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Abstract

:

Featured Application


Absorption and compression cooling systems fed by solar thermal energy.




Abstract


In this paper, an evaluation of the performance and operating parameters of a hybrid compression/absorption chiller coupled with a low-capacity solar concentrator is presented. The study was carried out using energy and mass balances applied to each component of each system. The variables evaluated in the hybrid chiller were the cooling power, the supply power, the Coefficient of Performance (COP) of both cooling systems and the ratio between heat and power. The diameter and temperature of the hot spot as well as the performance of the dish collector were evaluated. The changed parameters were the heat removed by each refrigeration system, the condenser temperature, the evaporator temperature, the concentration ratio and the irradiance. Results have shown that the compression system can produce up to 53% more cooling power than the heat supplied to the hybrid system. Meanwhile, the absorption system produces approximately 20% less cooling power than the supplied heat. It has also been found that, for the cooling power produced by the hybrid cooler to be always greater than the heat supplied, the cooling power provided by the absorption system should preferably be between 20% and 60% of the total, with a Stirling engine efficiency between 0.2 and 0.3 and a condensation temperature from 28 to 37 °C. Likewise, it has been found that the compression system can produce cooling power up to 3 times higher than the heat of the Stirling engine hot source, with Th = 200 °C and ηs = 0.3. Finally, it has been found that, in a low-capacity solar concentrator, on a typical day in Mexico City, temperatures in the hot spot between 200 and 400 °C can be reached with measured irradiance values from 200 to 1200 W/m2.
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1. Introduction


Constantly, efforts to reduce energy consumption in residential and commercial buildings are mainly due to the fact that such buildings consume up to 40% of the available energy, as shown by [1]. Likewise, authors of [2] ensure that residential, commercial, public and service buildings consume up to 54% of available energy. Various studies have been carried out to reduce energy consumption in residential buildings, and an example can be seen in the work published by [3]. The work present by [1] has shown that, using tubes embedded in the wall, the costs and energy consumption can be reduced. The system was controlled by a specialized program that synchronizes the supply and extraction heat. On the other hand, the author of [4] has shown that, for heating and cooling systems, it is possible to achieve a high share of renewable energies using hybrid systems. Additionally, [5] evaluated a cogeneration and cooling system where heat was obtained through geothermal energy and solar energy, reaching a COP of 3.81. Likewise [6] investigated a technology in district cooling systems, in which it is possible to use renewable energies such as solar thermal energy. Works on hybrid cooling systems have been published by [7], in which the authors have shown that energy saving may exceed 60% when the latent load in the conditioned space is high. As has been shown so far, studies of hybrid compression/absorption cooling systems have already been carried out by different researchers, where electrical energy is used as supply energy.



On the other hand, the ability of Stirling engines to transform low-enthalpy solar energy into mechanical energy makes them ideal for application in low-capacity installations. The Stirling engine has been used in compression refrigeration systems for domestic use due to its low noise level and wide range of use of renewable energy sources such as solar energy, as shown by [8,9,10]. In the same way, parabolic disk collectors are used with Stirling engines and domestic air conditioning systems, due to their capacity and small size, as shown by [11,12]. As can be seen in [13,14], Stirling engine cooling can be produced using solar energy.



Absorption refrigeration systems coupled with another refrigeration system have been published by [15,16,17,18]. Solar absorption cooling systems play an important role in energy saving and emission reduction in buildings, as [19] showed. The authors showed that this equipment has better energy saving performance and less environmental impact. [20] proposed a novel solar absorption-compression cascade refrigeration system. The researchers found that energy consumption decreases by 26.7%. The modeling and simulation of hybrid solar absorption/compression cooling systems has been carried out by researchers such as [21,22]. The authors have shown that the cooling power is strongly dependent on the compressor speed. Whereas, at high temperature and low flow rate of the cooling water in the compression system, the performance of the hybrid system is adverse. Absorption cooling systems powered by solar concentrators are increasingly being studied. Results published by [23] show that traditional single-effect and double-effect absorption chillers have a relatively small operating temperature range, which limits the application of solar systems. For this reason, they propose a novel solar system that integrates photovoltaic and photothermic solar collectors.



As far as it has been possible to know, in all the works shown here, flat plate solar collectors or channel concentrators have been used for the power supply and generally for cooling capacities greater than 20 kW. In the present work, a hybrid compression/absorption chiller driven by a Stirling engine and a dish solar collector has been thermodynamically evaluated. A dish solar collector has been chosen over a parabolic trough one, mainly because in the former the Stirling engine can be better coupled to the circular focus. Likewise, a dish solar collector provides heat at a higher temperature than a flat solar collector and takes better advantage of a solar track compared to a channel one. On the other hand, traditional air conditioning equipment requires electrical energy in the compressor motor for its operation, which increases the daily consumption of electricity and the cost of operation. The hybrid cooler proposed here consumes a negligible amount of electrical energy in the solution pump, due to the fact that the compressor is driven by the Stirling engine and it is powered by solar thermal energy.



The study has been carried out for two cases. In the first case (Section 2.1 and Section 3.1), the thermal energy required by the absorption system and the Stirling engine has been determined as a function of the cooling capacity of the conditioned space, the outside temperature and the generation temperature. In the second case (Section 2.2 and Section 3.2), solar radiation and collector temperature were measured, and the cooling power produced by a compression/absorption system fed by a low-capacity solar concentrator was evaluated, depending on the solar radiation and the concentration ratio.




2. Modeling and Simulation


The hybrid compression/absorption chiller and the low-capacity solar concentrator analyzed in this work are shown in Figure 1. The chiller is made up of the following 5 systems:




	
Space conditioning system, SCS. In this system, it is required to remove the heat from the conditioned Space conditioning system, SCS. In this system, it is required to remove the heat from the conditioned space. Solar radiation and outside temperature influence the amount of heat to be removed by the coil   Q ˙  e.



	
Compression refrigeration system, CRS. This system removes the heat from the conditioned space through the evaporator   Q ˙  ce. This parameter, together with the outside temperature, To, and the inside temperature, Ti, influences the power of the compressor,   W ˙  c.



	
Thermal engine system, TES. This system consists of a Stirling engine mechanically coupled to the compressor of the compression system. Depending on the power of the compressor and the efficiency of the heat engine, the amount of heat required from the hot source   Q ˙  HS is determined.



	
Absorption refrigeration system, ARS. This system removes the heat from the conditioned space through   Q ˙  ae. This parameter, together with the outside temperature, inside temperature and supply temperature, Tg, influences the amount of heat required in the generator   Q ˙  g.



	
Solar energy system, SES. This system consists of a dish collector, which takes advantage of the radiation in the heat absorber. This heat is provided to the Stirling engine that is coupled to the compression system and/or the absorption refrigeration system.








Modeling of each component and each system is shown in Section 2.1. Modeling of the dish collector is shown in Section 2.2.



2.1. Modeling of Hybrid Compression/Absorption Chiller


2.1.1. Space Conditioning System, SCS


The model of the conditioned space was made as shown below. The amount of heat to remove in a conditioned space,     Q ˙  T   , is given by


    Q ˙  T  =   Q ˙  t  +   Q ˙  r  +   Q ˙   i n f   +   Q ˙   o c   +   Q ˙   m i s c    



(1)




where,     Q ˙  t    is determined as shown by [24], in the form


    Q ˙  t  = U A  (   T o  −  T i   )   



(2)






    Q ˙  r  =  A  s u p   ε σ  (   T s 4  −  T o 4   )   



(3)







Ts, To and Ti are the temperature on the surface, outside and inside of the conditioned space, respectively. U and A are, respectively, the global heat transfer coefficient and the area of walls and ceiling. Asup, is the area exposed to solar radiation.  ε  and σ are, respectively, the emissivity coefficient and the Stefan Boltzman’s constant.     Q ˙   i n f     is the infiltration load,     Q ˙   o c    , is the load due to occupants, and     Q ˙   m i s c     is the load due to miscellaneous.



Heat from the conditioned space is removed by both the absorption system and the compression system:


    Q ˙  e  =   Q ˙   a e   +   Q ˙   c e    



(4)







The fraction of heat, x, that each refrigeration system can remove, is represented by


   x a  =     Q ˙   a e       Q ˙  e    ;    x c  =     Q ˙   c e       Q ˙  e     



(5)







Therefore, the total heat removed is


    Q ˙  T  =  x a    Q ˙  e  +  x c    Q ˙  e   



(6)






   where     x c  =  (  1 −  x a   )   



(7)








2.1.2. Compression Refrigeration System, CRS


From Equations (5)–(7), the heat removed by the compression system     Q ˙   c e     is determined.



Refrigerant flow in this system,     m ˙   c r    , is determined by


    Q ˙   c e   =   m ˙   c r    (   h 4  −  h 3   )   



(8)




where h3 and h4 are the enthalpies in the evaporator.



Compressor power is computed from


    W ˙  c  =   m ˙   c r    (   h 1  −  h 4   )   



(9)







Entalpies h1 and h4 are those of the refrigerant at the compressor outlet and inlet, respectively.



Coefficient of performance was computed from


  C O  P c  =     Q ˙   c e       W ˙  c     



(10)








2.1.3. Thermal Engine System, TES


Power required by the compression system is provided by the heat engine, as Stirling engine power,   W ˙  S. Heat of the Stirling engine hot source,     Q ˙   H S    , is determined from the performance equation shown by [14]


   η s  =     W ˙  s      Q ˙   H S      



(11)







In the present work, the performance of the Stirling engine was varied between 0.1 and 0.3. These values were taken from the work published by [14].



Heat transferred to the cold sink,     Q ˙   L S    , is determined from


    W ˙  s  =   Q ˙   H S   +   Q ˙   L S    



(12)








2.1.4. Absorption Refrigeration System, ARS


From Equations (4)–(6) the heat to be removed by the evaporator of the absorption system,     Q ˙   a e    , is determined. Refrigerant flow of this refrigeration system is determined from


    Q ˙   a e   =   m ˙   a r    (   h 4  −  h 3   )   



(13)




where the enthalpies h3 and h4 are those of the refrigerant, at the inlet and outlet, respectively.



Mass flow rate of the diluted solution is determined as shown by [25,26,27], as


    m ˙   d s   =   m ˙   a r      X  c s      X  c s   −  X  d s      



(14)







Pump power is determined, as shown by [26], by


    W ˙  p  =    (   P  6   −  P 5   )   v  d s       m ˙   d s      η m     



(15)







Specific work of the pump is related to enthalpy and power by


  w =  (   h 6  −  h 5   )  ; w =     W ˙  p      m ˙   d s      



(16)







In the recuperator, the heat flow is


    Q ˙   r e   =   m ˙   d s    (   h 7  −  h 6   )   



(17)






    Q ˙   r e   =   m ˙   c s    (   h 8  −  h 9   )   



(18)






    ε  r e   =    T 7  −  T 6     T 8  −  T 6      



(19)







The following relationships are valid in the generator and absorber, respectively.


    m ˙   d s      X 7  =   m ˙   c s      X 8  +   m ˙   a r      X  1    



(20)






    m ˙   d s   =   m ˙   c s   +   m ˙   a r   ;     m ˙   d s      X 5  =   m ˙   c s      X  10   +   m ˙   a r      X 4   



(21)







Heat flux in each component is


    Q ˙  c  =   m ˙   a r    (   h 1  −  h 2   )   



(22)






    Q ˙  a  =   m ˙   a r      h 4  +   m ˙   c s      h  10   −   m ˙   d s      h 5   



(23)






    Q ˙  g  =   m ˙   a r      h 1  +   m ˙   c s      h 8  −   m ˙   d s      h 7   



(24)







Coefficient of performance is


  C O  P a  =     Q ˙   a e       Q ˙  g  +   W ˙  p     



(25)







The supply heat for the hybrid cooler,     Q ˙  D   , is the sum of the heat required by the hot source of the Stirling engine,     Q ˙   H S    , and the heat required by the generator,     Q ˙  g   , of the absorption system, as


     Q D   ˙  =   Q ˙   H S   +   Q ˙  g   



(26)









2.2. Modeling of the Solar Collector for Hybrid Chiller


Solar Energy System, SES


Modeling of the solar collector was carried out as follows. In the solar energy system, the concentration ratio, C, is the ratio between the area of the parabolic disk, Aapp, and the area of the solar absorber (or hot spot), Aab, as


  C =    A  a p p      A  a b      



(27)







Useful heat of the solar concentrator can be determined, as shown by [28], by Equation (28).


    Q ˙  u  = I  A  a p p    η o  −  A  a b    [  h  (   T h  −  T o   )  + ε σ  (   T h 4  −  T o 4   )   ]   



(28)




where I is the irradiance, ηo is the optical efficiency of the concentrator. h, ε and σ are, respectively, the radiation heat transfer coefficient, the emissivity of the hot spot and the Stefan Boltzmann’s constant. Th and To are the temperatures of the hot spot of the solar concentrator and of the ambient air, respectively.



Solar collector performance is determined by the equation


   η s  =     Q ˙  u    I  A  a p p     =  η o  −  1  I C    [  h  (   T h  −  T o   )  + ε σ  (   T h 4  −  T o 4   )   ]   



(29)







After determining the useful heat of the solar collector, the heat fed to the hot source of the Stirling engine is determined using Equations (26) and (30). In this last equation, xg and xSt indicate the fraction of useful heat used by the absorption system and by the Stirling engine, respectively.


   x g  =     Q ˙  g      Q ˙  u    ;    x  S t   =     Q ˙  S      Q ˙  u     



(30)







Using Equations (13)–(24), the mass flow rates of diluted solution, concentrated solution, refrigerant, as well as the thermodynamic properties and temperatures of the fluids are determined. With these, the cooling power produced by the absorption system,     Q ˙   a e    , can be determined.



Using Equations (11) and (12) and the heat of the hot source,     Q ˙   H S    , the power of the compressor in the compression refrigeration system,     W ˙  c   , is determined. Using Equations (8) and (9) and the thermodynamic properties of the refrigerant, the cooling power that can be produced by the compression system coupled to the Stirling engine,     Q ˙   c e    , is determined.





2.3. Assumptions


Conditioned space assumptions. Temperature of the surface of the conditioned space, Ts, was considered Ts = (To + Ti)/2.



The constant parameter,     Q ˙   c o n s t    , includes     Q ˙   i n f    ,     Q ˙   o c     and     Q ˙   m i s c    , which are considered not to vary with respect to solar radiation and outside temperature. Therefore, this parameter was written as


    Q ˙   c o n s t   =   Q ˙   i n f   +   Q ˙   o c   +   Q ˙   m i s c    



(31)







Surfaces exposed to the sun were the roof and the south, east and west walls (a multiplying factor of 0.5 was added to the last two walls, because they are not exposed to the sun during all solar hours).



Compression system assumptions. The compression system is modeled by an ideal cycle. At the outlet of the condenser and evaporator the refrigerant is in saturated state. Isenthalpic process in the expansion valve and isentropic process in the compressor occur. Condensation temperature was considered as Tc = To + 5 °C.



Thermal engine system assumptions. Friction and heat losses in the mechanical coupling between the Stirling engine and the compressor of the compression system are negligible. The authors in [28] have shown that the maximum efficiency of the Stirling engine is 0.3. Likewise, [29] have ensured that in a Stirling engine, 36.24% of the energy is lost in the thermodynamic cycle, while 37.52% is thermally lost. Therefore, in this work, it is considered that THS = Th − 50 °C and Tg = THS − 50 °C.



Absorption refrigeration system assumptions. The absorption system is modeled by an ideal cycle. Saturation conditions of working fluids exist at the outlet of generator, condenser, absorber and evaporator. Isenthalpic process in valves and isentropic process in the pump occur. Friction and thermal losses are negligible.



Solar energy system assumptions. The optic efficiency is ηo = 0.90, taken from [28].




2.4. Hybrid Chiller Simulation


Models developed in Section 2.1 and Section 2.2 have been programmed in the specialized software Engineering Equation Solver, EES, [30].



Refrigerants used in the compression and absorption systems were, respectively, R134a and R718. Solution used in the absorption system was water-lithium bromide. Properties of the refrigerants and the solution were determined using the EES software. Specifications of the conditioned space and the solar concentrator are shown in Table 1.



For the simulation of the hybrid cooler and the solar concentrator, the parameters shown in Table 2 were varied according to the values presented.




2.5. Model Validation


The model developed in this section is based on fundamental equations of thermodynamics, heat transfer and refrigeration cycles. Therefore, the model can be valid in all simulated conditions, allowing a qualitative analysis of the system performance under different conditions. A full system validation is not possible because the proposed systems is new and there are no experimental facilities of this type available. However, as far as it is possible, this section shows the analysis of COP of compression and absorption refrigeration systems, with xa = 0.31, ηs = 0.3 and Tg = 90 °C, at different conditions of Tc and Te. The absorption system COP is compared with the results of a single effect absorption refrigeration system, published by [27]. It can be seen in Figure 2 that, with Te = 5 °C and Tg = 90 °C, the COP has values very close to those published by the authors.





3. Results


The results obtained from the modeling and simulation of the hybrid chiller are shown in Figure 3, Figure 4 and Figure 5, while those corresponding to the solar collector simulation are shown in Section 3.2. The study of the solar collector was supported by radiation and temperature data measured in a solar concentrator in Mexico City.



3.1. Hybrid Compression/Absorption Chiller


Figure 3 shows the results of the cooling supplied to the conditioned space by the absorption system,   Q ˙  ae, and by the compression system coupled to the Stirling engine,   Q ˙  ce, considering the operating range of the refrigeration systems, from xa = 0 to xa = 1. It also shows the heat required in the generator of the absorption system,   Q ˙  g, and that required in the hot source of the Stirling engine,   Q ˙  HS, that moves the compression refrigeration system. In the figure, it can be seen that the heat demanded by the two cooling systems is equal when xa = 0.5. When the absorption system is not operated (xa = 0), the compression system provides 100% of the cooling demand, while when the absorption system operates at 100% (xa = 1), the compression system does not operate. The heat demanded by each refrigeration system for its operation changes in a different way. The heat demanded by the generator of the absorption system is greater than the cooling power produced by approximately 13% and 16% at 28 and 37 °C, respectively, of condensation temperature. On the other hand, the heat required by the Stirling engine to feed the compression refrigeration system is greater than the cooling power produced by approximately 2.9% and 27.9% at 28 and 37 °C, respectively, if the heat engine operates with an efficiency of 0.1. However, if this heat engine operates with an efficiency of 0.3, the heat required as input by the Stirling engine is less than the cooling power produced, up to 66.6 and 53.4% at 28 and 37 °C in the condenser, respectively. This means that, if the conditioned space is required to be cooled only by the absorption system, approximately 16% more heat is required in the supply to this system. Whereas, if the cooling occurs only with the compression system coupled to the Stirling engine, the heat required by the system may be less than the cooling produced (up to 53.8% if the engine operates with an efficiency of 0.3 and 37 °C at the condenser). This is due to the good performance of the compression system.



The power ratio of the compressor to the pump of the compression and absorption system, respectively, is shown in Figure 4, for the entire operating range of the chiller, from xa = 0 to xa = 1. When the absorption system operates at 5% (xa = 0.05), the power ratio is approximately 560, with Tc = 30 °C and Te = 5 °C. At the same temperature in the condenser and Te = 15 °C, the power ratio is approximately 490. This is due to the minimal power required by the pump of the absorption system and because the cooling required in the conditioned space is supplied almost entirely by the compression system. This power ratio decreases from about 130 to 30 in the range from xa = 0.2 to xa = 0.45. The power ratio is reduced to approximately 5, when the absorption system operates at approximately 95%. According to this figure, it is recommended to operate the hybrid cooler from xa = 0.2 to xa = 1.



Figure 5 shows the relationship between the useful heat generated by the solar concentrator and the cooling power produced by the hybrid cooler throughout the entire operating range of the system, from xa = 0 to xa = 1. From the figure, it can be seen that if the efficiency of the Stirling engine is 0.1, the heat supplied to the global system is greater than the cooling power produced (rq > 1). This means that more heat is supplied than cold is produced. Whereas, if the efficiency of the heat engine is 0.2 and 0.3, the heat supplied to the global system is less than the cooling power produced in the operating range from xa = 0 to xa = 0.65 and xa = 0.8, respectively. After these values, in all cases of efficiency and condensation temperature analyzed in this work, the heat supplied to the hybrid system is greater than the cooling power produced. From Figure 5, it can be concluded that the operation of the hybrid cooler should be between xa = 0 and xa = 0.80 if the efficiency of the Stirling engine is 0.3. This conclusion is based on the objective of always producing greater cooling than heat supplied to the system (  Q ˙  e >    Q ˙   u and rq < 1).



From Figure 3, Figure 4 and Figure 5, it can be concluded that it is convenient to operate the hybrid cooler in the operating range from xa = 0.2 to xa = 0.4, so that the power ratio is not much greater than 100 and the cooling power produced is always greater than the heat supplied. In the recommended range, the cooling output is approximately 50–70% greater than the heat supplied.




3.2. Solar Collector for Hybrid Chiller


Before performing the simulation of the solar collector, the hot temperature of the solar collector was measured. The values of radiation and temperatures measured for a typical day in Mexico City are shown in Figure 6. The measurements were made with a type K thermocouple and a direct radiation meter TM-206 MCA TENMARS. The accuracy of the thermocouple and pyrometer are, respectively, ±0.75% and ± 10 W/m2 (or 5%, whichever is greater in sunlight). Measurements were made every 30 min. The value of each variable was saved when data were stable for at least 30 s. From the figure, it can be seen that the ambient temperature and radiation, respectively, were between 21 and 28 °C and 600 and 1200 W/m2 during the day. With these radiation and ambient temperature values, it was possible to measure temperature values in the hot spot of approximately 200 to 400 °C. In the figure, the value of radiation at 14:00 is lower because the instrument used measures instantaneous radiation. In this case, the meter display was obstructed by a cloud. This was not an obstacle for the temperature at that time to remain at the maximum value of 400 °C approximately.



The results of the low-capacity solar concentrator modeled in Section 2.2 are shown in this section. Figure 7 shows the area and diameter of the solar absorber obtained as a function of the concentration ratio, C, varying from 5 to 100. It can be seen that the area and diameter of the absorber decrease at a rate of 2.5% and 1.66%, respectively, for each concentration unit between the values of C = 20 and C = 40. For higher values of the concentration ratio, the decrease ratio is 1.1% and 1.0% for the area and the diameter, respectively. For concentration ratios lower than 10, the area and the diameter decrease at a rate of 10.66% and 5.8%, respectively, for each unit of concentration ratio increment. These results suggest that, with concentration ratios greater than 20, the diameter of the absorber will be less than 30 cm. This can contribute to the radiation in the hot source being distributed over a larger area, reaching medium temperatures, rather than high temperatures, which contributes to improving the efficiency of the solar concentrator, as shown below.



Heat supplied to the hybrid system and cooling power produced by both cooling systems are shown in Figure 8, for a temperature in the solar collector of 200 °C and 40% of the heat produced supplied to the absorption cooling system, xg = 0.4. In the same figure, with I = 1000 W/m2, it can be seen that the cooling produced by the absorption cooling system is approximately 11% less than the heat supplied to the generator. However, the compression system can produce 1, and up to 2 and 3 times more cooling than the heat supplied to the Stirling engine hot source, with efficiencies in this thermal engine of 0.1, 0.2 and 0.3, respectively.



The efficiency of the solar concentrator, shown in Figure 9, was evaluated at temperatures in the hot spot, Th, of 200, 300 and 400 °C. From the figure it can be seen that, in the radiation range from 200 to 1000 W/m2 and C = 30, the efficiency decreases faster when the temperature of the hot spot is 400 °C than when it is 200 °C.



To show the relationship between the performances of the different systems that compose the solar hybrid chiller, Figure 10 shows the efficiency of the solar concentrator, together with the COP of the two cooling systems, as a function of the solar radiation. In the figure, the solar concentrator efficiency is in the range from 0.33 to 0.75. COP of the absorption system is 0.85, while COP of the compression system is 11, when Th = 200 °C, Te = 10 °C and Tc = 28 °C.



The COP of the cooling systems and the collector efficiency are shown in Figure 11 as a function of Th. In the figure, it can be seen that when Te = 5 °C and Tc = 37 °C, the COPar increases from 0.27 to 0.78 approximately. However, when Te = 10 °C and Tc = 28 °C, the change in COPar is negligible. The change in COPcr is only appreciated with respect to Tc. Finally, the efficiency of the collector decreases as the collector temperature increases, as can be seen in the figure on the right side.



The energy savings of the proposed hybrid chiller were determined in comparison to a commercial air conditioning equipment of 0.75 tons of refrigeration (2636 kW) [32]. The cooling capacity of the hybrid system is 2.72 kW (0.47 kW in the absorption evaporator and 2.25 kW in the compression evaporator). The electricity consumption of the compressor was 0.85 kW, taken from [32], while the electricity consumption of the solution pump was PE = 0.032 kW, obtained from Figure 5, at the maximum recommended operating value of the absorption system, xa = 0.4, with Tc = 37 °C and Te = 15 °C (PE = Pp/ηp = 0.028/0.85). The cost of electricity in American dollars ($) per kWh in Mexico was taken from [33]. The energy savings of the proposed chiller, shown in Figure 12, were determined considering an operating period of 8 h per day, as recommended in [34], during 365 days per year. In Figure 12, it can be seen that electricity consumption of the conventional system is 26.6 times the consumption of the hybrid system. In cumulative values, with this difference in annual consumption, the energy savings with the proposed system is close to 60 MWh at the end of the equipment’s useful life, 25 years.



The cost of operating the systems is shown in Figure 13. The initial cost of the proposed system was $3400 ($2000 absorption system, $800 Stirling engine and $600 solar collector). It can be seen from the figure that the operating cost of the conventional system is 26.6 times greater than that of the proposed system. Considering the cost of investment for the proposed system as negative and cumulative values, it can be seen that the recovery of the investment occurs in year 9. From that moment, an economic saving of $5300 can be achieved at the end of the useful life of the proposed system, 25 years.





4. Conclusions


From the modeling and simulation of the hybrid chiller and the solar concentrator, the following conclusions have been obtained:



Hybrid chiller for air conditioning.



	-

	
The hybrid chiller can produce cooling with both cooling systems coupled, or only with one, from xa = 0 to xa = 1.




	-

	
The compression system coupled with the Stirling engine can provide cooling power in the evaporator up to 53% higher than the heat supplied to the hot source of the heat engine.




	-

	
The mechanical power ratio between the compression and absorption system varies between 560 and 5 in the range of xa from 0.05 to 0.95. When xa is in the range of 0.2 to 0.45, the power ratio is between 130 and 30. This range may be suitable for the operation of the hybrid system.




	-

	
Regarding the heat ratio rq =     Q  ˙   u/  Q ˙  e, it can be concluded that for obtaining greater cooling power than heat supply, the operation of the absorption system should be between xa = 0.2 and 0.6, with Stirling engine efficiencies between 0.2 and 0.3 and condensing temperatures from 28 to 37 °C.







Solar collector for hybrid chiller.



	-

	
The diameter of the absorber of the solar concentrator can be smaller than 30 cm, when the concentration ratio is greater than 20. This can contribute to distribute the radiation in the hot source over a larger area and to reach medium temperatures, rather than high temperatures, which contributes to improve the efficiency of the solar concentrator.




	-

	
The cooling power produced by the compression system can be up to 3 times higher than the heat supplied to the hot source of the Stirling engine, with Th = 200 °C and ηs = 0.3.




	-

	
The efficiency of the solar concentrator is higher when the temperature in the hot spot is lower.




	-

	
With high Tc, the COP of the absorption system increases with Th, whereas, with small Tc, the change in COP with respect to Th is negligible.




	-

	
The energy and economic savings of the proposed system, respect to a conventional electricity-driven air conditioning system, can be up to 60 MWh and $5300 at the end of the useful life of 25 years.
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Nomenclature








	A
	area (m2), absorber



	ARS
	Absorption Refrigeration System



	C
	concentration ratio, Condenser



	SCS
	Space conditioning system



	COP
	Coefficient of Performance



	CRS
	Compression refrigeration system



	E
	evaporator



	G
	generator



	h
	convection heat transfer coefficient (W/m2K); enthalpy (kJ/kg)



	I
	solar irradiation (W/m2)



	   m ˙   
	mass flow rate (kg/s)



	   Q ˙   
	heat flux (W)



	R
	recuperator



	SES
	Solar energy system



	T
	



	TES
	Thermal engine system



	U
	global heat transfer coefficient (W/m2 K)



	v
	specific volume (m3/kg)



	x
	concentration



	w
	specific work (kJ/kg)



	     W  ˙    
	power (W)



	Greek symbols
	



	η
	performance



	ε
	efficiency, emissivity



	σ
	Boltzmann



	Subscripts
	



	1, 2, 3 … 10
	position in the system



	a
	absorber



	Ab
	solar absorber/heat spot



	ae
	absorption evaporator



	App
	parabolic dish



	ar
	absorption refrigeration



	c
	condenser/compression



	cr
	compression refrigeration



	cs
	concentrated solution



	ds
	diluted solution



	D
	driven



	e
	evaporator



	ce
	compression evaporator



	inf
	infiltration



	g
	generator



	h
	hot spot



	HS
	heat source of Stirling engine



	i
	indoor



	LS
	cold sink of Stirling engine



	misc
	miscellaneous



	o
	outside



	oc
	occupants



	p
	pump



	r
	radiation



	re
	recuperator



	s
	Stirling engine, surface



	Sup
	surface



	t
	transmission



	T
	total



	u
	useful
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Figure 1. Schematic diagram of the hybrid compression/absorption chiller fed by Stirling engine and solar energy. 
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Figure 2. Hybrid chiller coefficient of performance (COP) and COPar validation as a function of Tc. 
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Figure 3. Cooling and supply heat in the hybrid chiller relative to the operating ratio of the cooling systems, xa. 
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Figure 4. Power ratio of the compressor to solution pump with respect to the operating ratio of the refrigeration systems, xa. 
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Figure 5. Useful heat to cooling power ratio versus absorption system operating ratio, xa. 
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Figure 6. Radiation and temperature values measured in the solar concentrator during a typical day in Mexico City. 
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Figure 7. Area and diameter of the solar absorber in relation to the concentration ratio. 
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Figure 8. Thermal power produced by the solar concentrator and by absorption/compression refrigeration systems, with respect to solar radiation. 
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Figure 9. Efficiency of the solar concentrator with respect to (Ti − To)/I at 3 hot spot temperatures. 






Figure 9. Efficiency of the solar concentrator with respect to (Ti − To)/I at 3 hot spot temperatures.



[image: Applsci 10 09018 g009]







[image: Applsci 10 09018 g010 550] 





Figure 10. Efficiency of the solar collector and cooling systems, with respect to radiation in the solar concentrator. 
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Figure 11. Efficiency of the solar collector and cooling systems, with respect to radiation in the solar concentrator. 






Figure 11. Efficiency of the solar collector and cooling systems, with respect to radiation in the solar concentrator.



[image: Applsci 10 09018 g011]







[image: Applsci 10 09018 g012 550] 





Figure 12. Energy savings caused by the proposed system. 
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Figure 13. Economic savings caused by the proposed system. 
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Table 1. Conditioned space and solar collector specifications.
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	Parameter
	Value





	Conditioned space
	



	Dimensions: length, wide, heigh [m]
	4, 3, 2.5



	Global heat transfer coefficient, U, [W/m2 K]
	0.5



	Solar collector
	



	Focus height, h [m]
	0.88



	Dish diameter, D [m]. Data taken from [31]
	1.4



	Optical efficiency, ηo, [ ]. Data taken from [28]
	0.85



	Emissivity of the dish, ε
	0.9
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Table 2. Parameters changed for the simulation.
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	Parameter
	Value





	Evaporation temperature, Te, °C
	5, 10, 15



	Condensation temperature, Tc, °C
	28, 32, 37



	Irradiance, I, W/m2
	200–1000



	Concentration ratio, C
	5–100



	Operating fraction of the absorption system, xa
	0.01–0.99
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