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Abstract — A novel combined cooling and power (CCP) system, wherein an organic Rankine cycle is coupled 

with a compressor-driven ejector refrigeration cycle, is proposed. The ejector primary flow of this refrigeration 

system comes from one of the streams that is pumped from the condenser, which is unconventional from the 

existing studies wherein the turbine exhaust is its primary flow source. Parametric analysis was conducted to 

study the effects of the heat source and evaporator temperature, and entrainment ratio on the coefficient of 

performance (COP) and exergy efficiency of the proposed system using three working fluids, namely R123, R141b, 

and R245fa. In the novel setup, the COP improvement can be theoretically associated to the produced turbine 

power that reduces the power input to the system. Among the parameters observed, the entrainment ratio and 

evaporator temperature had the greatest effect on the performance of the system. The system exergy efficiency 

varies inversely with entrainment ratio and evaporator temperature; on the other hand, the COP improves with 

the increase in the evaporator temperature and decrease in the entrainment ratio. The performance of three 

working fluids was also investigated. Among the three refrigerants, the system that used R141b had the highest 

COP and exergy efficiency at 3.26 and 46.92%, respectively. 
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I. INTRODUCTION 

 

Research on low-grade heat utilization has drawn much attention and become 

increasingly popular in recent years. It has shown several effects on the improvement of overall 

energy conversion efficiency and reduction of global environmental-related problems such as 

greenhouse gas emission. 

 

Low-grade heat, as defined by the U.S. Department of Energy [1], has temperature 

below 232 oC. Its primary sources are biomass, geothermal, solar, and waste heat energy. 

Waste heat from industrial plants is a byproduct of combustion and chemical processes, and is 

directly exhausted to the environment. According to the Philippine Power Statistics published 

by the Department of Energy, approximately one-third of the energy consumption comes from 

the industrial sector [2]. Among the Philippine industrial sectors, food processing and 

manufacturing (36.2%), cement and constructions (27.4%), and mining, minerals and metals 

processing (12.2%) have the high energy demands [3]. Stricker et al. conducted a study on the 

eight largest manufacturing sectors in Canada, and concluded that approximately 70% of the 

input energy is released to the environment [4]. Based on these reports, it is clearly seen that 

the industrial sector has high energy consumption and wastage. 
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 Studies on waste heat recovery systems are usually employed in the industrial sector, 

and the key parameters observed in waste heat streams are their matter state and composition, 

temperature, mass flowrate, and availability [5]. Some of the identified waste streams are flue 

or exhaust gas from furnaces, gas engines and thermal post combustion, pressurized hot water, 

and exhaust vapors [6]. These waste streams are used in recovery systems that have various 

applications such as power generation, refrigeration, and desalination. 

  

Several recent research studies have focused on the power generation from low-grade 

heat recovery systems. Most of them concentrated on organic Rankine cycle (ORC) [7-9], 

supercritical or transcritical cycles [10-12], and thermodynamic cycles using unconventional 

working fluids [13-15]. Meanwhile, the absorption cycle has the greatest number of recent 

studies among the refrigeration systems [16-18]. Aside from power generation and 

refrigeration, waste heat recovery systems have also been explored for cogeneration such as 

combined heating and power (CHP), combined cooling, heating, and power (CCHP), and 

combined cooling and power (CCP) applications. 

 

 The focus of this study is on the low-grade heat utilization in a CCP system. The 

commonly used power cycles in a CCP system in literatures are the Rankine cycle, the organic 

Rankine cycle, and the Kalina cycle; on the other hand, the vapor compression cycle, 

absorption cycle, and the ejector cycle are the often-used refrigeration cycles. There are many 

possible configurations of power-and-refrigeration systems, but this study specifically 

investigates the performance of an organic Rankine-ejector refrigeration CCP system. 

 

 Alexis studied a cogeneration system where the bled turbine steam of a Rankine cycle 

is supplied to a heat generator of the ejector refrigeration system [19]. Dai et al., and Zheng 

and Weng investigated the same system that couples the Rankine cycle with the ejector 

refrigeration cycle, and used R123 and R245fa, respectively, as working fluids [20,21]. In their 

configuration, a turbine is added in between the heat recovery vapor generator and ejector. 

Both studies evaluated the performance of the CCP system using exergy efficiency, and 

concluded that there is a great amount of exergy loss in the ejector. Yang et al. adopted the 

system of Dai, but a zeotropic mixture of isobutane-pentane was used as the working fluid [22]. 

Wang et al. also proposed a similar system to Dai et al., and Zheng and Weng except that it 

requires a preheater [23]. A comparative study of the performance of different working fluids 

was conducted by Habibzadeh et al. employing the system proposed by Wang. Their research 

showed that R601 has the highest thermal efficiency (14.24%) among the five working fluids 

observed [24]. Most of the researches on CCP systems with ejector refrigeration cycle are of 

heat-driven type. The primary flow of the ejector comes from either the turbine outlet or bled 

steam, and the evaporator exit stream as the secondary flow. 

 

 In this study, the proposed power-and-refrigeration system uses compressor-driven 

ejector refrigeration cycle. One of the streams that are pumped from the condenser outlet acts 

as the ejector primary flow, while the combined streams of turbine and evaporator outlet as the 

secondary flow. The turbine power is maximized in the proposed system compared to the heat-

driven type because of the pressure difference observed in the cycle. 
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The performance of the proposed system using R123, R141b, and R245fa is evaluated. 

These three working fluids are chosen for their good thermodynamic and physical properties, 

and also for their low ozone depletion potential (ODP), global warming potential (GWP), and 

atmospheric lifetime (ALT). Parametric analysis is also conducted to investigate the effects of 

the heat source and evaporator temperature, and the entrainment ratio on the coefficient of 

performance (COP) and exergy efficiency of the system. 

 

 

II. SYSTEM DESCRIPTION AND ASSUMPTIONS 

 

The proposed combined cooling and power system couples organic Rankine cycle with 

compressor-driven ejector refrigeration cycle. The system consists of nine components: 

compressor, condenser, pump, vapor generator, turbine, ejector, vapor-liquid separator, throttle 

valve and evaporator. Figures 1 and 2 illustrate the schematic and temperature-specific entropy 

(T-s) diagrams of the system. 

 

 

 
Figure 1. Schematic diagram of the proposed combined power-and-refrigeration system 
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Figure 2. T-s diagram of the proposed combined power-and-refrigeration cycle 

 

Saturated vapor working fluid (state 1) flows through the compressor, which raises its 

pressure to the condenser pressure level (state 2). The superheated working fluid is then cooled 

at the condenser (state 3) by giving off heat to the cooling water. After that, the working fluid 

is pumped to a high pressure (state 4), and is divided into two streams— one stream serves as 

the primary flow of the ejector (state 8), and the other stream (state 5) goes to the power side 

of the system. The high-pressure compressed liquid (state 5) is vaporized at the vapor generator 

by absorbing heat from a waste heat stream, which is assumed to be air. The high-pressure, 

high-temperature vapor (state 6) is expanded in the turbine consequently producing mechanical 

power. The saturated liquid working fluid (state 13) from the vapor-liquid separator is throttled 

to the evaporator pressure level (state 14). This saturated mixture then passes through the 

evaporator and vaporizes as it absorbs heat from the air that comes from the refrigerated space. 

The stream of saturated vapor that exits the evaporator (state 15) is mixed with the fully 

expanded stream of vapor from the turbine (state 7), and the resulting stream of low-pressure 

superheated vapor (state 16) becomes the secondary flow of the ejector. The high-pressure 

stream (state 8) that enters the ejector accelerates to supersonic conditions (state 9) as it passes 

through the converging-diverging nozzle. This creates a low-pressure region at the nozzle exit 

which in effect entrains the low-pressure stream (state 10). The streams of primary and 

secondary flows mix in the constant-area chamber (state 11), and recovers pressure at the 

diffuser (state 12). The stream of working fluid that exits the ejector is then separated to 

saturated vapor (state 1) and saturated liquid (state 13) in the vapor-liquid separator. 

 

The following assumptions are made for the system simulation: 

(1)  The system is at steady state. 

(2) The difference in the kinetic and potential energies as well as pressure drops in 

pipes are neglected. Heat losses at the condenser, compressor, ejector, 

evaporator, turbine, and vapor generator are also considered negligible. 

(3) The throttling process is isenthalpic. 

(4) The streams of working fluids that exit the condenser and evaporator are 

saturated liquid and saturated vapor, respectively. 

(5) The exit states at the vapor-liquid separator are saturated. 
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(6) The temperature difference between the working fluid and the external fluid at 

the inlet of each heat exchanger (condenser, evaporator, and vapor generator) 

is set to 10 oC, while pinch-point temperature difference in the heat exchangers 

is equal to 5 oC. 

  

The assumed values of each operating parameters are summarized in Table 1. 

 

 

       Table 1. Conditions assigned to system parameters 

Environment temperature 𝑇𝑜 = 27 oC 

Environment pressure 𝑃𝑜 = 101.325 kPa 

Turbine inlet pressure 𝑃6 = 650 kPa 

Turbine isentropic efficiency 𝜂𝑡 = 0.80 

Compressor isentropic efficiency 𝜂𝑐 = 0.80 

Pump isentropic efficiency 𝜂𝑝 = 0.80 

Heat source inlet temperature 𝑇19 = 120 oC 

Cooling water inlet temperature 𝑇17 = 27 oC 

Evaporation temperature 𝑇14 = 𝑇15 = -5 oC 

Refrigerating capacity 𝑄̇𝑒 = 100 kW 

 

  

III. SYSTEM MODELING EQUATIONS 

 

The key component in the proposed cycle is the ejector, and it is modeled using 

methods employed by Garcia et al. [25]. The ejector profile modeling has the following 

assumptions: 

(1)  The flow inside the ejector is in steady-state, and is modeled and simulated as 

one-dimensional.  

(2) For the two-phase region, the flow is assumed to be homogenous.  

(3) The mixing of the primary and secondary flows in the mixing chamber is 

isobaric.  

(4) The ejector does not experience shock. 

 

The law of conservation of energy, considering the previously stated assumptions, is 

observed in each component; thus, the following equations are obtained: 

• For the vapor-liquid separator, 

 

 𝑚̇12ℎ12 = 𝑚̇1ℎ1 + 𝑚̇13ℎ13 (1) 

   

• For the compressor, 

 

 𝑊̇𝑐 = 𝑚̇1(ℎ2−ℎ1) (2a) 

 
𝜂𝑐 =

ℎ2𝑠 − ℎ1

ℎ2 − ℎ1
 

(2b) 
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• For the condenser, 

 𝑄̇𝑘 = 𝑚̇2(ℎ2−ℎ3) = 𝑚̇17𝑐𝑝,𝑤(𝑇18−𝑇17) (3) 

   

• For the pump, 

 

 𝑊̇𝑝 = 𝑚̇3(ℎ4−ℎ3) (4a) 

 
𝜂𝑝 =

ℎ4𝑠 − ℎ3

ℎ4 − ℎ3
 

(4b) 

   

• For the vapor generator, 

 𝑄̇𝑣𝑔 = 𝑚̇5(ℎ6−ℎ5) = 𝑚̇19𝑐𝑝,𝑎(𝑇19−𝑇20) (5) 

 

• For the turbine, 

 𝑊̇𝑡 = 𝑚̇6(ℎ6−ℎ7) (6a) 

 
𝜂𝑡 =

ℎ6 − ℎ7

ℎ6 − ℎ7𝑠
 

(6b) 

   

• For the evaporator, 

 𝑄̇𝑒 = 𝑚̇14(ℎ15−ℎ14) = 𝑚̇21𝑐𝑝,𝑤(𝑇21−𝑇22) (7) 

   

• For the mixing of streams 7 and 15, 

 𝑚̇7ℎ7 + 𝑚̇15ℎ15 = 𝑚̇16ℎ16 (8) 

 

The proposed combined cooling and power system mainly functions as a refrigeration 

system. The performance of the system can be therefore evaluated using coefficient of 

performance (COP), which is defined as the ratio of the refrigerating capacity to the input of 

the system. For the proposed system, the two inputs are the heat extracted at the vapor generator 

and the power requirement of the system. Thus, the COP is expressed as  

 

 
𝐶𝑂𝑃 =

𝑄̇𝑒

𝑊̇𝑛𝑒𝑡,𝑟𝑒𝑓 + 𝑄̇𝑣𝑔

 (9) 

where 

 𝑊̇𝑛𝑒𝑡,𝑟𝑒𝑓 = ||𝑊̇𝑐 + 𝑊̇𝑝| − 𝑊̇𝑡| (10) 

 

 Most of the researchers that studied combined power and refrigeration systems agree 

that the exergy efficiency is a better system performance evaluator compared with the first law 

efficiency (thermal efficiency and COP). The latter treats both mechanical power and heat 

equal, while the former differentiates these two forms of energies in terms of irreversibility. 

  

Exergy is defined as the maximum amount of useful work that can be obtained from a 

system at a given reference environment [26]. In this study, the specified dead states are the 

reference pressure P0 and temperature T0. The following assumptions are made in the exergy 

analysis: 
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 (1) Only physical exergies are accounted for the waste heat source and stream flows. 

 (2) Chemical, kinetic, and potential exergies are neglected. 

 

 With the given assumptions, the exergy of each state point is calculated as 

 

 𝐸𝑛 = 𝑚𝑛[(ℎ𝑛 − ℎ𝑜) − 𝑇𝑜(𝑠𝑛 − 𝑠𝑜)] (11) 

 

The exergy efficiency is the ratio of the exergy output to the exergy input. The net work 

requirement and the available heat exergy exchange of the waste heat source are the exergy 

inputs of the system while the exergy output is the exergy of refrigeration. Exergy efficiency 

is therefore given as 

 

 
𝜂𝑒𝑥𝑔 =

𝐸𝑒

𝑊𝑛𝑒𝑡,𝑟𝑒𝑓 + 𝐸ℎ𝑠
 (12) 

 

 The exergy balance in each component can be expressed as 

 

 𝐼 =  ∑ 𝐸𝑖𝑛 − ∑ 𝐸𝑜𝑢𝑡 (13) 

   

where I is the exergy destruction, or also known as irreversibility. The exergy destruction for 

each component is estimated by 

• For the ejector, 

 𝐼𝑗 = 𝐸8 + 𝐸16 − 𝐸12 (14) 

• For the vapor-liquid separator, 

 𝐼𝑠𝑒𝑝 = 𝐸12 − 𝐸1 − 𝐸13  (15) 

• For the compressor, 

 𝐼𝑐 = 𝐸1 + 𝑊̇𝑐 − 𝐸2 (16) 

• For the condenser, 

 𝐼𝑘 = 𝐸2 + 𝐸17 − 𝐸3 − 𝐸18 (17) 

• For the pump, 

 𝐼𝑝 = 𝐸3 + 𝑊̇𝑝 − 𝐸4 (18) 

• For the vapor generator, 

 𝐼𝑣𝑔 = 𝐸𝑖𝑛,𝑣𝑔 + 𝐸5 − 𝐸𝑜𝑢𝑡,𝑣𝑔 − 𝐸6 (19) 

• For the turbine, 

 𝐼𝑡 = 𝐸6 − 𝑊̇𝑡 − 𝐸7 (20) 

• For the throttle device, 

 𝐼𝑡𝑑 = 𝐸13 − 𝐸14 (21) 

 

It is also important to observe the splitting of stream 4 into streams 5 and 8, and also 

the mixing of streams 7 and 15 into stream 16. Since streams 4, 5, and 8 have identical 

properties, there is no exergy destruction. However, for the case of the mixing of the two 

streams, its exergy destruction is expressed as: 

 

 𝐼𝑚𝑖𝑥 = 𝐸9 + 𝐸17 − 𝐸18  (22) 
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IV. SOLUTION PROCEDURE 

 

The steps for the mathematical solution of the system are as follows: 

1. Input the working parameters: To, Po, P6, ηt, ηc, ηp, T15, T17, T19, ΔT, and 𝑄̇𝑒. 

2. Choose desired entrainment ratio (ω) and quality of the ejector outlet, x12. 

3. Obtain the mass flowrate and thermodynamic properties of the working fluid in 

each state point of the cycle. 

4. Separator temperature is initially set at the evaporating temperature. From the given 

separator temperature, it will output a value of 𝑥12
,

. 

5. The separator will increase by 0.01oC until it satisfies the condition 

|𝑥12,𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑥12
, | < 0.0001. 

6. Check whether the entropy generated at the ejector is positive. If not, vary the value 

of the desired x12. 

7. Obtain the mass flowrate and thermodynamic properties of the external fluids in 

each state point. 

8. Calculate the values of 𝑊̇𝑡, 𝑊̇𝑐, 𝑊̇𝑝, and the exergy destruction of each device. 

9. Calculate the COP and exergy efficiency of the cycle. 

 

The solution procedure for evaluating the system performance is also summarized in 

Figure 3. 
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Figure 3. Simulation flowchart of system performance evaluation 
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V. RESULTS AND DISCUSSION 

 

For the two-phase flow computation used in this study, the computational technique, 

which uses established equation of state [27] and Blasius friction factor [28] as incorporation 

in the conservation equations, has been found to give good agreement with the computational 

results of Berana and Bermido [29], Espeña and Berana [30], and Redo et al. [31], and the 

experimental results of Berana [32,33] in the nozzle decompression. The mentioned 

satisfactory prediction gave confidence on the high probability of the behavior of the two-

phase flow obtained in the study. The simulation of the proposed CCP system was carried out 

using developed codes run through Python [34], and thermodynamic properties were obtained 

using CoolProp [27]. 

 

 The system is first simulated using the assumed values of operating parameters in Table 

1, and an entrainment ratio of 0.90. The performance of the system using R123, R141b, and 

R245fa for the base case scenario is summarized in Table 2. It is observed that the fluid with a 

higher critical temperature yields higher coefficient of performance. Among the three working 

fluids, R141b is considered the best for it has the highest COP and requires the lowest mass 

flowrate. 

  

It is also seen in Table 2 that the compressor has the highest exergy destruction among 

the nine components. This is attributed to the large power requirement caused by the 

incapability of the ejector to raise the back pressure. Hence, the working fluid enters the 

condenser at an elevated temperature. The large temperature difference between the working 

fluid and cooling water may have resulted in the high exergy destruction in the condenser. 

 

 

Table 2. Performance of the proposed system using the three working fluids 

Parameter R123 R141b R245fa 

𝑚̇𝑡𝑜𝑡𝑎𝑙 (kg/s) 1.35 0.99 1.28 

Ic (kW) 4.28 4.00 4.67 

Ij (kW) 0.01 0.01 0.00 

Ik (kW) 3.29 3.23 3.52 

Ip (kW) 0.07 0.06 0.06 

Isep (kW) 0.02 0.02 0.01 

It (kW) 0.91 0.67 1.15 

Itd (kW) 0.03 0.02 0.04 

Ivg (kW) 0.99 0.73 1.60 

𝑊̇𝑐 (kW) 22.36 21.36 24.22 

𝑊̇𝑝 (kW) 0.35 0.31 0.32 

𝑊̇𝑡 (kW) 3.66 2.54 4.94 

𝑄̇𝑣𝑔 (kW) 17.42 19.13 27.26 

COP 2.74 3.26 2.13 

ηexg (%) 46.06 46.92 45.73 
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In order to investigate the effects of the entrainment ratio, and heat source and 

evaporating temperatures on the performance of the system, parametric analysis was conducted, 

which is discussed in the next subsections. 

 

 

5.1. Effects of Entrainment Ratio 

 The entrainment ratio was varied from 0.85 to 0.975 with an increment of 0.125, while 

other parameters were held constant. The change in the compressor and turbine power, and the 

change in the heat exchange at the vapor generator with respect to the entrainment ratio are 

illustrated in Figure 4. It is observed that the ejector back pressure decreases with the increase 

of entrainment ratio, which may result in the increase of the total mass flowrate of the system. 

With the lower ejector outlet pressure, the compressor requires more power. Moreover, there 

is also an increase in the fraction of the mass flowrate that goes to the vapor generator and 

turbine. Thus, higher entrainment ratio indicates larger turbine power and vapor generator heat 

duty.  

 

 

 
Figure 4. Effect of entrainment ratio on compressor and turbine power, and to the heat duty 

of the vapor generator 

 

The performance of the proposed system with varying entrainment ratio is shown in 

Figure 5. The increase in entrainment ratio may result in lower coefficient of performance. 

Even though there is lower required net cycle power, the heat duty of the vapor generator is 

higher. Moreover, the exergy input of the system is increased with higher heat source flowrate. 

Accordingly, the exergy efficiency decreases with the increase in entrainment ratio. 
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Figure 5. Effect of entrainment ratio on the COP and ηexg of the system 

 

5.2. Effects of Heat Source Temperature 

 Figure 6 shows the effect of the heat source temperature on the coefficient of 

performance of the system. The heat source temperature was varied from 115 to 130 oC, with 

a 2.5 oC increment and at an entrainment ratio of 0.90. The results indicate that the COP of the 

cycle is slightly reduced with the increase of heat source temperature. With a higher thermal 

energy of the working fluid at the turbine inlet, the power output is increased. Thus, the net 

power requirement of the system is also decreased. However, the rate at which heat is supplied 

is greater than the decrease of the system power input. This may have caused the decrease of 

the COP of the system. 

 

On the other hand, the effect of the heat source temperature on the exergy efficiency 

differs with the working fluids. The effects of the heat source temperature on the exergy 

efficiency is shown in Figure 7. For R123 and R141b, the exergy efficiency increases with 

higher heat source temperature. It is observed that the waste heat stream at the vapor generator 

exits at a lower temperature, which indicates better heat exchange and utilization of thermal 

energy for power production. Conversely, the exergy efficiency decreases for the system that 

uses R245fa. There is only a minimal effect on the exhaust heat source exergy. As the heat 

temperature is increased, the exergy input at the vapor generator is also increased that may 

result in the decrease of the exergy efficiency of the system. 
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Figure 6. Effect of Heat Source Inlet Temperature on COP of the system 

 
 

 
Figure 7. Effect of heat source temperature on the cycle ηexg and exhaust heat source exergy 
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5.3. Effects of Evaporator Temperature 

 The evaporator temperature was varied from -5 oC to 7.5 oC, while the values of other 

parameters are those specified in Table 1. Figure 8 shows the effects of the evaporating 

temperature on the power requirement and refrigeration exergy of the system. Both compressor 

and turbine power are reduced with higher evaporating temperatures. However, the rate of 

decrease in power required by the compressor is greater than the decrease in the power 

produced by the turbine. This may have resulted in lower power requirement of the system. 

  

 

 
Figure 8. Effect of evaporator temperature on the power required by the system and on the 

refrigeration exergy 

 

The effects of the evaporator temperature on the COP and exergy efficiency are shown 

in Figure 9. The COP of the system improves with the increase in evaporating temperature. 

Aside from lower power requirement, the heat duty at the vapor generator is also reduced. With 

lower values of both power and heat requirements of the system, the COP increased. However, 

the tradeoff of higher evaporating temperature is its lower refrigeration exergy which results 

in a lower exergy efficiency. 
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Figure 9. Effect of evaporator temperature on the COP and ηexg of the system 

 

 

VII. CONCLUSION AND RECOMMENDATIONS 

 

 A novel combined cooling and power system is proposed by coupling an organic 

Rankine cycle and a compressor-driven ejector refrigeration cycle. A mathematical model was 

developed to investigate the performance of the proposed system using three working fluids 

namely R123, R141b, and R245fa. Among the working fluids, R141b had the highest 

coefficient of performance and exergy efficiency with values of 3.26 and 46.92%, respectively. 

Parametric analyses were also conducted to study the effects of the entrainment ratio, and the 

heat source and evaporator temperatures on the performance of the system. Among these 

parameters, the heat source temperature had the least effect on the COP and exergy efficiency. 

It is also concluded that the amounts of exergy destruction in the vapor generator, condenser, 

compressor, and turbine accounted for large percentage. Therefore, it is important to employ 

methods that will reduce the irreversibilities in these devices such as increasing the heat 

transfer area and heat transfer coefficient of the heat exchanger, and optimizing the compressor 

and turbine designs. 

  

Initial theoretical analysis of the performance of the novel power-and-refrigeration 

system was conducted. Based on the simulations made, it is recommended to investigate the 

performance of the system on a wider range of parameters. It is observed that some fluids 

perform poorly on the set values of the parameters. It is also suggested to consider shock to 

simulate the actual conditions in an ejector. Moreover, it is recommended to conduct an 
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optimization analysis of different working parameters, and to explore the use of other fluids. 

Using more sophisticated thermo-fluid models and simulation packages, specially those that 

can handle two-phase flow well, and conducting experimental verifications are highly 

recommended for further research studies. As it is a preliminary study on the introduced novel 

system, experimental validation of the simulated flow behavior and performance of the system 

is in the plan for future studies. 

 

 

NOMENCLATURE 

 

c specific heat at constant pressure Subscripts 

 (kJ kg-1 K-1) a air 

COP coefficient of performance (-) c compressor 

E exergy (kW) e evaporator 

h specific enthalpy (kJ kg-1) exg exergy 

I exergy destruction (kW) f saturated liquid 

𝑚̇ mass flow rate (kg s-1) g saturated vapor 

ORC organic Rankine cycle j ejector 

P pressire (kPa) k condenser 

𝑄̇ thermal power (kW) o environment 

s specific entropy (kJ kg-1 K-1) p pump 

T temperature (K) s isentropic 

𝑊̇ mechanical power (kW) sep vapor-liquid separator 

x quality of saturated mixture (-) t turbine 

  td throttling device 

Greek symbols vg vapor generator 

η efficiency (-) w water 

ω entrainment ratio   
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