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Abstract

:

Owing to different temperature rages of power generation and refrigeration in the cogeneration system, for the sake of selecting the working fluids that are suitable for both power generation and refrigeration simultaneously, 17 commonly used working fluids are evaluated in this paper, based on an organic Rankine cycle coupled with a two-stage vapor compression cycle system in different geothermal fluid temperatures. The performances of working fluids under different working conditions, and the maximum power generation as well as cooling capacity are analyzed. Additionally, the main parameters are analyzed to optimize the system performance. The results indicate that net power output has a local maximum where it corresponds to the optimal evaporation temperature. Besides, the lower the critical temperature, the greater the thermal conductance, and the pressure ratio decreases with evaporation temperature. Hydrocarbons all have higher total heat source recovery efficiency. R1234yf, propane and R1234ze, R152a have excellent maximum net power output when the geothermal fluid temperature is low and high, respectively. R134a always has better maximum net power output and cooling capacity. The net power output is used for cooling, and the COP is closed, therefore, maximum net power output results in the maximum cooling capacity. In addition, that of propane and R1234yf are excellent until the geothermal fluid temperature are 140 °C and 120 °C separately. R1234ze and R152a are good when the geothermal fluid temperatures are 140 °C and 150 °C, respectively.
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1. Introduction


With the vigorous economic development all over the world, fossil energy that is limited is constantly being consumed [1], which will lead to increasingly serious environmental pollution, global warming and ozone layer depletion. The use of clean renewable energy and the improvement of energy utilization rates are effective ways to achieve the aim of the 2015 Paris Agreement. It is reported that geothermal resources are rich and widely distributed in China [2], and has the potential for electricity generation by about 1400 TWh per year by 2050 [3], which would reduce CO2 emissions by about 800 Mt per year [4]. Besides, the key benefit of geothermal energy is stability. However, the temperature of 70% geothermal energy is below 150 °C [5]. As a result, it is significant to utilize the low-middle temperature geothermal fluid through some technologies. With the characteristics of easy maintenance and elementary cycle configuration, the organic Rankine cycle (ORC) is often used in low and medium temperature applications [6,7,8]. It is necessary to study the ORC system driven by low-medium temperature geothermal sources.



To effectively reduce the consumption of fossil energy and the emission of pollutants, combined cooling, heating, and power (CCHP) systems have been widely used to improve energy utilization efficiency. Gu et al. [9] presented an overall review of the modeling, planning and energy management of the CCHP microgrid. Huang et al. [10] proposed a CCHP incorporating cold energy recovery system to utilize both heat and cold energies of liquified natural gas in a cascade way. Jia et al. [11] proposed a novel CCHP system combining ORC and solar collectors with fully considered thermal cascade utilization. Some researchers have investigated the operation characteristics of CCHP [12,13] and proposed methods to improve the system performance. Some scholars proposed new systems combined with the CCHP system [14,15].



The energy consumption and CO2 emissions of can be reduced effectively by using proper alternative refrigerant [16]. Liu et al. [17] proposed to improve the efficiency of cooling system by adopting nano-refrigerants. Vering et al. [18] presented new method to screen suitable refrigerants. Some researchers have proposed the best working fluid that they think is beneficial to the system. Ustaoglu et al. [19] use TOPSIS analysis to decide the optimal refrigerants with cost, safety, environmental and enviroeconomic concerns. The optimal operating parameters, the coefficient of performance (COP) were analyzed under different single-refrigerant pairs by Sun et al. [20]. Malwe et al. [21] studied a multistage multi-evaporator vapor compression cycle (VCC) system, and conducted exergy assessment of 18 refrigerants. The results showed that comparing hydrofluoroolefins (HFOs) refrigerants, R141b, R123, R245ca, R245fa, and R152a showed better thermodynamic performance. However, the disadvantage is the higher global warming potential (GWP) values. R1234ze(E), and R1234yf are environmentally friendly and have a similar performance comparing to conventional refrigerants. Kang et al. [22] studied that hydrocarbons (HCs) have higher COP than other natural refrigerants, and mixing hydrocarbon refrigerants have better heat exchange performance than a single refrigerant. Sulaiman et al. [23] evaluated environmental and thermodynamic characteristics of R245fa, R1233zd, R1336mzz and R601. The results revealed that the COP of the R1233zd, R1336mzz and R601 are 8.32%, 11.68% and 19.61% higher than R245fa, respectively. He et al. [24] compared the thermodynamic performance of mixing refrigerants on a two-stage absorption refrigeration (AR) system. The results showed that the COP of the system can be prompted through an optimal working fluid ratio, and the exergy loss ratios of the heat exchanger are different with the different working fluid pairs and their proportions. Zarei et al. [25] combined solar ejector vapor compression refrigeration cycles with two-stage evaporation which use R1234yf, R600a, and R290 to replace R134a. The results revealed that the maximum efficiency and lowest system exergy destruction of R290 are the best in comparison with other refrigerants. Suresh et al. [26] studied R152a, R440a and four lower GWP HFOs R1234yf, R1243zf, R1234ze to replace R134a in a cooling system, which showed that R1234yf in hybrid mode has the greatest COP. Walid Faruque et al. [27] studied that HCs cannot damage the system performance when they are used in ultra-low temperature occasions.



To evaluate working fluids more comprehensively, some representative working fluids are selected for each type. The GWP of the selected working fluids are all less than 1500. Firstly, hydrofluorocarbons (HFCs), with excellent energy efficiency and environmental protection characteristics, have been rapidly and widely used. Although ozone depletion potential (ODP) is 0, it has a high GWP [28], which does not damage the ozone layer, but has a strong warming effect on climate change. While HFCs have been widely used in the cooling system during the past decades [29], with the elimination of hydrochlorofluorocarbons (HCFCs), the output of HFCs has increased significantly. Therefore, there is still a huge demand space for HFCs. In this paper, five commonly used HFCs are selected to investigate the thermodynamic properties. Secondly, the main problem of HCs is its flammable and toxic physical properties [30]. However, with the introduction and improvement of relevant standards, the risks can be effectively avoided. For example, R600a is widely used in domestic cooling systems in Europe and many parts of the world [31]. More and more compressors of commerce and industry may use R170, R290 and R600a, which are HCs [31]. In addition, HCs are natural and environment-friendly, with zero ODP and low GWP [32]. Therefore, nine of them are selected in this paper. Finally, the new HFOs are environment friendly, and can be rapidly decomposed in the atmospheric environment due to its own special chemical characteristics, so its atmospheric life is extremely low. The greenhouse effect is very small, and the ODP is 0 [32], which is low toxic and non combustible, and three representatives of them are selected.



Based on the above-mentioned researches, fewer papers have studied CCHP driven by geothermal energy compared with CCP and CHP, and few of them further improved the performance of the CCHP system through parameters optimization and working fluid selection simultaneously. In addition, the traditional working fluid that is optimized at a fixed certain heat source temperature, or that is suitable for several heat source temperatures simultaneously, was obtained. However, the influence of the working fluid on the system performance changes with the temperature of the heat source. In this paper, the medium and low temperature heat sources will be divided into zones, in which the optimal working fluids for the cogeneration or separated system performance of each heat source temperature are obtained. Meanwhile, an ORC-TSVCC, a novel CCHP system is proposed. Therefore, the main parameters and 17 common working fluids of all types are studied to optimize the system performance for each heat source temperature.




2. System Description


The system can be divided into the power generation subsystem and cooling subsystem. The schematic diagram and T-s diagram of the ORC-TSVCC system are shown in Figure 1 and Figure 2, respectively. In Figure 1, the red and purple line represent geothermal cycle and ORC separately, and the green and blue line stand for the high-temperature and low-temperature VCC, respectively. In Figure 2, the red line indicates the ideal process.



In the ORC subsystem, the geothermal fluid transfers heat to working fluid and turns it into a superheated state in evaporator 1. Next, superheated vapor converts enthalpy drop into power output in the turbine. Then, the exhaust vapor from the turbine outlet enters the condenser to be condensed into a sub-cooling state. Finally, the sub-cooling working fluid enters the pump to be pressurized, and then returns back to evaporator 1 to complete a cycle.



The turbine relies on the generator to output power, which is firstly sent to compressor 1 and 2 to compress vapor, and the rest is connected to the grid.



In the VCC subsystem, one part of the working fluid is cooled and depressurized in the throttling valve 1, then it transfers the cooling capacity to the high-temperature chilled water and turns itself into saturated vapor, which is compressed by compressor 1. The other part is cooled and depressurized in the throttling valve 2, then it absorbs heat from the low-temperature chilled water to be saturated vapor in the evaporator 2. Next, the two parts are mixed in the mixer, then flow into condenser to be cooled into a sub-cooling state, and back to the throttling valve 1 and 2 separately, to complete a cooling cycle. The latent load is processed by the low-temperature chilled water due to a lower dew point temperature. The sensible load is treated with high-temperature chilled water. The COP of the cooling subsystem can be improved due to the increase of the chilled water temperature.



Under the condition that cooling, heating and power are required simultaneously, all control valves are opened, and the system is in full operation. When heating and power are needed simultaneously, there is no refrigeration and the VCC subsystem is disconnected by disconnecting control valve 2, 3, 4 and 5, and only the control valve 1 is open. In terms of the VCC subsystem, the high temperature single-stage refrigeration can be achieved by disconnecting control valve 3 and 4, and the low temperature single-stage refrigeration can be achieved by disconnecting control valve 2 and 5.



The thermophysical properties of the working fluids selected in this paper are shown in Table 1.




3. Thermodynamic Modeling


The system is simulated in MATLAB 9.1 by linking to REFPROP, and the main parameters are calculated based on the first and second laws of thermodynamics in this study. The following assumptions are made to simplify the model:




	(1)

	
The system operates stably [36].




	(2)

	
Expansion and compression processes have specified isentropic efficiencies [37].




	(3)

	
The pressure drops, heat transfer loss and kinetic energy of organic working fluid in the system are ignored [38].




	(4)

	
The pure water properties are used instead of the geothermal fluid [38].




	(5)

	
Five superheated degrees is considered for wet working fluids, and 0 °C is for dry working fluids.









On the premise that the cold and heat sources, pinch point temperature difference and component efficiency are given, the mathematical equations for cycle analyses of the system are as follows:


   Q  eva 1   =  m  ORC   (  h  13   −  h  16   ) =  m  gw   (  h  gw , in   −  h  gw , out   )  



(1)




where the Qeva1 is the heat exchange capacity of evaporator 1; mORC and mgw represent the mass flow rate of ORC subsystem and geothermal fluid; hgw,in, hgw,out are specific enthalpy of geothermal fluid at inlet and outlet, respectively.


   h  17   =  h  16   − (  h  16   −  h  17 s   ) ×  η t   



(2)






   W t  =  m  ORC   (  h  16   −  h  17   )  



(3)




where Wt is the power output of turbine, and ηt represents the efficiency of turbine.


   m  ORC   =   c  m  gw   (  t  gw , in   −  t  14   − Δ  t  p p   )    h  16   −  h  14      



(4)




where c and Δtpp denote the specific heat capacity and temperature difference between geothermal fluid and working fluid at point 14, respectively.


   η p  = (  h  17 s   −  h  16   ) / (  h  17   −  h  16   )  



(5)






   W P  =  m  ORC   (  h  13   −  h 4  ) =  m  ORC   (  h  13 s   −  h 4  ) /  η P   



(6)




where WP is work consumed by the pump, and ηP represents efficiency of the pump.


   m  VCC   =  m   VCC 1    +  m   VCC 2     



(7)






   m  wf   =  m  ORC   +  m  VCC    



(8)




where mVCC1, mVCC2 represent the mass flow rate of high and low temperature VCC subsystem, respectively. mVCC, mwf represent the mass flow rate of VCC subsystem and total mass flow rate, respectively.


   Q   con , ORC    =  m  ORC   (  h  17   −  h 4  )  



(9)






   Q   con , VCC    =  m  VCC 1   (  h 8  −  h 4  ) +  m  VCC 2   (  h  12   −  h 4  )  



(10)






   Q  con   =  Q   con , ORC    +  Q  con , VCC    



(11)




where Qcon,ORC, Qcon,VCC and Qcon represent condensation capacity of the ORC subsystem, the VCC subsystem, the whole system, respectively.


   m  cw   =    Q  con     c (  T  cw , out   −  T  cw , in   )    



(12)




where mcw is mass flow of cooling water, and Tcw,out, Tcw,in represent the temperature of cooling water at the outlet and inlet of the condenser, respectively.


   η   com 1    = 1 − 0.04 (  p 8  /  p 7  )  



(13)






   h 8  =  h 7  + (  h  8 s   −  h 7  ) /  η   com 1     



(14)






   W   com 1    =  m   VCC 1    × (  h 8  −  h 7  )  



(15)




where ηcom1, Wcom1 represent efficient and power consumption of compressor 1, respectively.


   η   com 2    = 1 − 0.04 (  p  12   /  p  11   )  



(16)






   h  12   =  h  11   + (  h  12 s   −  h  11   ) /  η   com 2     



(17)






   W   com 2    =  m   VCC 2    × (  h  12   −  h  11   )  



(18)






   W   com 1    +  W   com 2    =  W  com    



(19)




where ηcom2, Wcom2 represent efficient and power consumption of compressor II, respectively, and Wcom is power consumption of compressors.


   Q  eva 2   =  m   VCC 1    (  h 7  −  h 5  )  



(20)






    COP  1  =  Q  eva 2   /  W  com 1    



(21)




where subscript eva2 denotes evaporator 2.


   Q   eva 3    =  m   VCC 2    (  h  11   −  h 9  )  



(22)






    COP  2  =  Q  eva 3   /  W  com 2    



(23)




where subscript eva3 denotes evaporator 3.


   Q  VCC   =  Q   eva 2    +  Q  eva 3    



(24)






  COP =  Q  VCC   /  W  com    



(25)






  E  X  VCC   = (    T  amb      T  eva 2     − 1 ) ×  Q  eva 2   + (    T  amb      T  eva 3     − 1 ) ×  Q  eva 3    



(26)






   η   ex , TSVCC    =   E  X  VCC      W  com      



(27)




where EX stands for exergy, the subscripts amb, TSVCC represent ambient and two-stage vapor compression cycle system, respectively.


   W  net   =  η m   η g   W  exp   −  W p   



(28)






   W e  =  W  net   −  W  com    



(29)




where ηm and ηg represent the mechanical efficiency and power generation efficiency of turbine, respectively; Wnet and We represent net power output of the ORC and ORC-TSVCC system, respectively.


  E  X  gw   =  m  gw   (  h  gw , in   −  h  gw , 18   −  T  amb   (  s  gw , in   −  s  gw , 18   ) )  



(30)




where EXgw represents the exergy of geothermal fluid.


   η  ex , ORC   =    W  net     E  X  gw      



(31)




where ηex,ORC represents the power exergy efficiency of ORC subsystem.


   η  th , ORC   =    W  net      Q   EVA 1       



(32)




where ηth,ORC represents the power generation efficiency of ORC subsystem.


   Q  hex   =  m  gw   (  h  gw 18   −  h  gw , out   )  



(33)






   η  tot   =    W e  +  Q  eva 2   +  Q  eva 3   +  Q  con   +  Q  ex      m  gw   ×  h  gw , in      



(34)




where Qhex and ηtot are the heat exchange of heat exchanger and total recovery efficiency of system heat source, respectively.


    ( K A )    EVA 1    =   ( K A )    EVA 1 , pre    +   ( K A )    EVA 1 , eva     



(35)




where (KA)EVA1 are thermal conductance of the evaporator.


    ( K A )    EVA 1    =  Q   EVA 1    / Δ T  



(36)






  Δ  T   EVA 1 , pre    =    T  gw , out   −  T 6  − Δ  T   EVA 1 , pp      ln    T   gw , out    −  T 6    Δ  T   EVA 1 , pp         



(37)




where ΔTEVA1,pre are average logarithmic temperature difference of the evaporator 1 during the stage of preheating.


  Δ  T   EVA 1 , eva    =    T  gw , out   −  T 1  − Δ  T   EVA 1 , pp      ln    T  gw , out   − T   Δ  T   EVA 1 , pp         



(38)




where ΔTEVA1,eva are average logarithmic temperature difference of the evaporator 1 during the stage of evaporation.


  E  L   EVA 1    =  m  wf    T  amb   (  s  16   −  s  13   ) +  m  gf    T  amb   (  s  in   −  s  22   )  



(39)






  E  L   EVA 2    =  m   VCC 1     T  amb   (  s 7  −  s 5  ) +  m  hw    T  amb   (  s  hout   −  s  hin   )  



(40)






  E  L   EVA 3    =  m   VCC 2     T  amb   (  s  11   −  s 9  ) +  m  lw    T  amb   (  s  lout   −  s  lin   )  



(41)







ELEVA1, ELEVA2 and ELEVA3 stand for exergy loss of evaporator 1, evaporator 2 and evaporator 3, respectively. mhw, mlw represent the mass flow rate of high and low temperature chilled water, respectively.


  E  L t  =  m  wf    T  amb   (  s  17   −  s  16   )  



(42)






  E  L   COM 1    =  m   VCC 1     T  amb   (  s 8  −  s 7  )  



(43)






  E  L   COM 2    =  m   VCC 2     T  amb   (  s  12   −  s  11   )  



(44)







ELt, ELCOM1 and ELCOM2 stand for exergy loss of turbine, compressor 1 and compressor 2, separately.


    E  L  CON   =  m  wf    T  amb   (  s 4  −  s  17   ) +  m   VCC 1     T  amb   (  s 4  −  s 8  )     +  m   VCC 2     T  amb   (  s 4  −  s  12   ) +  m  cw    T  amb   (  s  cw , out   −  s  cw , in   )    



(45)






  E  L p  =  m  wf    T  amb   (  s  13   −  s 4  )  



(46)






  E  L   CV 1    =  m   VCC 1     T  amb   (  s 5  −  s 4  )  



(47)






  E  L   CV 2    =  m   VCC 2     T  amb   (  s 9  −  s 5  )  



(48)







ELCON, ELp, ELCV1 and ELCV2 stand for exergy loss of condenser, pump, control valve 1, and control valve 2, respectively.


  E  L  HEX   =  m  gf    T  amb   (  s  gf , 22   −  s  gf , out   ) +  m  HEX    T  amb   (  s  cw , out   −  s  cw , in   )  



(49)






    E  L  sys   = E  L   EVA 1    + E  L   EVA 2    + E  L   EVA 3    + E  L  CON   + E  L   COM 1        + E  L   COM 2    + E  L P  + E  L t  + E  L   CV 1    + E  L   CV 2       



(50)







ELHEX, ELsys represent exergy loss of heat exchanger, the CCHP system, separately.


   Q  ARS   = c  m  gw   (  t  in   −  t  out   )  



(51)




where QARS represent heat absorption capacity in generator, tin and tout stand for the temperature of geothermal fluid at the inlet and outlet of generator, respectively.


   Q   cooling , ARS    =  Q  ARS   ×  η   thc , ARS     



(52)




where Qcooling,ARS and ηthc,ARS stand for cooling capacity and thermal coefficient of AR system, separately.


   η   thc , VCC    =  η   th , ORC    × COP  



(53)




where ηthc,VCC and ηth,ORC stand for thermal coefficient of VCC subsystem which is equivalent to that of AR system and power generation efficiency of ORC subsystem, respectively.




4. Validation


The ORC-TSVCC system has still remained at the stage of theoretical research up to present, and there is no complete mathematical model of that. The thermodynamic model established in this study was confirmed to be accurate by the actual operation data of an ORC plant [39], which is driven by geothermal fluid at the high water cut period. The data of the actual ORC plant was operated under the heat source temperature of 85 °C with R123. In addition, the initial experimental conditions are input as the initial conditions of the model, and the differences between the calculated results and actual data are compared to analyze the feasibility of the established model in this paper. It can be concluded from Table 2 that the relative errors of net power output, thermal efficiency and exergy efficiency are 2.22%, 1.52%, 2.45%, respectively. It is obvious that the results of this paper are in good agreement with the experimental results. Furthermore, this difference is mainly due to the idealized assumptions made in the model and the measuring instruments in the actual experiment.




5. Results and Discussion


5.1. Changes of Parameters in CCHP System Performance


The trend of parameters that changes with the evaporation temperature are analyzed about R245fa under the condition that the geothermal fluid temperature is 120 °C, as shown in Table 3. With the increase of evaporation temperature, on the one hand, the heat absorption of the working fluid is in a downtrend, resulting in the decrease of mass flow rate, for the temperature difference between geothermal fluid and working fluid descends. On the other hand, the enthalpy of working fluid increases in the inlet of turbine and is fixed in the outlet, which results in the increment of ideal enthalpy difference in the turbine. The pressure ratio (PR) is the pressure ratio between the inlet and outlet of the turbine, and the evaporation pressure is proportional to the evaporation temperature. As the evaporation temperature rises from 55 to 110 °C, the evaporation pressure is up from 462.59 kPa to 1741.69 kPa, which depends on the evaporation temperature. Therefore, it can be concluded that PR is inversely proportional to the evaporation pressure.



Figure 3 shows the variable trend of net power output with the change of evaporation temperature. According to the above analysis about the mass flow rate and specific enthalpy difference in the turbine, the results can be concluded that the net power output has a local maximum where it corresponds to the optimal evaporation temperature. The heat absorption capacity of working fluid increases with the increment of the geothermal fluid temperature, which is eventually proportional to the net power output. Besides, when the temperature of geothermal fluid increases by 10 °C, the optimal evaporation temperature will rise about 5 °C.



Figure 4 indicates the thermal conductance (KA)ORC with the change of evaporation temperature. KA is an evaluation indicator of heat transfer, which is the product of heat transfer coefficient and area. The critical temperature of R1234ze, R134a, and propane are lower at 109.36 °C, 101.06 °C and 96.68 °C, respectively, of which the KA increase with the teva1. The critical temperature of R1233zd, R245fa and isobutane are higher, of which the KA decrease with the teva1. There is a critical value for the geothermal fluid temperature, and the KA of working fluids is greater than that is proportional to the evaporation temperature, while for others less than that is inversely proportional to the evaporation temperature. Consequently, propane with the lowest critical temperature has the maximum KA, and R1233zd with the highest critical temperature has the minimum KA. Therefore, it can be drawn that the lower the critical temperature, the greater the KA.



The trend of (PR)ORC with the change of evaporation temperature is shown in Figure 5. PR, which is the pressure ratio between the inlet and outlet of the turbine, is an evaluation indicator of thermodynamic performance. It can be observed in Figure 5 that teva1 is in inverse proportion to PR, since the outlet pressure which is condensation pressure is constant, and the inlet pressure is directly proportional to evaporation temperature. Moreover, the propane and R245fa reach a maximum and minimum PR, respectively.




5.2. CCHP System Performance of Different Working Fluids


Table 4 illustrates the comparative performance of 17 working fluids at the geothermal fluid temperature of 90 °C. Under the condition that the temperature of geothermal fluid is lower at 90 °C, the power exergy efficiency of all working fluids is basically the same; the difference between the maximum and the minimum value is only 0.3%, which are all closed to 10.9%. Meanwhile, the maximum power exergy efficiency is 11%, which is attained in R1234yf.



For working fluids with higher cooling capacity, the cooling capacity of the low and high temperature cooling cycle are both higher than that of other working fluids. That is, the enthalpy difference between the inlet and outlet of evaporator 2 and evaporator 3 increase, resulting in higher cooling capacity. Besides, the cooling capacity of other working fluids are obviously lower than HCs, which account for the top nine of the 17 working fluids studied, among which the top six are pentane, heptane, octane, nonane, decane, and butane, and the corresponding cooling capacity are 592.00 kW, 591.27 kW, 590.58 kW, 587.32 kW, 584.87 kW, 579.84 kW, respectively. The working fluid with the lowest cooling capacity in HCs is butane, which is 517.37 kW and is 74.63 kW less than the pentane with the highest one. Among all working fluids studied, R1234yf has the lowest cooling capacity, which is 214.89 kW, accounting for only 36.30% of pentane. Futhermore, the power consumption of the compressor of HCs with more cooling capacity is relatively higher. Therefore, the conclusion that the power consumption of the compressor has direct ratio with cooling capacity could be drawn.



Among the working fluids studied, R1234yf has the lowest power consumption of the compressor of about 42.98 kW, of which compressor 1 is 18.40 kW and compressor 2 is 24.58 kW. Decane has the highest power consumption of the compressor of about 154.35 kW, of which compressor 1 and compressor 2 are 66.62 kW and 87.83 kW, respectively. In addition, the higher the COP, the higher the efficiency of the cooling system. It can be seen from Table 4 that butane has the largest COP with 5.43, which is followed by R152a, isopentane, and R1233zd, with 5.41, 5.40, 5.40, respectively. The COP of the last three is occupied by decane, nonane, and octane, which are 3.79, 4.28 and 4.67, respectively, and the COP of others are relatively concentrated between 5.0 and 5.5.



The cooling exergy efficiency is the ratio of the cooling capacity to the power consumption of the compressor. Under the condition that evaporation temperature and ambient temperature of the VCC system are determined, the cooling exergy efficiency is proportional to the cooling capacity. The working fluids with the top three cooling exergy efficiency are R152a, butane, R1233zd, which are 19.15%, 19.14%, 19.01%, respectively, while the last three are octane, none and decane, which are 13.32%, 15.03% and 16.40%, respectively. Additionally, the cooling exergy efficiency of the other HCs are in the range of 17.51–19.14%.



Table 4 illustrates that the heating capacity of HCs is generally slightly higher than that of other working fluids, as the geothermal fluid temperature is 90 °C. The first four working fluids are decane, nonane, octane and heptane in HCs, which show good heating performance, while the highest heating capacity of decane is 8990.60 kW. The highest heating capacity of HFCs is R152a, which arrives at 8799.68 kW, and the highest one of HFOs is R1233zd with 8617.79 kW.



Apparently, Table 4 indicates that the total heat source recovery efficiency of nine working fluids in HCs is basically identical, and is significantly higher than others when the geothermal fluid temperature is 90 °C. The conclusion can be drawn that HCs show better comprehensive performance than other working fluids. The total heat source recovery efficiency of HFCs is all closed to 60%, in which R152a is better than others. Among the three working fluids in HFOs, the highest one is R1233zd.



As the geothermal fluid temperature is 90 °C, the maximum net power output of R1234yf is greater than that of decane, which is smallest at about 2.8%. It can be seen that the maximum net power output of all working fluids are very closed, which all approach to 120 kW. Under the condition that the geothermal fluid temperature is 90 °C, the maximum cooling capacity of each working fluid has little difference, and all are beyond 600 kW, except the decane, nonane, octane, and heptane are lower than others. Though the maximum net power output of all working fluids is closed, the COP of the four is lower, resulting in the lower maximum cooling capacity. To sum up, R1233zd, butane, isopentane, R152a, etc., have a relatively better cooling performance within the range.



Table 5 indicates the comparative performance of 17 working fluids at the geothermal fluid temperatures of 100 and 110 °C. Within the geothermal fluid temperature range studied, R1234yf and R1234ze in HFOs, propane and isobutane in HCs, R134a and R245fa in HFCs have better power exergy efficiency, respectively. It was apparent that the first four power exergy efficiencies are R1234yf, R1234ze, R134a, and propane. The difference between the maximum and the minimum value are 0.89%, 1.86% in the temperatures 100, 110 °C, separately. It can be concluded that with the increase of geothermal fluid temperature, the gaps of the power exergy efficiency among different working fluids are increasing.



When the temperatures of geothermal fluid are 100 and 110 °C, it can be seen that the heating capacity of HCs are obviously higher than other working fluids. The gaps between the maximum and the minimum are 4.7% and 4.3% in 100 and 110 °C, respectively, and decane, nonane, octane, and heptane have a better heating performance. In addition, the cooling performance does not change with the geothermal fluid temperature, therefore, the cooling performance will not be analyzed repeatedly in the following.



The total heat source recovery efficiency of HCs is also basically identical, and is significantly higher than that of others among the selected working fluids as the geothermal fluid temperatures are 100 and 110 °C. The total heat source recovery efficiency of HCs is closed to 66% and 69% in 100 and 110 °C, respectively. The top three total source recovery efficiencies are pentane, octane, heptane, etc. The maximum net power output of R1234yf is greater than the minimum decane, which is about 6.1%, 10.4% in 100 and 110 °C, respectively.



The maximum net power output of all working fluids is close to 200 kW in 100 °C, but the gap becomes increasingly large in the 110 °C. In addition, it can be drawn that decane, nonane, octane and heptane have the worst maximum net power output, and the top three are R1234yf, R134a and R1234ze.



Both the maximum net power output and COP are worse in decane, nonane, octane, and heptane, contributing to the worst minimum cooling capacity. Under the condition that the geothermal fluid temperature is 100 °C, the difference between the maximum net power output of each working fluid is not too far. Therefore, although R1234yf has the maximum net power output, the maximum cooling capacity is not the maximum due to the slightly lower COP. Furthermore, when the geothermal fluid temperature is 110 °C, the gap of the maximum net power output among working fluids gradually appears. At this time, the maximum cooling capacity of R1234yf with the maximum net power output is high. The results could be drawn that when geothermal fluid temperature is 100 °C, the working fluids with the maximum cooling capacity are butane, R152a and R1233zd, while the gap between the maximum and minimum is 33.24%. As the maximum geothermal fluid temperature is 110 °C, the working fluids with the maximum one are R152a, R1234yf and butane, while the gap between the maximum and minimum values is 32.10%.



The comparative performance of 17 working fluids are shown at the geothermal fluid temperature of 120 and 130 °C in Table 6. The difference between the maximum and minimum value are 20.99% and 24.70% in 120, 130 °C, respectively. Compared with 110 °C, the power exergy efficiency has an apparent growing difference, since the geothermal fluid temperature is 120 °C. Under the condition that the geothermal fluid temperatures are 120 and 130 °C, it can be concluded that the last four power exergy efficiency are decane, nonane, octane, and heptane, and the top three are R1234yf, propane and R134a, etc.



As the temperature of geothermal fluid is 120 and 130 °C, it can be seen that the heating capacity of HCs are apparently higher than other working fluids. The gap between the maximum and the minimum are 4.49% and 4.55% in 120 and 130 °C, respectively. Besides, the top four heating capacities are decane, nonane, octane, and heptane, which show a better heating performance compared with other working fluids.



The total heat source recovery efficiency of HCs has little difference, and is significantly higher than that of others among the selected working fluids when the geothermal fluid temperature is 120 and 130 °C. The total heat source recovery efficiency of HCs is closed to 72% and 74% in 120 and 130 °C, respectively, and the top three are pentane, octane, heptane, etc.



The maximum net power output of R1234yf is greater than the smallest decane, which is about 21.00%, 28.49% in 120 and 130 °C, respectively. Besides, it was obvious that decane, nonane, octane, heptane, etc, have the worst maximum net power output, and R1234yf and propane are far higher than other working fluids in 120 °C. Besides, R134a, propane, and R1234yf have a better maximum net power output in turn in 130 °C. Though the maximum net power output of R1234yf exceeds propane a little, owing to its lower COP, its maximum cooling capacity is slightly lower than propane. R134a has the better maximum cooling capacity in HFCs, but it is still 8.89% lower than the greatest propane. As a consequence, propane and R1234yf have a better maximum net power output.



Table 7 illustrates the comparison of performance among 17 working fluids when the geothermal fluid temperatures are 140 and 150 °C. The difference of exergy efficiency power generation between the maximum and the minimum value are 35.62%, 29.51% in 140, 150 °C, respectively.



R134a, propane, R1234ze and R1234ze, R152a, and R134a have a better power exergy efficiency under the condition that the temperature of geothermal fluids are 140, 150 °C, respectively.



When the temperature of geothermal fluids are 140 and 150 °C, the heating capacity of HCs are far higher than other working fluids. The gap between the maximum and the minimum are 7.69% and 4.3% in 140 and 150 °C, respectively. Consequently, the heating capacity of decane, nonane, octane, and heptane which have a better heating performance occupy the top four.



The total heat source recovery efficiency of HCs still has little difference, and is higher than that of others when the geothermal fluid temperature is 140 and 150 °C. The total heat source recovery efficiency of HCs are closed to 76% and 77% in 140 and 150 °C seperately, and the first three are pentane, octane and heptane, which reveal better efficiency of energy utilization.



The maximum net power output of R1234yf is greater than decane, with the smallest about 35.63%, 29.52% in 140 and 150 °C, respectively. Moreover, it can be concluded that decane, nonane, octane and heptane have the lowest maximum net power output. On the contrary, R134a, propane and R1234ze are top three in 140 °C, while R152a, R134a, and R1234ze have a better maximum net power output in 150 °C. The temperature of geothermal fluid is in the direct ratio, with the difference among the maximum net power output of working fluids, resulting in the working fluids of the maximum net power output being far greater than others. Thereby, the strongest cooling capacity of the working fluids corresponding to the working fluids with the maximum net power output are also the maximum. The maximum cooling capacity of R134a, propane, R1234ze, and R152a, R134a, and R1234ze occupied the first three places in 140 °C and 150 °C, separately.



Power exergy efficiency is positively correlated with the net power output, and is negatively correlated with the input exergy of the system. The input exergy depends on the state parameters of geothermal fluid at the inlet and outlet of evaporator 1, and the geothermal fluid temperature is proportional to the power exergy efficiency. Furthermore, the increment of the maximum net power output is higher than that of the input exergy, as a result of the increase of the geothermal fluid temperature.



Under the condition that geothermal fluid temperature is lower at 80, 90 °C, the power exergy efficiency of all working fluids are basically the same, about 10.8%, 13.8% separately. In addition, the gap of power exergy efficiency among working fluids will increase with the increment of the geothermal fluid temperature. As the geothermal fluid temperature is 110–150 °C, the increment of exergy efficiency of decane, nonane, octane and heptane in HCs are basically the same for every 10 °C increase in temperature, and are obviously lower than other working fluids. As the geothermal fluid temperature is 150 °C, the top three power exergy efficiencies are R1234ze, R152a and R134a, respectively, and the last three are R1234yf, decane and nonane, respectively. Overall, with the increment of the geothermal fluid temperature, the power and heating performance are getting better. The decane, nonane, octane, and heptane in HCs always have a worse power generation and cooling performance, but have a better heating performance. The total heat sources recovery efficiency of HCs are the largest. When the geothermal fluid temperature is low, R1234yf has a large maximum net power output, which has no obvious advantage from 140 °C, while R1234ze has a better maximum net power output from 140 °C. Propane has maintained a good maximum net power output at a low temperature, but it has shown a downward trend since 150 °C. Additionally, R134a starts from 130 °C and R152a starts from 150 °C, showing a larger maximum net power output compared with other working fluids.



The results could demonstrate that R1234yf has a better power generation performance when the geothermal fluid temperature is lower. However, when the temperature is up from 130 °C to 140 °C, the increasing extent of the net power output shows a downtrend, which decreases on the contrary when the geothermal fluid temperature is 150 °C. Due to the critical temperature of R1234yf being lower, when the geothermal fluid temperature is higher than the critical temperature and keeps on rising to a certain value, owing to transfer temperature difference increases, the heat absorption capacity of the working fluid augments, and the mass flow rate will scale up. As a result, the large amount of heat absorption capacity makes the temperature at the outlet of evaporator 1 smaller than the heating temperature. Since the heating demands cannot be met, this working condition is omitted, resulting in an increase in the evaporation temperature, and the net power output is reduced instead. Therefore, according to the actual situation, the value slightly lower than the critical temperature of the working fluid is selected as the evaporation temperature.




5.3. Comparison between CCHP System and Separated Output System


Table 8 demonstrates the power generation performance between the CCHP system and the separated power generation system of R245fa at the temperature of geothermal fluid from 90 °C to 150 °C. The separated power generation system, which has a single function, is a way in which geothermal energy is totally used to drive power generation. The schematic diagram is shown in Figure 1, and can be achieved by opening control valve 1, and closing control valves 2, 3, 4 and 5, etc. The separated power generation system has no need to supply heat, resulting in the lower condensation temperature compared to the CCHP system, and the condensation pressure also decreases. As the evaporation pressure remains unchanged, the expansion ratio will increase compared with the CCHP system. As the condensation temperature decreases, the energy used for power generation will increase, and the net power output will also increase accordingly. As the CCHP system needs heating capacity supply, the condensation temperature will be relatively high. As a result, the energy used for power generation decreases, and the net power output will also decrease accordingly. With the increment of geothermal fluid temperature, the power generation of the CCHP system is gradually increasing, and the gap between the CCHP system and the separated power generation system is reduced, from 33.37% of the geothermal fluid temperature of 90 °C to 15.06% of 150 °C. Although the power output of the CCHP system is lower than the separated power generation system, part of the waste heat is utilized, and the CCHP system has complete functions and can meet different energy demands of buildings.



Table 9 indicates the cooling performance between TSVCC of the CCHP system and the AR system. According to the literature [40], when the temperature of geothermal fluid is 95 °C, the outlet temperature of AR system is 85 °C, and the COP is 0.79. If the geothermal-driven CCHP system is adopted, the equivalent thermodynamic coefficient is 0.23, which is 29% of the thermodynamic coefficient of the AR system. The main reason is that the thermal efficiency of the ORC system is too low, and the thermal efficiency of power generation is 4.39% when the temperature of geothermal fluid is 95 °C. The heat exchange capacity in the generator is 1648 kW, and the cooling capacity is 1301.92 kW of the AR system, while the maximum cooling capacity is 1191.39 kW when the TSVCC system is adopted. Although the cooling capacity of the TSVCC system is less than the AR system, it has two levels of evaporation temperature, which can achieve independent control of a sensible load and latent load. This not only improves indoor air quality, but also makes a sensible load originally treated with low temperature water now treated with high temperature water, which improves energy utilization. Additionally, the CCHP system can also meet the power and hot water demand inside the building.





6. Conclusions


In this paper, an organic Rankine cycle powered by a two-stage vapor compression cycle, and a combined cooling, heating, and power system was proposed. Moreover, the system performances are analyzed through the parameters optimization, and the proper working fluids are selected corresponding to each geothermal fluid temperature for cogeneration or a separated system. The main conclusions of this paper are summarized as follows:




	(1)

	
The net power output has a local maximum where it corresponds to the optimal evaporation temperature, which increases by about 5 °C when the geothermal fluid temperature increases by 10 °C, and the increase of geothermal fluid temperature can improve the system performance.




	(2)

	
There is a critical value for the geothermal fluid temperature, and the thermal conductance of working fluids greater than that are proportional to the evaporation temperature, while others less than that are inversely proportional to the evaporation temperature. Besides, the lower the critical temperature, the greater the thermal conductance. The pressure ratio is in reverse ratio to the evaporation temperature, which can be increased to augment the pressure drop of the expander, contributing to the higher net power output.




	(3)

	
The most suitable working fluids for each geothermal fluid temperature divided are demonstrated, which can be selected according to the geothermal fluid temperature and the demand of energy forms in the building. When power supply performance matters, R134a always has a better maximum net power output. R1234yf and propane are excellent when the geothermal fluid temperature is low, and R1234ze and R152a are better since the geothermal fluid temperatures are 140 °C and 150 °C, respectively.




	(4)

	
When the cooling supply performance matters, R134a always has a better maximum cooling capacity. Propane and R1234yf are in good cooling capacity until the geothermal fluid temperature are 140 °C and 120 °C, separately. R1234ze and R152a are better when the geothermal fluid temperatures are 140 °C and 150 °C, respectively.




	(5)

	
When heating supply performance matters, hydrocarbons can be selected, which are all higher in total heat source recovery efficiency as well. The decane, nonane, octane and heptane of hydrocarbons only have good heating performance, resulting in better total heat source recovery efficiency.




	(6)

	
The net power output and cooling capacity generated by the separated system are both more than a cogeneration system, but which can realize a cascade utilization of energy and the simultaneous supply of multiple energies. The gap between the separated power generation system and the cogeneration system decreased with the increment of the geothermal fluid temperature.
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Abbreviations




	
Nomenclature

	
amb

	
Ambient




	
1–14

	
State points




	
c

	
Specific heat (kJ/kg)

	
Acronyms




	
h

	
Specific enthalpy (kJ/kg)




	
m

	
Mass flow rate (kg/s)

	
COP

	
Coefficient of performance




	
P

	
Pressure (KPa)

	
GWP

	
Global warming potential




	
Q

	
Heat transfer rate (kW)

	
VCC

	
Vapor compression cycle




	
s

	
Specific entropy (kJ/(kg℃))

	
ORC-TSVCC

	
Organic Rankine cycle coupled with two-stage vapor compression cycle




	
T

	
Temperature (K)

	
TSVCC

	
Two-stage vapor compression cycle




	
t

	
Temperature (℃)

	
CCHP

	
Combined cooling, heating, and power




	
W

	
Power (kW)

	
CHP

	
Combined heating and power




	
Greek letters

	
CCP

	
Combined cooling and power




	
HCs

	
Hydrocarbons




	
η

	
Efficiency (%)

	
HFOs

	
Hydrofluoroolefins




	
Subscripts

	
HFCs

	
Hydrofluorocarbons




	
HCFCs

	
Hydrochlorofluorocarbons




	
con

	
Condenser

	
CV

	
Control valve




	
cw

	
Cooling water

	
TV

	
Throttling valve




	
eva

	
Evaporator

	
RHW

	
Returning hot water




	
P

	
Pump

	
SHW

	
Supplying hot water




	
com

	
Compressor

	
HSSW

	
Heat source supplying hot water




	
t

	
turbine

	
HSRW

	
Heat source returning hot water




	
gw

	
Geothermal water

	
HRCW

	
High-temperature returning chilled water




	
wf

	
Working fluid

	
HSCW

	
High-temperature supplying chilled water




	
ex

	
Exergetic

	
LRCW

	
Low-temperature returning chilled water




	
in

	
Inlet of each component

	
LSCW

	
Low-temperature supplying chilled water




	
out

	
Outlet of each component

	
PR

	
Pressure ratio




	
th

	
Thermal

	
AR

	
Absorption refrigeration
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Figure 1. Schematic diagram of the ORC-TSVCC system. 
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Figure 2. T-s diagram of the ORC-TSVCC system. 
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Figure 3. Effect of geothermal fluid temperature and evaporation temperature of evaporator 1 on net power output of turbine. 
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Figure 4. Thermal conductance for the geothermal fluid temperature of 140 °C. 
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Figure 5. Pressure ratio for the geothermal fluid temperature of 140 °C. 
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Table 1. Properties of selected working fluids.
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Substance

	
Type

	
Relative Molecular Mass

	
Critical Temperature

(°C)

	
Critical Pressure

(MPa)

	
ODP

	
GWP

	
Dry/Wet

	
Safety

	
Ref




	
R1233zd

	
HFOs

	
130.5

	
166.5

	
3.62

	
0

	
1

	
Dry

	
A1

	
[33]




	
R1234ze

	
114.04

	
109.36

	
3.64

	
0

	
6

	
Dry

	
A2L

	
[34]




	
R1234yf

	
114.04

	
94.70

	
3.38

	
0

	
4

	
Dry

	
A2L

	
[34]




	
butane

	
HCs

	
58.12

	
151.98

	
3.80

	
0

	
4

	
Dry

	
A3

	
[34]




	
isobutane

	
58.12

	
134.66

	
3.63

	
0

	
4

	
Dry

	
A3

	
[34]




	
pentane

	
72.15

	
196.55

	
3.37

	
0

	
20

	
Dry

	
A3

	
[34]




	
isopentane

	
72.15

	
187.20

	
3.38

	
0

	
0–20

	
Dry

	
A3

	
[35]




	
propane

	
44.10

	
96.68

	
4.25

	
0

	
3

	
Dry

	
A3

	
[34]




	
decane

	
142.28

	
344.55

	
2.103

	
0

	
—

	
Wet

	
A3

	
Refprop




	
nonane

	
128.26

	
321.40

	
2.281

	
0

	
—

	
Wet

	
A3

	
Refprop




	
octane

	
114.23

	
296.17

	
2.497

	
0

	
—

	
Wet

	
A3

	
Refprop




	
heptane

	
100.20

	
266.98

	
2.736

	
0

	
—

	
Wet

	
A3

	
Refprop




	
R134a

	
HFCs

	
102.03

	
101.06

	
4.06

	
0

	
1430

	
Wet

	
A1

	
Refprop




	
R152a

	
66.05

	
113.26

	
4.52

	
0

	
133

	
Wet

	
A2

	
[35]




	
R245fa

	
134.05

	
154.05

	
3.64

	
0

	
1050

	
Dry

	
B1

	
[34]




	
R245ca

	
134.05

	
174.42

	
3.93

	
0

	
1340

	
Dry

	
B1

	
[34]




	
R365mfc

	
148.07

	
186.85

	
3.27

	
0

	
890

	
Dry

	
A1

	
[34]
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Table 2. Validation results compared with previously published data.






Table 2. Validation results compared with previously published data.





	Substance
	tgw,in (°C)
	tgw,out (°C)
	mgw

(kg/s)
	tcw,in (°C)
	tcw,out (°C)
	mcw

(kg/s)
	Wnet

(kW)
	ηth

(%)
	ηex

(%)
	Source





	R123
	110.9
	87.4
	69.44
	28
	38
	162.5
	270
	3.96
	19.64
	[39]



	R123
	110.9
	87.4
	69.44
	28
	38
	162.5
	276
	4.02
	20.13
	present
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Table 3. Parameters varying with evaporation temperature.






Table 3. Parameters varying with evaporation temperature.





	teva1 (°C)
	mwf (kg/s)
	Δh (kJ/kg)
	Peva1 (kPa)
	Pcon (kPa)
	PR





	55
	57.08
	2.36
	462.59
	344.17
	0.74



	60
	53.35
	4.65
	532.27
	344.17
	0.65



	65
	49.50
	6.88
	609.60
	344.17
	0.56



	70
	45.52
	9.06
	695.10
	344.17
	0.50



	75
	41.39
	11.17
	789.31
	344.17
	0.44



	80
	37.11
	13.23
	892.78
	344.17
	0.39



	85
	32.64
	15.23
	1006.09
	344.17
	0.34



	90
	27.96
	17.18
	1129.81
	344.17
	0.30



	95
	23.05
	19.07
	1264.57
	344.17
	0.27



	100
	17.86
	20.91
	1411.00
	344.17
	0.24



	105
	12.33
	22.68
	1569.80
	344.17
	0.22



	110
	6.41
	24.40
	1741.69
	344.17
	0.20
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Table 4. Performance comparison of working fluids at temperature of geothermal fluid is 90 °C.






Table 4. Performance comparison of working fluids at temperature of geothermal fluid is 90 °C.





	Substance
	ηex,ORC

(%)
	COP
	ηex,TSVCC

(%)
	Qcooling

(kW)
	WCOM

(kW)
	Qheating

(MW)
	ηth,CCHP

(%)
	Wnet,max

(kW)
	Qcooling,max

(MW)





	R1234yf
	11.00
	5.00
	17.55
	214.89
	42.98
	8.50
	58.32
	121.54
	0.61



	R1234ze
	10.90
	5.20
	18.27
	257.36
	49.54
	8.55
	58.89
	120.40
	0.63



	R1233zd
	10.80
	5.40
	19.01
	312.00
	57.80
	8.62
	59.62
	119.32
	0.64



	butane
	10.76
	5.44
	19.14
	579.84
	106.63
	8.93
	63.17
	118.88
	0.65



	isobutane
	10.77
	5.36
	18.85
	517.37
	96.49
	8.86
	62.34
	118.97
	0.64



	pentane
	10.75
	5.39
	18.95
	592.00
	109.88
	8.95
	63.33
	118.75
	0.64



	isopentane
	10.75
	5.40
	18.96
	552.79
	102.46
	8.90
	62.81
	118.73
	0.64



	propane
	10.73
	5.18
	18.28
	527.94
	101.87
	8.88
	62.47
	118.56
	0.61



	decane
	10.70
	3.79
	13.32
	584.87
	154.35
	8.99
	63.25
	118.14
	0.45



	nonane
	10.70
	4.28
	15.03
	587.32
	137.31
	8.98
	63.28
	118.19
	0.51



	octane
	10.71
	4.67
	16.40
	590.58
	126.59
	8.97
	63.31
	118.26
	0.55



	heptane
	10.70
	4.98
	17.51
	591.27
	118.69
	8.96
	63.32
	118.40
	0.59



	R134a
	10.91
	5.21
	18.39
	280.77
	53.86
	8.58
	59.20
	120.48
	0.63



	R152a
	10.80
	5.41
	19.15
	465.84
	86.06
	8.80
	61.65
	118.76
	0.64



	R245fa
	10.85
	5.30
	18.67
	304.76
	57.47
	8.61
	59.52
	119.82
	0.64



	R245ca
	10.82
	5.30
	18.64
	328.54
	62.01
	8.64
	59.84
	119.49
	0.63



	R365mfc
	10.80
	5.21
	18.29
	307.08
	58.94
	8.61
	59.55
	119.17
	0.62
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Table 5. Performance comparison of working fluids at temperature of geothermal fluid is 100 and 110 °C.






Table 5. Performance comparison of working fluids at temperature of geothermal fluid is 100 and 110 °C.





	

	
100 °C

	
110 °C




	
Substance

	
ηex,ORC

(%)

	
Qheating

(MW)

	
ηth,CCHP

(%)

	
Wnet,max

(kW)

	
Qcooling,max

(MW)

	
ηex,ORC

(%)

	
Qheating

(MW)

	
ηth,CCHP

(%)

	
Wnet,max

(kW)

	
Qcooling,max

(MW)






	
R1234yf

	
14.47

	
10.08

	
62.41

	
209.67

	
1.05

	
18.00

	
11.63

	
65.71

	
329.51

	
1.65




	
R1234ze

	
14.12

	
10.14

	
62.92

	
204.52

	
1.06

	
17.17

	
11.69

	
66.19

	
314.18

	
1.63




	
R1233zd

	
13.79

	
10.21

	
63.59

	
199.82

	
1.08

	
16.47

	
11.77

	
66.80

	
301.46

	
1.63




	
butane

	
13.77

	
10.52

	
66.78

	
199.47

	
1.08

	
16.48

	
12.09

	
69.70

	
301.63

	
1.64




	
isobutane

	
13.83

	
10.45

	
66.03

	
200.34

	
1.07

	
16.63

	
12.01

	
69.02

	
304.26

	
1.63




	
pentane

	
13.70

	
10.54

	
66.93

	
198.51

	
1.07

	
16.33

	
12.11

	
69.84

	
298.88

	
1.61




	
isopentane

	
13.71

	
10.49

	
66.46

	
198.64

	
1.07

	
16.36

	
12.06

	
69.42

	
299.35

	
1.62




	
propane

	
14.00

	
10.46

	
66.14

	
202.83

	
1.05

	
17.23

	
12.01

	
69.10

	
315.38

	
1.63




	
decane

	
13.58

	
10.58

	
66.86

	
196.83

	
0.75

	
16.14

	
12.15

	
69.77

	
295.30

	
1.12




	
nonane

	
13.59

	
10.57

	
66.88

	
196.96

	
0.84

	
16.15

	
12.14

	
69.80

	
295.56

	
1.26




	
octane

	
13.61

	
10.56

	
66.92

	
197.18

	
0.92

	
16.17

	
12.13

	
69.83

	
295.98

	
1.38




	
heptane

	
13.63

	
10.55

	
66.92

	
197.49

	
0.98

	
16.21

	
12.12

	
69.84

	
296.60

	
1.48




	
R134a

	
14.17

	
10.16

	
63.2

	
205.33

	
1.07

	
17.33

	
11.72

	
66.43

	
317.20

	
1.65




	
R152a

	
13.81

	
10.39

	
65.41

	
200.06

	
1.08

	
16.64

	
11.95

	
68.45

	
304.47

	
1.65




	
R245fa

	
13.88

	
10.20

	
63.5

	
201.11

	
1.07

	
16.62

	
11.76

	
66.72

	
304.22

	
1.61




	
R245ca

	
13.81

	
10.23

	
63.79

	
200.12

	
1.06

	
16.50

	
11.79

	
66.98

	
301.92

	
1.60




	
R365mfc

	
13.77

	
10.20

	
63.53

	
199.48

	
1.04

	
16.43

	
11.77

	
66.75

	
300.76

	
1.57
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Table 6. Performance comparison of working fluids at temperature of geothermal fluid is 120 and 130 °C.
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120 °C

	
130 °C




	
Substance

	
ηex,ORC

(%)

	
Qheating

(MW)

	
ηth,CCHP

(%)

	
Wnet,max

(kW)

	
Qcooling,max

(MW)

	
ηex,ORC

(%)

	
Qheating

(MW)

	
ηth,CCHP

(%)

	
Wnet,max

(kW)

	
Qcooling,max

(MW)






	
R1234yf

	
23.30

	
13.08

	
68.38

	
523.55

	
2.62

	
27.17

	
14.53

	
70.64

	
689.98

	
3.45




	
R1234ze

	
20.17

	
13.22

	
68.87

	
453.00

	
2.35

	
23.65

	
14.69

	
71.07

	
638.13

	
3.32




	
R1233zd

	
18.91

	
13.32

	
69.45

	
424.95

	
2.29

	
21.17

	
14.83

	
71.65

	
571.19

	
3.08




	
butane

	
18.98

	
13.63

	
72.10

	
426.37

	
2.32

	
21.31

	
15.14

	
74.09

	
575.00

	
3.13




	
isobutane

	
19.24

	
13.55

	
71.47

	
432.31

	
2.32

	
21.74

	
15.06

	
73.50

	
586.68

	
3.15




	
pentane

	
18.71

	
13.65

	
72.23

	
420.33

	
2.26

	
20.88

	
15.18

	
74.22

	
563.42

	
3.04




	
isopentane

	
18.76

	
13.61

	
71.84

	
421.41

	
2.27

	
20.96

	
15.13

	
73.86

	
565.51

	
3.05




	
propane

	
22.90

	
13.46

	
71.46

	
514.56

	
2.67

	
28.61

	
14.85

	
73.44

	
771.83

	
4.00




	
decane

	
18.41

	
13.70

	
72.17

	
413.63

	
1.57

	
20.46

	
15.23

	
74.17

	
551.96

	
2.09




	
nonane

	
18.43

	
13.68

	
72.19

	
414.08

	
1.77

	
20.48

	
15.21

	
74.19

	
552.68

	
2.36




	
octane

	
18.46

	
13.68

	
72.23

	
414.82

	
1.94

	
20.53

	
15.20

	
74.22

	
553.87

	
2.58




	
heptane

	
18.51

	
13.67

	
72.23

	
415.93

	
2.07

	
20.60

	
15.19

	
74.22

	
555.73

	
2.77




	
R134a

	
20.75

	
13.23

	
69.07

	
466.14

	
2.43

	
29.22

	
14.54

	
71.19

	
788.33

	
4.11




	
R152a

	
19.34

	
13.48

	
70.95

	
434.57

	
2.35

	
22.03

	
14.98

	
73.01

	
594.51

	
3.22




	
R245fa

	
19.14

	
13.30

	
69.37

	
430.12

	
2.28

	
21.50

	
14.82

	
71.58

	
580.10

	
3.08




	
R245ca

	
18.94

	
13.34

	
69.61

	
425.55

	
2.25

	
21.19

	
14.85

	
71.80

	
571.84

	
3.03




	
R365mfc

	
18.85

	
13.31

	
69.40

	
423.57

	
2.21

	
21.07

	
14.83

	
71.61

	
568.59

	
2.96
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Table 7. Performance comparison of working fluids at temperature of geothermal fluid is 140 and 150 °C.
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140 °C

	
150 °C




	
Substance

	
ηex,ORC

(%)

	
Qheating

(MW)

	
ηth,CCHP

(%)

	
Wnet,max

(kW)

	
Qcooling,max

(MW)

	
ηex,ORC

(%)

	
Qheating

(MW)

	
ηth,CCHP

(%)

	
Wnet,max

(kW)

	
Qcooling,max

(MW)






	
R1234yf

	
25.82

	
16.12

	
72.61

	
778.89

	
3.89

	
19.83

	
17.90

	
74.38

	
690.87

	
3.45




	
R1234ze

	
29.73

	
16.02

	
72.87

	
946.26

	
4.92

	
34.09

	
17.35

	
74.43

	
1261.68

	
6.55




	
R1233zd

	
23.29

	
16.32

	
73.49

	
741.35

	
4.00

	
25.32

	
17.79

	
75.05

	
936.88

	
5.06




	
butane

	
23.54

	
16.63

	
75.75

	
749.21

	
4.07

	
25.70

	
18.08

	
77.15

	
951.24

	
5.17




	
isobutane

	
24.20

	
16.53

	
75.20

	
770.35

	
4.13

	
26.90

	
17.96

	
76.61

	
995.48

	
5.34




	
pentane

	
22.90

	
16.67

	
75.88

	
728.90

	
3.93

	
24.79

	
18.14

	
77.28

	
917.62

	
4.94




	
isopentane

	
23.01

	
16.62

	
75.54

	
732.51

	
3.95

	
24.95

	
18.09

	
76.96

	
923.46

	
4.98




	
propane

	
32.33

	
16.25

	
75.12

	
1029.11

	
5.33

	
25.13

	
18.04

	
76.72

	
929.96

	
4.82




	
decane

	
22.32

	
17.20

	
75.84

	
710.43

	
2.69

	
24.03

	
18.21

	
77.25

	
889.25

	
3.37




	
nonane

	
22.35

	
16.72

	
75.86

	
711.54

	
3.04

	
24.07

	
18.20

	
77.26

	
890.88

	
3.81




	
octane

	
22.41

	
16.71

	
75.88

	
713.38

	
3.33

	
24.15

	
18.19

	
77.29

	
893.60

	
4.17




	
heptane

	
22.50

	
16.70

	
75.89

	
716.29

	
3.57

	
24.26

	
18.17

	
77.29

	
897.99

	
4.47




	
R134a

	
34.67

	
15.88

	
73.01

	
1103.66

	
5.75

	
31.05

	
17.51

	
74.68

	
1149.23

	
5.99




	
R152a

	
26.77

	
16.37

	
74.68

	
852.25

	
4.61

	
32.24

	
17.66

	
76.08

	
1193.15

	
6.46




	
R245fa

	
23.75

	
16.30

	
73.42

	
755.83

	
4.01

	
25.92

	
17.75

	
74.98

	
959.45

	
5.09




	
R245ca

	
23.31

	
16.35

	
73.64

	
741.83

	
3.93

	
25.31

	
17.81

	
75.18

	
936.81

	
4.96




	
R365mfc

	
23.14

	
16.33

	
73.46

	
736.69

	
3.84

	
25.10

	
17.79

	
75.02

	
928.87

	
4.84
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Table 8. Power generation comparison between CCHP and ORC system.






Table 8. Power generation comparison between CCHP and ORC system.





	tgw (°C)
	Wnet,CCHP (kW)
	Wnet,ORC (kW)
	Wnet,CCHP/Wnet,ORC (%)
	Relative Difference (%)





	90
	119.82
	179.83
	66.63
	33.37



	100
	201.11
	277.62
	72.44
	27.56



	110
	304.22
	397.82
	76.47
	23.53



	120
	430.12
	541.41
	79.44
	20.56



	130
	580.10
	709.65
	81.74
	18.26



	140
	755.83
	904.13
	83.60
	16.40



	150
	959.45
	1129.58
	84.94
	15.06
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Table 9. Cooling performance comparison between CCHP and AR system.






Table 9. Cooling performance comparison between CCHP and AR system.





	Parameters
	AR System
	VCC System
	VCC/AR (%)





	Qcooling,max (kW)
	1301.92
	1191.39
	91.51



	Overall COP
	0.79
	0.23
	29.11
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