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Abstract

:

Humanity is facing the challenge of reducing its environmental impact. For this reason, many specialists worldwide have been studying the processes of production and efficient use of energy. In this way, developing cleaner and more efficient energy systems is fundamental for sustainable development. The present work analyzed the technical feasibility of a solar-driven power-cooling system operating in a particular location in Mexico. The theoretical system integrates organic Rankine and single-stage absorption cooling cycles. A parabolic trough collector and a storage system integrated the solar system. Its performance was modeled for a typical meteorological year using the SAM software by NREL. The analyzed working fluids for the organic cycle include benzene, cyclohexane, toluene, and R123, while the working fluid of the absorption system is the ammonia-water mixture. The cycle’s first and second-law performances are determined in a wide range of operating conditions. Parameters such as the energy utilization factor, turbine power, COP, and exergy efficiency are reported for diverse operating conditions. It was found that the highest energy utilization factor was 0.68 when the ORC utilized benzene as working fluid at ORC and ACS condensing temperatures of 80 °C and 20 °C, respectively, and at a cooling temperature of 0 °C. The best exergy efficiency was 0.524 at the same operating conditions but at a cooling temperature of −10 °C.
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1. Introduction


One of the main consequences of the irrational use of energy systems, mainly of those with direct or indirect use of fossil fuels, is climate change, whose effects on the planet have been studied in recent decades and today are well known. In the last decades, a strategy well promoted to counteract such effects is the transition to systems using renewable energy sources, such as solar energy, which can be used to produce electricity through the well-known photovoltaic technologies, or heat through the different solar thermal devices. These energy sources are of interest to the present research work.



1.1. Solar-Thermal Energy Technologies


In recent years, the research and development of solar technologies have not only enhanced the efficiencies of diverse systems but have also made significant strides in improving thermal energy storage and distribution, as well as the overall design, monitoring, control, and integration of these systems. Diverse solar technologies offer versatile applications, capitalizing on one of the most popular renewable energy sources.



Solar thermal energy is practical in diverse applications such as water and space heating, cooking, drying, desalination, distillation, industrial processes, thermal power generation, cooling and air conditioning, thermal energy storage, thermal hybrid systems, and steam generation. Notably, thermal power generation has garnered substantial attention from researchers in recent decades due to the environmental impact, particularly the contribution to global warming, associated with fossil fuels commonly used in thermoelectric power plants (often relying on natural gas or coal).



According to the 2021 Statistical Review of World Energy [1], coal and natural gas dominated power generation, contributing 36% and 22.9% to total production, respectively. While renewable energy sources, including wind and solar, have made strides, their combined contribution to global electricity production was reported at 10.2% for the same year. Some experts suggest directing research efforts toward expanding solar power applications, particularly in electricity generation, to reduce dependency on conventional grids [2].




1.2. Organic Rankine Cycles (ORCs)


Regarding power production using alternative energy sources instead of fossil fuels, a very popular system that has gained the attention of researchers in that field is the organic Rankine cycle (ORC) since it offers several advantages over the conventional Rankine cycle, the main one being that it can use low and medium-temperature heat sources which could not be used by a conventional Rankine cycle since it requires higher operation temperatures [3]. Thus, the ORC is interesting, mainly when used for waste heat recovery, low-temperature heat sources, and applications where water as a working fluid is not feasible. Other key advantages of the ORC compared to the traditional Rankine cycle are described next:




	
A wider range of working fluids. Such flexibility enables the optimization of the cycle for specific heat source temperatures. Recent research on organic fluids has addressed issues like their thermodynamic performance [4], actual greenhouse effect [5,6], the use of zeotropic mixtures as working fluids [7,8,9,10,11], and the effect of using super dry working fluids on system performance [12,13].



	
A more compact design. ORCs require lower operating pressures and, thus, smaller equipment sizes than conventional Rankine cycles. This advantage can lead to more compact and cheaper system designs. This advantage is particularly convenient for limited-space applications.



	
Customizable systems: ORCs can be customized and optimized for specific applications and heat source conditions. This flexibility allows engineers to design systems that match the requirements of the particular energy source [3,14,15,16] and heat sink, maximizing efficiency [3,14,15,16,17,18,19,20].



	
Modular and Scalable: ORC systems are often modular and can be scaled to suit different power output requirements. This characteristic makes them suitable for various applications, from small-scale distributed power generation to large industrial processes.



	
Decentralized Power Generation: ORCs are suitable for decentralized power generation, enabling the utilization of local heat sources to produce electricity. This can improve energy efficiency and reduce transmission losses.



	
Combined Heat and Power (CHP) Systems: ORCs can be integrated into combined heat and power systems, allowing the simultaneous generation of electricity and useful heat and increasing the overall energy utilization efficiency. New researchs on combined heat and power systems have utilized ORC, taking advantage of several heat sources [21,22,23,24,25].








It is important to note that these cycles also come with their challenges and considerations, such as the choice of the working fluid, thermodynamic cycle design, equipment compatibility, and safety concerns associated with some organic fluids; despite this, their versatility and advantages make of them one of the main options to consider for power production when there are low or medium temperature heat sources.




1.3. Absorption Cooling Systems (ACS)


On the other hand, it is well known that vapor compression cooling systems are the most utilized systems worldwide for cooling purposes. However, they have direct and indirect negative impacts on the environment due to direct emissions of some refrigerants with Ozone Depletion Potential (ODP) and their use of electricity produced mainly by fossil fuels, indirectly contributing to global warming [26]. Moreover, according to some prospects [27], the cooling demand in the next decades will increase so that only the contribution of cooling systems to global warming will surpass the limit aimed for in the Paris Agreement. Thus, it is necessary to focus on actions aiming to create efficient and reliable alternative cooling systems capable of satisfying increasing cooling demand in the future. An alternative to conventional compression systems is absorption systems, which have gained attention in the last decades since they can be operated with a heat source, reducing (or even avoiding) the dependence on electricity to produce a cooling effect. In general, the research on absorption cooling systems seeks an improvement in efficiency, sustainability, and applicability. To achieve that, recent research has focused on topics such as the following:




	
Advanced absorbent materials: Researchers are investigating new materials to enhance vapor capture and release efficiency in absorption cycles. These new materials could lead to more efficient and lower-energy consumption cooling systems. Some of these absorbents are ionic liquids [28,29,30], although other fluids have been studied [31].



	
Cycle Efficiency Enhancement: Different techniques to optimize and enhance absorption cycles are being explored to reduce heat losses and improve mass transfer during absorption and desorption processes [32].



	
Renewable Energy Integration: Researchers are exploring ways to integrate absorption systems with renewable energy sources such as solar or geothermal energy to make cooling systems more sustainable and self-sufficient [33,34,35,36,37].



	
Hybrid Systems: Absorption systems integrated with other cooling technologies, such as mechanical compression systems, have been investigated to achieve optimal performance and higher energy efficiency [38,39].









1.4. Integrated Cooling and Power Systems


According to the report “The Cooling Imperative: Forecasting the Size and Source of Future Cooling Demand” [27], it was estimated that 470 million people in poor rural areas lack access to safe food and medicines due to inadequate electricity and refrigeration. In this context, hybrid systems for the simultaneous production of power and cooling could be an effective way to satisfy these two elemental needs at once. For this purpose, integrating organic Rankine cycles and absorption cooling systems is very attractive because of the advantages previously described for every system. Moreover, hybrid systems driven by solar energy for power and cooling could satisfy these basic needs where no grid access is available. In such cases, its energetic and economic performance could reach attractive values because of its high potential for an off-grid operation.



Research on hybrid systems for power and cooling has been intensified in the last few years. Most of this research is the result of modifications to basic power cycles (i.e., Rankine and Kalina cycles) and their integration into a cooling cycle, which, for convenience, turns out to be the absorption cycle. From that point, some cycles are continuously modified to get more complex systems to produce more than two energy effects. Some representative examples of the research on integrated systems are briefly described in the next paragraphs.



One of the most known cycles for simultaneous cooling and power production is the Goswami cycle [40], which combines absorption and a Rankine cycle with power production as the primary goal. The working fluid in this cycle is the ammonia–water mixture, which, according to the authors, is ideally suited for solar thermal power using low-cost solar concentrating collectors. The Goswami cycle has been extensively studied [41,42,43,44] because of its high versatility for using different heat sources, including those at low and medium temperatures. Some studies have been performed based on the Goswami cycle. Hasan and Goswami analyzed the Goswami cycle operated with solar energy from the second law perspective [45]. The analysis considered optimizing the operating conditions to get maximum exergy efficiency. Heat source temperatures from 47 to 187 °C were considered in the analysis. The authors found that increasing the heat source temperature does not necessarily increase the energy or exergy efficiencies. However, it was proved that the heat source temperature affects the fractions of power and refrigeration. Another study [46] theoretically analyzed several configurations for simultaneous cooling and power production using absorption systems with working fluids based on ammonia. This study considered different configurations based on the Goswami and single-effect absorption cycles coupled to several solar collectors (evacuated tube, parabolic trough, and linear Fresnel). This study found an optimum heat source temperature for each configuration depending on the solar technology, the evacuated tube solar collector being the most suitable for single-effect configurations since the temperature requirement is low. However, for applications requiring a higher heat source temperature, as the Goswami cycle does, the authors found that the parabolic trough collector could be a good option.



Other studies for the simultaneous production of power and cooling have been focused on the integration of organic Rankine cycles (ORC) and cooling systems such as vapor compression refrigeration cycles (VCRC), ejector refrigeration cycles (ERC), and absorption cooling systems (ACS).



Regarding the studies integrating an ORC and a VCRC, Alshammari et al. [47] modeled and experimentally validated a new single-rotor expander-compressor device in a combined VCRC and ORC. The system was analyzed at a driven temperature of 90 °C, evaporator temperatures in the VCRC between −20 °C and −5 °C, and rotor speed (500–3000 rpm). The maximum cooling effect, heat-to-cooling efficiency, and exergy efficiency achieved were 5.38 kW, 56%, and 63%, respectively, at evaporator temperatures of 62.75 °C for the ORC and −5 °C for the VCRC. Kim [48] modeled a combined power generation and cooling system comprising an ORC and a VCRC using R245fa, R114, R600, R142b, R152a, and R1234yf. The results showed that the thermal efficiency of the combined ORC–VCC system was almost twice that of the basic ORC system. The results showed that the R245fa exhibited the highest thermal efficiency of 25%, which was 29% higher than the 19.4% achieved using R1234yf under the same operating conditions. Grauberger et al. [49] designed and evaluated an experimental ORC–VCRC of 300 kWth using novel heat integration strategies. The system uses a turbo-compressor sharing a single shaft. The system operated with waste heat at 91 °C and generated chilled water at 7 °C. The thermal efficiency of the Rankine cycle (accounting for pump work) was 7.7%, and the COP of the VCRC was 5.25. Nasir et al. [50] analyzed a biomass-powered combined cooling, heating, and power system based on ORC and VCRC for small-scale developing and underdeveloped communities. The ORC operated with xylene and could deliver 100 kW of electricity. Meanwhile, isobutane was used in the VCRC. The system delivered as much as 30 kW of cooling and 528 kW of heating at various combinations of parameters.



Concerning the integration of an ORC with an ERC, Gorhbani et al. [51] proposed a cogeneration system to produce cooling, heating, and power from geothermal energy. The cogeneration system comprises a Kalina cycle (KC), an ERC, and an ORC. The authors conducted energy, exergy, and exergoeconomic analyses with a multi-objective optimization. Thermal efficiency, exergy efficiency, total investment cost, total exergy destruction rate, net power production capacity, and cycle cooling capacity at optimal conditions were 23.04%, 26.55%, 45,944.5 $/yr, 226 kW, 75.17 kW, and 111.6 kW, respectively. Tao et al. [52] analyzed and optimized a combined power and refrigeration system based on ORC and ERC. The evaporation temperature was as low as −60 °C. The system was compared with others reported in the literature, finding that under the same operating conditions, the system’s net power was increased by 12.52 kW, the thermal efficiency was increased by 4.27%, and the energy efficiency was increased by 2.57%. The optimum system thermal efficiency, the exergy efficiency, the sum unit cost of products, and the sum unit environmental products were 15.01%, 43.18%, 45.5 USD/MWh, and 5122.6 MPTS/MWh, respectively. Chowdhury and Mokheimer [53] analyzed the performance of a combined power and cooling cycle consisting of an ORC and an ejector absorption refrigeration cycle. The ORC was modeled with different working fluids, while the refrigeration cycle operated with the ammonia–lithium nitrate mixture. Parabolic trough collectors drove the whole system. The modeling results showed that the PTC accounted for 60–80% of the total exergy destruction. The highest energy utilization factor was 25.31% at a fluid inlet temperature of 550 K, using toluene as a working fluid in the ORC. The highest exergy efficiency was 17%.



Regarding the systems integrating an ORC and an ACS, Liu et al. [54] analyzed a system integrated by two ORCs (one of them of multiple stages), a compressed air energy storage, and an ACS to produce heating, cooling, and power simultaneously. The optimization was performed using Aspen Plus software to maximize the round-trip efficiency and minimize the total investment cost per output power. The results showed that the system has the advantages of a high efficiency of 68.38% and a low cost of 0.1984 $/kWh. Sharifishourabi and Chadegani [55] studied a system for the production of hydrogen, cooling, hot water, and power through the integration of an organic cycle, a triple-effect absorption cooling system, a dehumidifier, and an electrolyzer using a compound parabolic trough solar collector. In the proposed system, the power output was used to activate the electrolyzer and produce hydrogen, while the organic fluid at the turbine outlet was used to activate the cooling system. The performance parameters achieved by the system were 0.39, 1.34, and 14.4% for the energy utilization factor, the COP of the cooling system, and energy efficiency, respectively. Anvari et al. [56] proposed and analyzed a trigeneration system consisting of a gas-turbine cycle, a heat-recovery steam generator, and an absorption cycle operating with the H2O–LiBr to produce a combined cooling, heating, and power. The proposed configuration capacity can generate a power of 30 MW, 40 MW of heating, and 2 MW of cooling. The authors found that the combustion chamber had the highest contribution to the overall exergy destruction and that nearly 29% of the total irreversibility in the cycle was endogenous-avoidable. From the second-law perspective, Pashapour et al. [57] analyzed a polygeneration system for heating, cooling, and power. The proposed system integrated a gas turbine, an ORC, and an ACS. The system uses the heat lost from a gas turbine to drive the organic cycle and, at the same time, to produce warm water. Geothermal heat is used in a reheater in the organic cycle to improve the power produced (achieving an increase of 29.4% regarding the non-reheating cycle) and then to drive the absorption cycle for cooling production. It was found that a maximum exergy efficiency of 50.65% was achieved. Jiménez et al. [58] analyzed the coupling of an organic cycle and an absorption cooling system using different organic fluids. The authors found that power output is, at best, one-quarter of the cooling output for a wide range of operative conditions. This is because the expansion of the organic fluid in the power cycle is limited by the need to obtain a fluid at a high temperature at the outlet of the expander to activate the double-effect absorption cycle. The energy utilization factor and the exergy efficiency varied between 0.62 and 0.76, and 0.14 and 0.35, respectively. Grosu et al. [59] integrated an ORC using R245fa and an H2O–LiBr ACS driven by solar energy. It was designed to supply electricity and air conditioning to a building; however, this study mainly focused on the organic and absorption cycles, leaving aside the solar system details. The authors recommend adding a recovery heat exchanger at the inlet of the condenser in the ORC and including a solution heat exchanger in the absorption cycle to improve the efficiency of the integrated system.



Additionally, Gupta et al. [60] reviewed a solar ORC and its polygeneration applications. The authors reported 160 references to systems related to the topic, most of which analyzed systems for the production of electricity and heating, electricity, heating and cooling, electricity, heating, and freshwater, among other applications. Regarding the systems studied for electricity and cooling, in almost all cases, the systems were integrated using an ORC and a VCRC, while just a couple of them used absorption systems; however, in both cases, the absorption systems were not used for cooling production but for heating or fresh water.



From the literature reviewed, it is clear that there have been many studies of ORC driven with solar energy [60] for a wide range of applications. Also, many studies have been reported for the simultaneous production of power and cooling, but most of these studies integrate a VCRC into an ORC [47,49,50]. Also, many systems have used an ERC for cooling purposes [51,52,53]. Only a few studies have integrated an ACS for cooling production [54,55,56,57], and in fact, just the system analyzed by Grosu et al. [59] was driven by solar energy. Thus, it is clear that there is a lack of studies integrating ORC and ACS for the simultaneous production of power and cooling driven by solar energy. Additionally, it was observed that, in all the cases in which an ACS was integrated into an ORC, the ACS operated with the H2O–LiBr mixture, thus limiting their applications just for air conditioning without the possibility of producing cooling under 0 °C. Therefore, the present study proposes and analyzes the theoretical performance of an integrated organic Rankine cycle/single-effect absorption cooling system (ORC–ACS) driven by a solar system composed of a commercial Parabolic Trough Solar Collector (PTSC) coupled to thermal storage. For that purpose, the analysis considered the solar conditions available in Temixco, Morelos, Mexico. The solar analysis was carried out using the NREL System Advisor Model (SAM 2022.11.21 version) software [61], whose output values for thermal load and temperature (delivered by the solar system) characterize the thermal input to the integrated cooling and power system. Thus, the cooling and power production will be assessed under the specified conditions.



As for the working fluids selection, the proposed fluids for the system are benzene, toluene, cyclohexane, and R123 for the ORC and the ammonia–water (NH3–H2O) mixture for the ACS. The choice of the organic fluids was based on previous reports [4,62,63,64], where the best efficiencies for the organic Rankine cycles operated in similar conditions to those of the present study were obtained with benzene, toluene, and cyclohexane. As for the selection of R123, it was influenced by several recommendations in the literature [65,66,67,68], mainly considering the thermodynamic and environmental performances achieved. The organic fluids chosen are dry fluids suitable for the ORC operation. Some relevant properties of these fluids are presented in Table 1.



As for the NH3–H2O mixture, it is a reliable and proven fluid that makes it possible to produce a cooling effect at the temperatures required for refrigeration applications.



About the characteristics that make this system different from others found in the literature, we can count on the following:




	
A deeper analysis of the dynamic behavior of the solar collector for a particular location, including the sizing of the thermal storage.



	
A higher capacity for cooling over power production when compared to the Goswami systems, which prioritize power over cooling.



	
A benefit of the power production as a result of the lower activation temperatures for the single-effect absorption cycle, regarding those required for double or triple-effect absorption cycles.



	
A higher versatility of the proposed system to produce cooling suitable for refrigeration or air-conditioning applications due to the use of NH3–H2O Instead of H2O–LiBr as other studies in the literature.



	
A wider range of operating conditions is due to the higher heat source temperatures provided by the PTSC in comparison to other solar technologies proposed in similar studies.








Moreover, the analysis and presentation of the results in this work make it possible to assess the operation of the integrated configuration (ORC–ACS) with heat sources different than solar, such as industrial waste heat or geothermal energy, significantly expanding its potential applications and uses.





2. System Description


The thermal energy is supplied by the solar system (composed of the parabolic trough solar collector plus the storage system) to the integrated system (composed of the ORC and the ACS) through the heat transfer fluid (HTF), which, in this case, is pressurized water. The thermal energy absorbed (    q  ˙   ) by the HTF from the solar irradiation can be calculated using Equation (1) [69]:


    q  ˙  =   I   b   A     η   o p t     θ   C o s θ −     q  ˙    l o s s    



(1)







That thermal energy depends on the direct normal irradiation     I   b    , the aperture area   A  , the optical efficiency     η   o p t    , the irradiation incidence angle adjustment factor   C o s θ  , and the total thermal loss       q  ˙    l o s s    .



The proposed ORC–ACS is presented in the schematic diagram in Figure 1, where the topping and bottoming cycles represent the ORC and ACS, respectively. In the ORC, the solar heat from the PTSC is supplied to the evaporator, increasing the temperature of the high-pressure stream coming from the pump and, thus, obtaining a superheated vapor at the exit of this component. The organic fluid in this state flows to the turbine, which is expanded to a lower pressure level, producing mechanical power that can be transformed into electricity by an electric generator. At the exit of the turbine, the organic fluid, remaining as a superheated vapor, enters into a closed-type heat exchanger where the power and cooling cycles are coupled. The fluid is condensed by rejecting its condensation heat to the concentrated solution in the generator of the absorption cycle. The organic fluid leaves this heat exchanger as saturated liquid and is pumped to the evaporator, thus closing the power cycle.



The condensation heat, transferred to the NH3–H2O solution in the ACS generator, produces a vapor-phase mixture of ammonia and steam (with a high ammonia concentration) and a liquid-phase NH3–H2O solution (with a low ammonia concentration). The vapor phase mixture flows through the rectifier, where part of the water is condensed and returned to the generator, thus maximizing the ammonia concentration of the vapor phase, which is liquefied in the condenser of the ACS by rejecting its condensation heat to an auxiliary cooling fluid. The condensed fluid is then expanded in a throttle valve to get the lowest pressure and temperature of the system.



The almost-pure ammonia at this condition has great potential to produce a cooling effect as it flows through the evaporator of the ACS. This component supplies an external thermal load to the working fluid, producing the desired cooling effect. The proposed model considers that, in this component, the working fluid is evaporated. Thus, the vapor-phase working fluid goes to the absorber, which is mixed with the liquid-phase NH3–H2O solution from the generator. The mixing process releases heat, which is recovered using an auxiliary cooling fluid. As a result of this process, an NH3–H2O solution with a high ammonia concentration is obtained and pumped back to the generator, closing the cycle. A heat exchanger identified as an economizer is included in the system to recover heat from the high-temperature solution flowing from the generator to the absorber and to transfer it to the solution stream flowing to the generator; thus, the economizer acts as an energy saver unit improving the system performance.




3. Mathematical Model


The model solution considered the following assumptions:




	
The system operates in steady-state conditions.



	
The system operates in thermodynamic equilibrium.



	
There are no heat losses in components and piping.



	
There are no pressure losses in components and piping.



	
The process in the valve is isenthalpic.



	
The condenser and absorber of the ACS operate at the same temperature.



	
There is a constant temperature difference of 10 °C between the temperature of state 3P and states 1 and 9 in the generator of the ACS.








Some additional restrictions and definitions applicable to the model are presented in Table 2:



The mass, ammonia, and energy balances in the main components of the integrated system are presented in Table 3 and Table 4.



The performance parameters for the integrated system are the Energy Utilization Factor (EUF) and the Exergy Efficiency (    η   I I    ), which are defined as indicated by Equations (41) and (42), respectively.


  E U F =         Q  ˙    E   +     W  ˙    T , O R C , a           Q  ˙    E   O R C   +     W  ˙    P , O R C , a   +     m  ˙    6     w   P , a      



(41)






      η   I I   =       Q  ˙    E     1 −     T   5   + 10   298.15     +     W  ˙    T         Q  ˙    E , O R C     1 −   298.15     T   2 P   + 10     +     W  ˙    P   +     W  ˙    P , O R C      



(42)







In Equation (42), temperatures are expressed in the thermodynamic scale, and a difference of 10 °C is added to the lowest and highest temperatures of the integrated cycle to consider that cooling and heating are related to external heat sources. In this equation, the numerator represents the exergy of the cooling load and power produced, while the denominator is the sum of the exergy of the work and heat supplied to the integrated system in the pumps and in the ORC evaporator.



Model Validation


The model validation was conducted considering the integrated system as the coupling of three independent systems: the solar, power, and cooling systems. The independent systems validation is presented next.



The solar system was modeled using the NREL’s System Advisor Model (SAM 2022.11.21) software, which is an open-source project that allows the design of techno-economic models of renewable energy, including the parabolic trough technology chosen for this study; this particular model had been previously validated with experimental data [69].



On the other hand, the results of the power model were compared to those reported by Mohammadi et al. [70], while the corresponding absorption model was contrasted to those reported by Clerk and Trezek [71]. Both references were chosen since the analyzed cycles are similar to those in the present configuration. Moreover, both references were adequately validated. The main validation findings for a specified operating condition are presented in Table 5.



From the validation analysis, it is observed that, for the power cycle, a good agreement is achieved for the power of the turbine and pump, as well as for the efficiency of the cycle.



As for the absorption cycle, it was found that the main differences were obtained for the concentration of the strong and weak solutions, with the maximum approximated to 7%; however, in general, a good agreement was observed for the proposed model regarding the chosen references in the literature.





4. Results


As a reference for the readers, Table 6 outlines the main operational parameters of the integrated system as well as the thermal loads and performance parameters during its instantaneous operation on 21 June at 12:00, coinciding with the summer solstice at noon. This specific date and time have been chosen as a representative point for comparison purposes. Additionally, the data in Table 6 are presented with Benzene as the Organic Rankine Cycle (ORC) working fluid. This selection is based on subsequent results presented in this section, where Benzene emerged as the optimal fluid among those analyzed in terms of performance.



4.1. Solar System


As previously mentioned, the design of the thermal supply to the cooling and power system is based on a parabolic trough model. The solar system is composed of the parabolic trough collector and the storage system; its performance was calculated using the SAM (2022.11.21 version) software, which allows the estimation of techno-economic aspects of renewable energy projects. The main parameters required to carry out the solar system simulation are site location, design point, solar multiple, heat transfer fluid (HTF), thermal storage, design thermal power, and type of parabolic collector. Site selection requires knowledge of the available solar resources; for solar concentration, it is recommended that the site have a direct daily irradiance above 5 kWh/m2 [72]. The site selected for this project is located in the city of Temixco, Morelos, Mexico, at coordinates 18.8393° N and −99.2354° E. This location experiences a daily irradiance of 6.58 kWh/m2, a value higher than the recommended threshold. The design point parameter is determined by calculating the cumulative distribution of the direct normal irradiance (DNI) of a typical meteorological year (TMY) and selecting the value that represents the 95th percentile of the distribution. For the selected site, this value is 950 W/m2. Figure 2 displays the daily solar energy availability per square meter at the selected site for each month, along with an hourly map illustrating irradiance throughout the year.



The solar multiple (SM) is the ratio between the thermal power of the receiver and the thermal power delivered by the solar system. This value is utilized to dimension the receiver’s power. When SM = 1, the solar irradiance incident on the receiver generates the design thermal power for only a few hours throughout the year. On the other hand, if SM > 1, there will be more hours throughout the year in which the design demand is satisfied. Accomplishing the design demand for a longer time usually includes a storage system that allows the supply of thermal energy in adequate conditions for a longer period. The SM used in this model is 1.5.



The choice of the HTF depends on the required temperatures. The SAM software allows the selection of various types of HTF, including oils, molten salts, or pressurized water. Considering that the operating temperature range is not extreme, pressurized water is preferred for this model. The temperature range in the model is as follows: the supposed HTF temperature entering the collector is 170 °C, while the expected outlet temperature is 210 °C. According to the simulation results, Figure 3 presents the HTF temperature achieved by the PTSC by hour throughout the year.



In Figure 3, it is possible to identify the three main periods: a main period, from 8 to 16 h, when the PTSC is the main heat provider to the integrated system but also to the storage system; a secondary period, from 16 to 24 h, when the thermal energy to the integrated system is provided mainly by the storage system; and a third period, from 24 to 8 h, when the HTF temperature is the lowest due to the intermittent behavior of solar energy and the specified capacity of the thermal storage.



It was found that, for the chosen site, considering a continuous operation (24/7), a mean HTF temperature delivered by the solar system (    T   s    ) of 180.8 °C (±12.9 °C) can be achieved with the solar system. However, if it is considered the operation of the integrated system only in the main period, the mean HTF temperature can reach up to 192.7 °C (±9.1 °C). This value diminishes to 187.5 °C (±10.2 °C) considering the main and secondary periods when the PTSC and the storage system supply the heat.



On the other hand, it is possible to indicate the desired thermal power to be delivered by the solar system (      Q  ˙    s    ); however, based on the chosen operative conditions, the software will determine if the system can achieve that power. In this case, the thermal power desired was 100 kW. Figure 4 shows the predicted thermal power that the solar system can deliver throughout the year; as in the case of the HTF temperatures, the characteristics of the thermal power can also be described based on the period chosen for the analysis. A mean thermal power up to 58 kW (±22.1 kW) can be reached in the main period, but that value is just 45.2 kW (±24.2 kW) when main and secondary periods are considered (8 to 24 h) and hardily 30 kW (±28.5 kW) when a continuous operation (24/7) is considered.



The previous results correspond to the parabolic trough model Luz LS-2, which is the smallest collector from those available for selection in the software utilized for the modeling. It has a reflective aperture area of 235 m2 (width = 5 m, length = 49 m) with a receiver with an internal diameter of the absorber tube of 76 mm. The thermal power achieved by the current solar configuration (parabolic trough + storage system) is significantly lower than the thermal power considered at the design point (100 kW). It means that whether a project demands to supply a heating load of 100 kW, either a bigger collector model should be chosen, or more than one collector would be required to accomplish the thermal requirement. The analysis of the integrated system in the next section will consider the current configuration of the solar system.



Regarding thermal storage, a storage period of 10 h was considered the design point. Two tanks with an HTF volume of 25 m3 were considered for storage. The analysis did not include any external heater for the storage tanks. A heat loss in the storage system of 10 kW is estimated. The thermal behavior of this system is shown in Figure 5, which characterizes the charge and discharge cycles and the HTF temperature variation. These parameters correspond to 7 and 8 January. Figure 5 demonstrates that the charging process of the storage system starts at 8 h from the first moment of solar energy availability. It is also shown that, in appropriate conditions, the system can quickly reach its maximum storing capacity (50 kW). On the other hand, the discharge process starts once the collection of solar energy ceases; it is on 7 January, at 18 h. At this date, the storage system can provide thermal energy for approximately 6 h (second analysis period). As for the HTF temperatures in the storage system, a maximum value near 190 °C is achieved at 17 h, which means that contrary to the thermal power, it keeps increasing as the sunlight is available. The minimum temperature in the storage system is near 150 °C, reached just before the charging process starts.




4.2. Integrated Cooling and Power System


The performance analysis of the integrated system for cooling and power is conducted using the results of the solar system operation during the main and secondary periods, that is, considering the average thermal power and HTF temperature supplied by the solar system from 8 to 24 h. Both parameters     T   s   = 187.5   ° C ( ± 10.2   ° C )  , and       Q  ˙    s   = 45.2   k W   ( ± 24.2   k W )  , are kept constant for the analysis of the integrated ORC–ACS.



As for the integrated cooling and power system (ORC–ACS), the main input parameters are the temperatures of the thermodynamic states designed as 4P (ORC), 3 (ACS), and 5 (ACS).     T   4 P     defines the low pressure of the ORC, thus limiting the expansion of the organic fluid in the turbine and affecting the temperature of the heat transferred to the NH3–H2O in the generator of the ACS. This parameter is varied as   80   ° C ≤   T   4 P   ≤ 110   ° C  .     T   3     is defined by the cooling fluid in the condenser and absorber (    T   3   =   T   6    ). The model considers temperatures     T   3     and     T   6     10 °C higher than the cooling fluid temperature. The cooling fluid in the condenser and absorber is commonly water or even air at ambient temperature, which is a time-dependent variable. Thus, this model considers     T   3     to vary in the range   20   ° C ≤   T   3   =   T   6   ≤ 30   ° C  . Finally, the     T   5     represents the cooling temperature achieved by the ACS. This value depends on the application of the cooling system, and for the modeling purpose,     T   5     will be varied between −10 °C and 0 °C.



Since the heat power and the HTF temperature supplied to the ORC by the solar system are fixed, the only variables affecting the ORC performance are     T   4 P     and the organic fluid. The ORC performance as a function of both parameters is shown in Figure 6, where it is shown that benzene is the best fluid to get the highest turbine power and thermal efficiency for the ORC. It is evident from Figure 6 that ORC power and efficiency decrease as the organic fluid temperature leaving the condenser increases. It is an expected behavior because this temperature is proportional to the low pressure in the system; thus, an increment in that temperature augments the discharge pressure of the turbine, reducing the expansion process and the ORC efficiency.



Once the organic fluid effect on the power cycle has been analyzed, the following results will consider the use of benzene in the ORC. Figure 7 analyzes the ACS performance as a function of the condensing and cooling temperatures; such results are determined for     T   4 P   = 100   ° C  .



Figure 7 presents the effect of condensing (    T   3    ) and cooling (    T   5    ) temperatures on the cooling load and the performance of the ACS. As was hoped, increasing the condensing temperature significantly affects the performance of the absorption system. The cooling temperature follows the same trend: decreasing this parameter while keeping constant the heat source temperature represents a more significant challenge for the cooling system; it is observed as a detriment to the cooling power and, thus, on the COP. Since the cooling temperature of −10 °C effect on the ACS performance is more evident than that for the other cooling temperatures, the following results, describing the performance of the integrated system were obtained considering     T   5   = − 5   ° C  .



The simultaneous variation of the main parameters for the integrated system, the cooling load and the turbine power, can be analyzed as a rate for different ORC and ACS condensing temperatures, as shown in Figure 8, where it is evident that the higher ORC condensing temperature, the more cooling load obtained.



Figure 9A presents EUF as a function of the ORC and ACS condensing temperature at a −5 °C cooling temperature using benzene as the organic fluid in the ORC. As previously analyzed, the ACS condensing temperature affects the cooling power and then the EUF; however, this figure shows that EUF is also highly dependent on the ORC condensing temperature. Figure 9A shows that although for low ORC condensing temperatures, the condensation in the ACS at low temperatures favors the EUF and the organic fluid expansion (and thus the power production), the performance at this condition is affected to a greater extent when the ACS condensing temperature increases. Thus, since the ACS condensing temperature is a variable depending on time, it is recommended to operate the integrated system at ORC condensing temperatures above 100 °C. At such conditions, more stability in the system performance would be obtained.



On the other hand, Figure 9B shows that, although for a 110 °C ORC condensing temperature, the organic fluid with the highest performance is R123 (at low ACS condensing temperatures), the system performance using this fluid is the most dependent on the ACS condensing temperatures. Thus, the utilization of R123 in the proposed system is not recommended. For the remaining organic fluids, Figure 9B corroborates that benzene is the best option from the analyzed fluids since, for any ACS condensing temperature, the best system performance is achieved with this fluid.



The system exergy efficiency is presented in Figure 10A, which shows that, as for the EUF, the second-law efficiency is affected by an increment of the ACS condensing temperature, as the performance at low ORC condensing temperatures is more affected by that parameter. It was found that the theoretical performance for the integrated system is not possible for ORC and ACS condensing temperatures of 80 °C and 30 °C, respectively. It means that 80 °C is near the lowest operating condition to condense the organic fluid for a cooling fluid temperature above 25 °C, which is usually taken as a standard environment temperature in theoretical studies.



Figure 10B shows the exergy performance for the analyzed organic fluids when they are condensed at 110 °C. It is proved that R123 remains the least recommended fluid to be used in the ORC; although the organic fluid is only present in the topping cycle, it affects the heat source temperature of the bottoming cycle, causing its poor performance at high condensing temperatures, as Figure 10B shows. At difference from the EUF presented in Figure 9B, for an ORC condensing temperature of 110 °C, the best exergy efficiency is obtained with benzene, regardless of the ACS condensing temperature.



From Figure 9 and Figure 10, it is evident that when R123 is used in the power cycle, the performance of the integrated system is highly affected by the condensing temperature of the absorption system. Although it seems contradictory, it is because when using R123 on the power system, the heat load from the upper to the bottoming cycle is transferred at a lower temperature in comparison to the other organic fluids analyzed (for the condition presented, 20 °C lower than in the case of benzene); operating the system in limit conditions regarding the heat source temperature, hence, if in addition, the condensation temperature increases, it results in detriment of the system performance, as shown by the EUF and the exergy efficiency.



Figure 11 shows the hourly performance of the integrated system according to the first (COP, ORC efficiency, and EUF) and second (Exergy efficiency) laws; for the spring equinox (Figure 11A), summer solstice (Figure 11B), autumn equinox (Figure 11C), and winter solstice (Figure 11D), considering a cooling temperature of −5 °C and a condensing temperature for the organic fluid (    T   4 P    ) of 100 °C.



It is evident from Figure 11 the time when solar energy is no longer available, and the storage system starts providing the thermal energy to drive the integrated system (around 16 or 17 h), except for the autumn equinox (21 September) when the storage system is not able to supply energy to the cooling and power system due to the rainy season in the chosen location. The low availability of solar energy for this season can be seen in Figure 2.



It is also shown that, in general, the proposed storage system supplies thermal energy, maintaining the performance achieved with the PTSC, and even, in some cases, reaching higher and more steady values for parameters like EUF and COP. This is because the storage system supplies energy at similar or even slightly higher temperatures than the PTSC does at the end of the solar day (first period of analysis); thus, parameters such as the exergy efficiency are not significantly affected by the heat source (PTSC or storage system).



Comparing the results obtained of the proposed system with others for the same purposes utilizing ORCs and ACSs, it was observed that the EUF (0.42–0.65) were lower with the proposed system than those obtained by Jiménez et al. [58] (0.62–0.76), but the exergy efficiencies were considerably higher (0.39–0.52) than those reported in that work (0.14–0.36). This is because Jimenez et al. [58] analyzed a double-stage ACS, which is more efficient than the single-effect system used in the present study; however, that system requires higher driving temperatures, increasing the system irreversibilities. Comparing the results with those obtained by Pashapour et al. [57], the exergy values are similar since they reported a maximum exergy efficiency of 0.50. Finally, comparing the results with those obtained in the study realized by Sharifishourabi and Chadegani [55], the results were better since they obtained 0.39, 1.34, and 14.4% for EUF, COP, and exergy efficiency, respectively, while in the present study, higher values were obtained except the COP since they utilized a triple-effect cooling system which is more efficient than the single-effect system modeled in the present study.





5. Conclusions


The present study proposed and analyzed the performance of an integrated power and cooling system operated with solar energy in Temixco, Morelos, Mexico. The proposed solar energy collection system consisted of a commercial parabolic trough solar collector (PTSC) and a thermal energy storage (TES) system. The potential for harnessing solar energy was evaluated using the SAM (2022.11.21 version) software from NREL. The thermal power and temperature available at the interest site were presented considering three periods per day, of 8 h each. Based on this information, it was determined that the proposed solar system could supply power close to 45 kW at a temperature of approximately 187.5 °C, annual average, for the period between 8 and 24 h. With these results, the integrated system was evaluated for simultaneous power and cooling production, finding that, among the organic fluids analyzed, benzene offers the greatest theoretical potential for improving the integrated system’s first and second law performance. Furthermore, it was found that using R123 as a working fluid for the power cycle is not convenient for the performance of the integrated system due to the relatively low heat supply temperatures to the absorption system for most of the operating conditions analyzed. The maximum value for the EUF was 0.6841, which was obtained with benzene as the ORC working fluid at the ORC and ACS condensation temperatures of 80 °C and 20 °C, respectively, and at a cooling temperature of 0 °C; these conditions favor the expansion of the organic fluid and the operation of the absorption system. However, the best exergy performance (0.5239) was obtained when the cooling temperature was −10 °C instead of 0 °C because this condition represents a greater temperature difference for the high- and low-temperature thermal sources of the cooling system, which favors its second-law performance.



As for the limitations of the present study, we consider that cascade configuration for the power and cooling cycles, as proposed in the present study, limits the power production since the condensation heat in the power cycle must be at a temperature high enough to activate the absorption system. This limitation could be surpassed if the heat source is high enough to allow higher pressures appropriate to the organic cycle at the turbine inlet. In this regard, a challenge to overcome relates to the maximization of power production by taking advantage of the heat source instead of reducing the cooling load by the proposal of new configuration modes, as could be that allowing the heat to be supplied to both cycles (power and cooling) and not only to the power cycle. This kind of theoretical study, as well as the setting up of an experimental facility coupling the power and cooling cycles at a small scale (in the first place), is considered the future research to be explored, in which the main challenge would be the design of a small-scale turbine appropriate to take advantage of the fluid and operating conditions reported in this study.



Finally, it is concluded that although the proposed system could be a technically feasible option for satisfying a simultaneous cooling and power demand, it is necessary to develop an economic study to determine its profitability.
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Nomenclature




	ACS
	Absorption Cooling Systems



	COP
	Coefficient of Performance



	DNI
	Direct Normal Irradiance



	ERC
	Ejector Refrigeration Cycles



	EUF
	Energy Utilization Factor



	HTF
	Heat Transfer Fluid



	ORC
	Organic Rankine Cycle



	PTSC
	Parabolic Trough Solar Collector



	SAM
	System Advisor Model



	SM
	Solar Multiple



	TMY
	Typical Meteorological Year



	VCRC
	Vapor Compression Refrigeration Cycles







Subscripts




	A
	Absorber



	C
	Condenser



	conc
	Relative to the NH3-H2O concentrated solution



	dil
	Relative to the NH3-H2O diluted solution



	E
	Evaporator



	EC
	Economizer



	G
	Generator



	P
	Pump







Symbols




	     m  ˙    
	Mass flow rate



	     Q  ˙    
	Thermal load



	   η   
	Efficiency



	T
	Temperature



	   x   
	Ammonia concentration in the liquid-phase



	   y   
	Ammonia concentration in the vapor-phase



	     W  ˙    
	Power
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Figure 1. Schematic diagram of the integrated cooling and power system. 
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Figure 2. Average insolation and irradiance for the analyzed site. 
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Figure 3. Solar system outlet temperature. 
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Figure 4. Solar system thermal power. 
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Figure 5. Storage system thermal performance. 
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Figure 6. Organic fluid and condensing temperature effects on the (A) turbine power, and (B) ORC efficiency. 
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Figure 7. ACS condensing temperatures effect on (A) cooling load and (B) COP. 
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Figure 8. Condensing and cooling temperatures’ effect on the cooling load to turbine power rate. 
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Figure 9. (A) EUF as a function of ORC and ACS condensing temperatures for benzene; (B) EUF as a function of organic fluids and ACS condensing temperatures at T4P = 110 °C. 
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Figure 10. (A) Exergy efficiency as a function of ORC and ACS condensing temperatures for benzene; (B) exergy efficiency as a function of organic fluids and ACS condensing temperatures at T4P = 110 °C. 
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Figure 11. Predicted hourly performance of the integrated system for the spring equinox (A), summer solstice (B), autumn equinox (C), and winter solstice (D). 
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Table 1. Selected organic fluids’ properties.
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	Fluid
	Critical Temperature (°C)
	Temperature on Turning Point (°C)
	ORC Thermal Efficiency
	ODP
	GWP





	Benzene
	288.9
	263.35
	28.92
	0
	Low



	Cyclohexane
	280.49
	268.85
	26.33
	0
	Low



	Toluene
	318.6
	299.85
	29.77
	0
	0



	R123
	183.68
	150.35
	18.48
	0.02
	93










 





Table 2. Operative restrictions and definitions for the thermodynamic model of the cycle.
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	Consideration
	Equation
	Equation No.





	Isentropic efficiency of pumps:
	     η   P   = 0.85   
	(2)



	Turbine isentropic efficiency:
	     η   T   = 0.85   
	(3)



	Effectiveness of the economizer:
	   ε =     h   8   −   h   7       h   9   −   h   7     = 0.8   
	(4)



	Temperature at the output of the power cycle condenser
	   80 ≤   T   4 P   ≤ 110   
	(5)



	Generation heat (known from the power cycle):
	       Q  ˙    g   =     m  ˙    1 P   (   h   3 P   −   h   4 P   )   
	(6)



	Generation temperature:
	     T   9   =   T   1   =   T   3 P   − 10   
	(7)



	Condensing temperature:
	   20 ≤   T   3   =   T   6   ≤ 30   
	(8)



	Evaporation temperature:
	   − 10 ≤   T   5   =   T   13   ≤ 0   
	(9)



	Ammonia concentration after rectifier:
	     y   2   = 0.999   
	(10)



	Ammonia concentration after evaporator:
	       y   5   = 0.999   
	(11)










 





Table 3. Mass and ammonia balances for the main components of the ORC–ACS.
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	Component
	Mass Balance
	Equation No.
	Ammonia Balance
	Equation No.





	ORC
	       m  ˙    1 P   =     m  ˙    2 P   =     m  ˙    3 P   =     m  ˙    4 P     
	(12)
	/
	/



	Generator
	       m  ˙    6   =     m  ˙    1   +     m  ˙    9   −     m  ˙    10     
	(13)
	       m  ˙    6     x   6   =     m  ˙    1     y   1   +     m  ˙    9     x   9   −     m  ˙    10     x   10     
	(14)



	Rectifier
	       m  ˙    1   =     m  ˙    2   +     m  ˙    10     
	(15)
	       m  ˙    1     y   1   =     m  ˙    2     y   2   +     m  ˙    10     x   10     
	(16)



	Condenser
	       m  ˙    2   =     m  ˙    3     
	(17)
	       m  ˙    2     y   2   =     m  ˙    3     x   3     
	(18)



	Valve 1
	       m  ˙    3   =     m  ˙    4     
	(19)
	       m  ˙    3     x   3   =     m  ˙    4     x   4     
	(20)



	Evaporator
	       m  ˙    4   =     m  ˙    5     
	(21)
	       m  ˙    4     x   4   =     m  ˙    5     y   5     
	(22)



	Absorber
	       m  ˙    9   +     m  ˙    5   =     m  ˙    6     
	(23)
	       m  ˙    9     x   9   +     m  ˙    5     y   5   =     m  ˙    6     x   6     
	(24)



	Pump
	       m  ˙    6   =     m  ˙    7     
	(25)
	       m  ˙    6     x   6   =     m  ˙    7     x   7     
	(26)



	Valve 2
	       m  ˙    11   =     m  ˙    12     
	(27)
	       m  ˙    11     x   11   =     m  ˙    12     x   12     
	(28)










 





Table 4. Energy balances for the main components of the ORC–ACS.






Table 4. Energy balances for the main components of the ORC–ACS.





	Component
	Energy Balance
	Equation No.





	Generator
	       Q  ˙    g   =     m  ˙    1     h   1   +     m  ˙    9     h   9   −     m  ˙    10     h   10   −     m  ˙    6     h   6     
	(29)



	Rectifier
	       Q  ˙    r   =     m  ˙    1     h   1   −     m  ˙    2     h   2   −     m  ˙    10     h   10     
	(30)



	Condenser ACS
	       Q  ˙    c   =     m  ˙    2       h   2   −   h   3       
	(31)



	Valve 1
	       m  ˙    3     h   3   =     m  ˙    4     h   4     
	(32)



	Evaporator ACS
	       Q  ˙    e   =     m  ˙    5     h   5   −     m  ˙    4     h   4     
	(33)



	Absorber
	       Q  ˙    a   =     m  ˙    9     h   9   +     m  ˙    5     h   5   −     m  ˙    6     h   6     
	(34)



	Pump ACS
	       W  ˙    P , A C S   =   v   6       P   7   −   P   6       
	(35)



	Valve 2
	       m  ˙    11     h   11   =     m  ˙    12     h   12     
	(36)



	Evaporator ORC
	       Q  ˙    e , O R C   =     m  ˙    1 P       h   2 P   −   h   1 P       
	(37)



	Turbine
	       W  ˙    T   =     m  ˙    1 P       h   2 P   −   h   3 P       
	(38)



	Condenser ORC
	       Q  ˙    c , O R C   =     m  ˙    1 P       h   3 P   −   h   4 P       
	(39)



	Pump ORC
	       W  ˙    P , O R C   =   v   6       P   1 P   −   P   4 P       
	(40)










 





Table 5. Comparison of the main results obtained with this model and data in the literature [70].






Table 5. Comparison of the main results obtained with this model and data in the literature [70].





	
System

	
Parameter

	
Present Work

	
Mohammadi et al. [70]

	
Units

	
Relative Error (%)






	
ORC

	
Turbine power

	
7.42

	
7.317

	
kW

	
1.41




	
Pump power

	
0.1519

	
0.156

	
kW

	
2.63




	
Efficiency

	
34.19

	
32.27

	
%

	
5.95




	
System

	
Parameter

	
Present work

	
Clerk and Trezek [71]

	
Units

	
Relative error (%)




	
Absorption cycle

	
Cooling load

	
10.5

	
10.51

	
kW

	
0.10




	
Generation load

	
21.78

	
21.66

	
kW

	
0.55




	
     X   c o n c     

	
0.44

	
0.41

	
--

	
7.32




	
     X   d i l     

	
0.29

	
0.28

	
--

	
3.57




	
COP

	
0.48

	
0.47

	
--

	
2.13











 





Table 6. Operative parameters for the integrated system on June 21 at 12 h.
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State

(See Figure 1)

	
Mass Flow Rate

(kg/s)

	
T

(°C)

	
P

(kPa)

	
Composition

(%)

	
Specific Enthalpy

(kJ/kg)






	
Solar system




	
1S

	
1

	
168.1

	
2300

	
100

	
711.84




	
2S

	
1

	
197.1

	
2300

	
100

	
839.79




	
3S

	
0.6135

	
197.1

	
2300

	
100

	
839.79




	
3S’

	
0.3864

	
197.1

	
2300

	
100

	
839.79




	
4S

	
0.6135

	
170

	
2300

	
100

	
720.13




	
4S’

	
0.3864

	
170

	
2300

	
100

	
720.13




	
Organic Rankine Cycle




	
1P

	
0.1415

	
100.5

	
1162

	
100

	
40.17




	
2P

	
0.1415

	
187.1

	
1162

	
100

	
524.6




	
3P

	
0.1415

	
129.4

	
180.2

	
100

	
459.7




	
4P

	
0.1415

	
100

	
180.2

	
100

	
38.71




	
Absorption Cooling Cycle




	
1

	
0.03486

	
119.4

	
857.2

	
0.8081

	
1752




	
2

	
0.026

	
109.4

	
857.2

	
0.9996

	
1516




	
3

	
0.026

	
20

	
857.2

	
0.9996

	
93.37




	
4

	
0.026

	
−26.8

	
139.3

	
0.9996

	
93.37




	
5

	
0.026

	
−5

	
139.3

	
0.9996

	
1284




	
6

	
0.1069

	
20

	
139.3

	
0.3981

	
−138.3




	
7

	
0.1069

	
20

	
857.2

	
0.3981

	
−137.4




	
8

	
0.1069

	
86.2

	
857.2

	
0.3981

	
272.8




	
9

	
0.08091

	
119.4

	
857.2

	
0.2049

	
375.3




	
10

	
0.008866

	
109.4

	
857.2

	
0.2465

	
310.3




	
11

	
0.08091

	
−6.7

	
857.2

	
0.2049

	
−166.6




	
12

	
0.08091

	
−6.5

	
139.3

	
0.2049

	
−166.6




	
Power




	
System

	
Location

	
Thermal load

	
Units




	
Solar energy

	
DNI

	
168.26

	
     kW   th     




	
Solar system

	
PTSC

	
127.94

	
     kW   th     




	
Solar system

	
       Q  ˙    e     

	
73.41

	
     kW   th     




	
ORC

	
       Q  ˙    e     

	
6