increased from 0.5 L/min to 4 L/min, the pressure drop increases by approximately 16 kPa.









	
[16]

	
N

	
Sheet-and-plain

	
Circle, half-circle and square

	
-

	
-

	
-

	
Water,

Ethanol–water

	
0–0.06 kg/s

	

	
At a mass flow rate of 0.04 kg/s, the thermal and electrical efficiencies when using water as a coolant were increased by 4.5% and 1.85%, respectively, compared to the ethanol–water mixture.









	
[17]

	
N and E

	
Serial, parallel and bionic.

	
Roll-bond

	
14.5%

	
33.5%

	
-

	
Water

	
0.5, 0.25, 0.125, 0.0625 m/s

	

	
The serial absorber plate had the highest outlet water temperature (average 46.5 °C) and the bionic absorber plate had the lowest (average 44.1 °C).



	
The bionic absorber has the lowest pressure loss (385 Pa on average), lower than the parallel absorber (778 Pa on average).



	
The parallel absorber has a non-uniform velocity within each parallel channel, whereas the bionic absorber has a more uniform velocity distribution over all branches.









	
[18]

	
N and E

	
Sheet-and-plain

	
Rectangle andarch

	
16.03% for conventional PV, 16.98% for arch-PVT, 16.52% for rectangle-PVT

	
39.81% for arch-PVT

35.39% for rectangle-PVT

	
54.83% for arch-PVT

50.83% for rectangle-PVT

	
Water

	
75 kg/(m2·h)

	

	
The performance of the system reaches near-optimal value when the dimension spacing ratio is 1:2.









	
[19]

	
E

	
Serpentine

	
Grooved

	
12.38%

	
50.88%

	
83.47%

	
Fe3O4–water

	
10–40 kg/h

	

	
The maximum electrical exergy efficiency is 13.02% and the maximum thermal exergy efficiency is 1.41%.









	
[20]

	
N

	
Channel

	
Rectangular

	
11.7–12.3%

	
-

	
0.87

	
Water

	
0.0003–0.0007 (m/s)

	

	
Exergy efficiency of PVT collectors is in the range of 13.5–15.0%.









	
[21]

	
N

	
Sheet-and-plain

	
Conical-leaf inserts

	
13.1–14.1%

	
55.1–69.4%

	
-

	
Water

	
-

	

	
Average PV cell temperature reduced by 4.6 °C.



	
Compared to plain tubes, thermal and electrical efficiencies are increased by 10.2–14.1% and 0.9–3.4%, respectively.









	
[22]

	
N

	
Sheet-and-plain

	
Wavy inserts

	
12.86%

	
65.95%

	
-

	
Al2O3–water

	
-

	

	
Under the studied conditions, the increase in the pumping power due to the introduction of wavy inserts has a negligible impact on PV generation.



	
With a tube count of 16, the new PVT system has the highest efficiency.









	
[23]

	
E

	
Sheet-and-plain

	
The twisted tapes (clockwise and counter-clockwise)

	
12.51%

	
67.49%

	
-

	
Water

	
0.019–0.036 kg/s

	

	
With the use of twisted tubes, the resulting increase in pumping power is negligible and the PVT system’s PV cell surface temperature is reduced by 0.6–1.7 °C. The proposed system has an overall electrical efficiency of 14.86%, which is higher than 13.57% of conventional PVT systems and 11.57% of conventional PV cells.
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Table 2. Comparison of nanoparticles associated with the thermal properties and key findings.
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	Ref.
	N/E
	Flow Channel Type
	Base Fluid
	Nanoparticle Type
	Nanoparticle Fraction
	Particle Size (nm)
	Flow Rate
	Key Findings





	[24]
	N
	Rectangular channel
	Water
	TiO2
	0, 0.2, 4.127 wt. %
	-
	-
	
	
The proposed PVT system has an electrical efficiency of up to 13.82% and a thermal efficiency of up to 36.68%.








	[25]
	E
	Serpentine
	Water
	CuO
	0.05 wt. %
	<50
	0.067 kg/s
	
	
The PVT system with nanofluid cooling has an average electrical efficiency of 17.61% and an average thermal efficiency of 71.71%.








	[26]
	E
	Finned serpentine tube
	Water
	magnetite
	0–2 wt. %
	13
	20–80 kg/h
	
	
The PVT system with 8-finned serpentine tubes achieved a maximum electrical efficiency of 12.265%, a thermal efficiency of 51.7%, and a total energy efficiency of 84.13%.








	[27]
	N
	Sheet and tubes
	Water
	Cu, Al2O3
	2 vol%
	10
	0–0.012 kg/s
	
	
The Cu/water nanofluid performs better than Al2O3.



	
The maximum electrical efficiency of the Cu/water nanofluid is 12.78% and the maximum thermal efficiency is 52.22% at a solar radiation of 1000 W/m2.








	[28]
	N
	Sheet and tubes
	Water
	TiO2, Al2O3
	0, 3, 6 vol%
	21
	0.0005, 0.001, 0.01,

0.03 kg/s
	
	
The Al2O3/water nanofluid achieves better performance than the TiO2/water nanofluid.








	[29]
	N and E
	Sheet and tubes
	Water
	CuO, Al2O3
	0.5 wt. %
	-
	0.05 kg/s
	
	
The electrical efficiency of the CuO/water nanofluid is 13.09%, and the thermal efficiency is 38.13%.



	
The electrical efficiency of the Al2O3/water nanofluid is 12.49%, and the thermal efficiency is 35.96%.








	[30]
	N and E
	Sheet and tubes
	Water
	SiO2
	1, 3 wt. %
	11–14, 60–70
	40, 50, 70 L/h
	
	
The PVT system using SiO2/water nanofluid achieved a maximum electrical efficiency of 8.57% and a maximum thermal efficiency of 54.18%.








	[31]
	N and E
	Cooler blocks
	Water
	SiO2
	0.1, 0.2, 0.3 vol%
	13–23
	0.55–1.65 L/min
	
	
The maximum electrical and thermal efficiencies measured experimentally were 19.8% and 48.99%, respectively.








	[32]
	N
	Sheet and tubes
	Water
	MXene (Ti3C2)
	0.01, 0.1, 0.2 wt. %
	-
	30–90 kg/h
	
	
The highest electrical efficiency achieved by the PVT system based on MXene/water nanofluid was 15.94%, and the maximum thermal efficiency was 67.49%.








	[33]
	N
	Sheet and tubes
	Water
	Multiwalled carbon nanotube (CNT)
	0–0.1 vol%
	30
	25–400 L/h
	
	
The electrical and thermal efficiency of the PVT system increased from 13.76% and 63.87% of pure water to 13.80% and 64.87%, respectively, using 0.1 vol% CNT nanofluid.








	[34]
	N
	Serpentine
	Water
	CuO, CuO + Fe
	2 vol%
	-
	0.02–0.08 m/s
	
	
The PVT systems using pure water, CuO/water nanofluid, and CuO + Fe/water nanofluid achieved total efficiencies of up to 57.2%, 58.8%, and 59.9%, respectively.








	[35]
	E
	Sheet and tubes
	Water
	SiO2, Al2O3, SiO2 +

Al2O3
	0.1–0.5 wt. %
	-
	3 L/min
	
	
The most significant performance improvements were achieved with hybrid nanofluids.



	
The highest total energy efficiency of the indoor PVT system with mixed nanofluids was 68.09%, compared to 75.26% in the outdoor area.








	[36]
	N
	Sheet and tubes
	Water
	MWCNT-Al2O3,

MWCNT-SiC,

Gr-Al2O3,Gr-SiC
	2 vol%
	-
	30–70 kg/h
	
	
The average electrical efficiency of the proposed PVT system is 13.79–18.85%, and the average thermal efficiency is 54.81–56.55%.








	[37]
	N
	Sheet and tubes
	Water
	Al2O3 +

ZnO +

Fe3O4
	0.4–1.3 vol%
	Average of 90
	0.008–0.1 kg/s
	
	
The optimal electrical and thermal efficiencies of the PVT system based on ternary nanofluid were 13.74% and 59.24%, respectively.



	
The payback period for the ternary nanofluid-based PVT system is 2.63 years, compared to 0.85 years for the water-based PVT system.








	[38]
	N
	Serpentine
	Soybean oil
	MXene (Ti3C2)
	0.025–0.125 wt. %
	Lateral size of 1–10 µm, thickness 1 nm
	0.01–0.07 kg/s
	
	
The surface temperature of the PV cell using Mxene/Soybean oil nanofluid was reduced by up to 14 °C compared to water.



	
The maximum electrical efficiency is 14.20% and the maximum thermal efficiency is 84.25%.








	[39]
	N
	Serpentine
	Olein palm oil
	MXene (Ti3C2)
	0.01, 0.03, 0.05, 0.08, 0.1, 0.2 wt. %
	-
	0.01–0.07 kg/s
	
	
The maximum electrical efficiency is 13.15% and the maximum thermal efficiency is 79.13%.



	
The addition of different concentrations of MXene (Ti3C2) nanoparticles can increase the thermal conductivity of the base liquid by 21–68.5%.
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Table 3. Comparison of novel thermally driven cooling cycles.
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Ref

	
N/E

	
Operating Temperature (°C)

	
COP

	
Working Pairs

	
Heat Source Temperature (°C)

	
Cooling Cycle Categories

	
Key Findings




	
Tc

	
Te






	
[40]

	
N

	
30

	
5

	
0.670

	
R32/[HMIM][Tf2N]

	
70

	
Thermal and mechanical compression

	

	
In the proposed system, R32 achieves the highest COP, while R1234yf has the lowest COP.









	
[41]

	
N

	
25

	
7

	
Seasonal COP is 8.9

	
NH3/LiNO3

	
70–90

	
Thermal and mechanical compression

	

	
Energy saving ratio ranges from 21.2 to 31.8%.









	
[42]

	
N

	
30

	
5

	
0.35

	
R1234yf/Ionic liquid

	
62–70

	
Thermal and mechanical compression

	

	
Compressor pressure ratios in the range of 1.0–2.4 provide good economic returns.









	
[43]

	
N

	
35

	
7

	
COPnet is 0.311–0.567

	
LiBr/H2O for VAS

R1234yf, and R1234ze(E) for VCS

	
45–60

	
Cascade layout

	

	
There exist an optimum ESU temperature and generator 1 temperature to derive the best performance from the system.









	
[44]

	
N

	
-

	
-

	
0.4

	
silica gel/H2O for adsorption

LiBr/H2O for absorption

	
50

	
Cascade layout

	

	
The cooling water and hot water, when arranged in parallel flow, result in around a 20% higher cooling capacity than when flowing in series.









	
[45]

	
N

	
-

	
-

	
0.37

	
silica gel/H2O for adsorption

LiBr/H2O for absorption

	
60

	
Cascade layout

	

	
The maximum cooling capacity that can be achieved by the system is 16 kW.









	
[46]

	
N

	
40

	
4

	
-

	
LiBr/H2O for absorption

R410a for compression

	
80

	
Cascade layout

	

	
The condenser in the compression subsystem is of the highest priority for improvement.









	
[47]

	
N

	
40

	
−25

	
7

	
SrCl2-NH3

	
60

	
Thermal and mechanical compression

	

	
The COP of the cycle is almost constant when the temperature of the heat source is given.









	
[48]

	
N

	
35

	
7

	
0.205–0.376

	
R152a/[HMIM]Tf2N

	
70

	
Thermal and mechanical compression + kalina

	

	
At a compression pressure ratio of 1.6, the system has an optimum exergy efficiency of 39.23% in terms of the assembly.









	
[49]

	
N

	
-

	
-

	
-

	
LiBr/H2O

	
25–45

	
Thermal and mechanical compression

	

	
The low-pressure compression-assisted absorption cooling cycle has a primary energy rate ratio of up to 1.392.









	
[50]

	
N

	
-

	
-

	
0.47

	
CO2

R1234yf

LiBr/H2O

	
69

	
Cascade layout

	

	
The lower limit of the heat source temperature has been extended by 4 °C.



	
The payback period for the new arrangement is 10.1 years.









	
[51]

	
N

	
25

	
−5

	
0.62

	
-

	
70

	
VAR

	

	
The COP of the system under the third structure is 15% higher than that of the reference system.
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Table 4. Comparison of solar cooling systems driven by photovoltaic–thermal collectors.
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	Ref.
	N/E
	COP
	Working Pairs
	Key Findings





	[52]
	N
	0.42–0.43
	silica gel/H2O
	
	
The maximum power generation capacity of the proposed system is 12.55 kW.



	
The proposed system achieves a maximum cooling capacity of 8.1 kW.








	[53]
	N
	0.28–0.384
	silica gel/H2O
	
	
The maximum cooling capacity is 3.59–7.66 W in the proposed systems with different layouts.



	
The maximum electric power production is 39.9–81.7 kWh per day in the proposed system with different layouts.








	[54]
	N
	0.41
	silica gel/H2O
	
	
The proposed system reaches its maximum average cooling capacity of 9.6 kW during the summer.



	
The minimum payback period of the proposed system reaches 8.45 years.








	[55]
	N
	1.8–2.1
	silica gel/H2O
	
	
The proposed system can cover all the power requirements for system operation.



	
The levelized cost of refrigeration for the proposed system is 0.235–0.237 USD/kWh.








	[56]
	N
	0.122–0.124
	silica gel/H2O
	
	
The COP is improved by 41.6% compared to conventional compression systems.



	
The exergoeconomic parameter is 0.69–0.70 kWh/USD.








	[57]
	N
	0.6–0.7
	silica gel/H2O
	
	
Compared to the PV-based vapor compression cooling system, the proposed system can produce 4.5 kWh more electricity and 2.9 kWh less cooling capacity on a typical day.








	[58]
	N
	0.615
	LiBr/H2O

R410a
	
	
The proposed system provides an annual energy saving of 102,360 kWh in Guangzhou, which is 1.73 times that of conventional PV systems.



	
The system proposed for use in Zhuhai can achieve an optimal payback period of 11.8 years while generating a maximum NPV of USD 23,600.








	[59]
	N
	-
	LiBr/H2O

NH3
	
	
The minimum payback period of the proposed system is 9.3 years.



	
The maximum specific total electricity cost saving of the system is 192.6 CNY/(m2·year).
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