
Journal of Advanced Thermal Science Research, 2023, 41-58 

 

 

 

 

 

 

 

 

 

 

 

Published by Avanti Publishers 
Journal of Advanced Thermal  

Science Research 
ISSN (online): 2409-5826 

 
 

Thermal-Economic Analysis of an Organic Rankine Cycle System 

with Direct Evaporative Condenser 

Xiaohui Yu *, Jiabao Geng and Zhi Gao 

Hebei Key Laboratory of Thermal Science and Energy Clean Utilization, School of Energy and Environment Engineering, Hebei 

University of Technology, Tianjin 300401, PR China 

 

 

ARTICLE INFO 

Article Type: Research Article 

Academic Editor: S. Pratheesh Kumar  

Keywords:  

Economic analysis 

Organic rankine cycle 

Dynamic performance 

Thermodynamic analysis 

Direct evaporative condenser 

Timeline: 

Received: July 05, 2023 

Accepted: August 25, 2023 

Published: December 20, 2023 

Citation: Yu X, Geng J, Gao Z. Thermal-economic 

analysis of an organic rankine cycle system with direct 

evaporative condenser. J Adv Therm Sci Res. 2023; 10: 

41-58. 

DOI: https://doi.org/10.15377/2409-5826.2023.10.4 

 

 

 

 

 

 

_____________________ 

*Corresponding Author 

Emails: 2018133@hebut.edu.cn/ yuxiaohui@tju.edu.cn 

Tel: +(86) 226 043 5279 

 

ABSTRACT 

The organic Rankine cycle (ORC) system for power generation has proven to be an 

effective technology for low-temperature waste heat utilization. Accurate prediction 

and comprehensive comparison of system performance under different conditions 

are necessary for the development and application of suitable ORC configurations. 

This paper proposed an organic Rankine cycle (ORC) system using a direct 

evaporative condenser to realize performance enhancement and analyzed its 

dynamic performance based on the actual climatic condition, which is beneficial for 

the performance optimization of this system. This study begins with an introduction 

to the thermal economics model of the proposed system and evaluates the 

performance of the system based on the 3E (energy, exergy, economy) analysis 

method. Secondly, four candidate working fluids were compared and analyzed, 

leading to the selection of R142b as the best working fluid for the proposed system. 

Finally, the dynamic performance of the proposed system using the working fluid of 

R142b was analyzed based on the hourly environment temperature. The result 

showed that the net thermos-electric conversion efficiency of the system was 

negatively correlated with the ambient wet-bulb temperature. The annual average 

exergy efficiency of the system is about 65.79%, and the average exergy loss of the 

heat absorption unit, evaporative condenser, pump, and expander account for 

61.07%, 6.92%, 2.99%, and 29.01% of the exergy loss of the system respectively. In 

the case 8760 h of operation per year, the payback period of the proposed ORC 

system using direct evaporative condenser is about 2.14 years. 
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1. Introduction 

The increasing serious consumption of fossil fuels has caused a series of problems such as energy shortage 

and environmental pollution [1, 2]. A good solution is to develop and enhance the utilization of renewable energy 

like solar energy [3, 4], geothermal energy, wind energy [5, 6], and biomass energy. The other solution is to 

improve the efficiency of energy conversion and utilization [7, 8]. The evidence shows that the low-temperature 

waste heat (below 120 ℃) from industrial production accounts for about 50% of energy consumption and is not 

effectively utilized because of technical and economic barriers. Among the possible means of utilizing low-

temperature waste heat, the low-temperature power generation system based on organic Rankine cycle (ORC) is 

considered a well-known promising low-grade thermal-to-power technology [9, 10]. 

For an ORC system, it is essential to select a suitable working fluid for recovering waste heat. The properties of 

the working fluid have a significant effect on the performance of the ORC system. Therefore, much research has 

been conducted on the selection of working fluid [11]. 

Shahverdi et al. [12] developed an energy harvesting system for power generation, investigated the different 

working fluids in the solar ORC system including R134a, R245ca, R245fa, R152a, R113, R11, and R114b. The test 

results revealed that R113 had the highest net power, ORC efficiency, and total system efficiency. Kankeyan et al. 

[13] used MATLAB and REFPROP for modeling to evaluate the performance of ORC system with different working 

fluids. The results showed that R21, R245fa, R123, Neopentane, and R142b have better performance on energy 

utilization in the range of 50 – 100°C. Ma et al. [14] analyzed the nature working fluid and discussed the influence 

of the physicochemical properties of the working fluid on the thermodynamic properties of the low-temperature 

organic Rankine cycle. Tchanche et al. [15] made a comparative analysis of 20 kinds of working fluids for low-

temperature solar ORC systems. Awadh et al. [16] conducted a numerical study of a novel solar triplex power 

generation system by investigating different industrial substances including n-octane, R245fa, R113, R123, 

cyclohexane, and toluene in the solar ORC system. The results showed that the system can provide the highest 

electrical energy 152.5 kW using cyclohexane. Song et al. [17] simulated a heat pump with an intermediate 

economizer and the ground source energy drive using EES software and then examined the effect of different 

parameters on environmental parameters using five working fluids (R134a, R12, R152a, R1234ze(E), and R1234yf). 

Some researchers have focused on performance optimization to achieve the optimal performance of the ORC 

system [18, 19]. Le et al. [20] introduced the system efficiency optimization scheme of basic and regenerative 

supercritical ORCs (organic Rankine cycles) using low-GWP organic compounds as the working fluid. Hou et al. [21] 

proposed a three-level energy efficiency economic evaluation method to evaluate the energy efficiency of the ORC 

power generation system recovering industrial waste heat. Amirmohammad et al. [22] analyzed the proposed 

combined ORC system from the perspective of thermodynamics and thermos-economics and compared the 

performances of different working fluids. Tooli et al. [23] conducted a comparative study of different types of 

supercritical CO2 integration with ORC using high-temperature heat sources from energy, exergy, and economic 

(3E) perspectives on different types of supercritical CO2 integrated ORC using a high-temperature heat source. Xu 

et al. [24] performed a synergistic multi-objective optimization of ORC comprehensive performance under a 

driving cycle with thermodynamic performance, economic performance, thermoeconomic performance, and 

environmental impact as optimization objectives. Ashwn et al. [25] analyzed the ORC system using 

environmentally friendly working fluids and optimized its performance using the non-dominated sorting 

algorithm-II. The results indicate that evaporator temperature and the condenser temperature have a major 

influence on the ORC's exergetic performance. 

For the traditional ORC system, the working fluid is condensed in a condenser, where the heat of the working 

fluid is transferred to the cooling water. Then, a cooling tower is used to reject the heat to the ambient air. 

Alternatively, the direct evaporative condenser can be used to directly heat exchange between the working fluid 

and the ambient air. Compared with the traditional condensing unit of the ORC system, a direct evaporative 

condenser can reduce the heat transfer area or airflow with the given heat capacity, and enhance heat transfer 

rate.  
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Direct evaporative condensers have been widely used to effectively improve the performance of condensing 

units for the air-conditioning system. Hajidavalloo et al. [26] proposed an application of an evaporative-cooled air 

condenser. The power consumption could be reduced by up to 20% and the coefficient of performance could be 

improved around 50% at ambient air temperatures from 20 °C to 49 °C. Zhu et al. [27] studied experimentally that 

the heat and mass transfer performance of an evaporative condenser with a horizontal elliptical tube bundle. It 

was found that the air-wet bulb temperature has greater effects on the heat transfer performance than the air 

relative humidity. Wei et al. [28] designed a vertical tube evaporative condenser to be applied in a small 

refrigeration system. The COP of the system increased by about 30% compared to the finned tube-type air-cooled 

condenser. Hayder et al. [29] conducted an experimental and theoretical investigation of improving the 

performance of the conventional air conditioning unit supported by a direct evaporative cooling system. The 

results show that using evaporative cooling assist enhanced the system to overcome the many challenges by 

which the refrigeration capacity was increased in the range of 10 – 20%. Beom et al. [30] analyzed the energy-

saving potential of the air-source heat pump with an evaporative cooler according to the operation strategy. The 

results show that the proposed system reduces 8.87% of energy consumption compared with the conventional 

air-source heat pump when the evaporative cooler operates under 72% relative humidity conditions. 

Venkateswaran et al. [31] conducted the experimental testing of the chiller performance of evaporative 

condensers with the application of jute, cotton, and coconut fiber cooling pads. The results showed that all three 

cooling pads exhibited enhanced performance in removing heat from the condenser and that jute fiber 

performed better. 

As mentioned above, most of the research focused on the selection of the working fluids and performance 

optimization for the ORC system. The direct evaporative condenser is a well-known, environmentally friendly 

method with useful application in the air-conditioning system. However, few studies have ever been done to 

analyze and evaluate the performance of the ORC system using an evaporative condenser, especially its dynamic 

performance. This study was inspired by the research gap. Therefore, an ORC system using a direct evaporative 

condenser to recover low-temperature waste heat (below 120 ℃) was proposed, and its dynamic performance was 

analyzed and discussed based on the hourly environment temperature.  

2. System Description  

Fig. (1) shows the schematic diagram of the proposed ORC system using a direct evaporative condenser. The 

proposed ORC system consists of a heat absorption unit (dry pre-heater + flood evaporator), a double screw 

expander, a working fluid pump, and a direct evaporative condenser.  

 

Figure 1: Schematic diagram of the proposed ORC system.  
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3. Methods 

The T-s diagram of the proposed ORC system is depicted in Fig. (2). The ORC consisting of four thermodynamic 

processes: heat-absorbing process including preheating (2-3), evaporation (3-4) and superheating (4-5), expansion 

process (5-6), condensation process (6-1) and compression process (1-2). The red and blue lines represent the 

temperature variable of the heat source and cold source, respectively. For simplified calculation, some 

assumptions made in this study are listed as follows [32]: 

(1) The pressure loss in the heat exchanger and connecting pipe is ignored. 

(2) Heat transfer loss from the heat exchanger and connecting pipe to the surrounding environment is ignored. 

(3) All components in the system are running under steady state and flow. 

(4) The isentropic efficiency of the expander, circulating water pump, and induced fan are set at a certain value. 

 

Figure 2: T-s diagrams of the proposed ORC system using direct evaporative condenser. 

The flowchart of the presented method is shown in Fig. (3). From Fig. (3), Firstly, the appropriate working fluid 

for the ORC system is selected. Secondly, the performance parameters of the proposed system are calculated, 

including the energy index, exergy index, and economic index. Finally, it is applied to a specific case for analysis. 

 

Figure 3: Flowchart of the method. 

3.1. Energy Model  

The energy equation of each component in the system at a stable steady can be calculated as follows. 

3.1.1. Heat Absorption Unit: 

The total heat transfer rate can be expressed by the following formula. 
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𝑄𝑝𝑟𝑒+𝑒𝑣𝑎 = 𝑚𝑤𝑐𝑝𝑤(𝑇𝐻1 − 𝑇𝐻3) = 𝑚𝑟𝑐𝑝𝑟(𝑇3 − 𝑇2) + 𝑚𝑟𝑙  (1) 

where cpw is the specific heat capacity of the hot water. TH1 and TH3 are the inlet and outlet temperatures of the hot 

water, respectively. l is the latent heat of the working fluid. 

The mass flow rate of the working fluid can be calculated as:  

𝑚𝑟 = 𝑚𝑤𝑐𝑝𝑤(𝑇𝐻1 − 𝑇𝐻3)/[𝑐𝑝𝑟(𝑇𝑒𝑣𝑎𝑝 − 𝑇𝑐𝑜𝑛𝑑) + 𝑙]  (2) 

The latent heat of the working fluid is closely related to its temperature. Thus, the mathematical model 

proposed by Carruth and Kobayashi is adopted to calculate the latent heat of the working fluid at any temperature 

[32]. 

𝑙(𝑇) = [7.08(1 − 𝑇𝑟)
0.345 + 10.95𝑤(1 − 𝑇𝑟)

0.456]𝑅𝑇𝑐/𝑀𝑟  (3) 

𝑤 = 3/7[𝑇𝑏𝑟/(1 − 𝑇𝑏𝑟)] 𝑙𝑛 𝑝𝑐 − 1  (4)  

where Tc, pc indicate the critical temperature and critical pressure of the working fluid, respectively. Tr stands for a 

dimensionless temperature and Tr= Tevap/Tc. Mr denote the molar mass of the working fluid. w is the acentric factor. 

Tbr is a dimensionless temperature in which Tbr= Tb/Tc. 

The cpr in Eqs. (1) and (2) are usually affected by the temperature but not the pressure, which expressed as: 

𝑐𝑝𝑟(𝑇) = 𝑎 + 𝑏𝑇 + 𝑐𝑇2 + 𝑑𝑇3  (5) 

where the coefficients a, b, c, d can be obtained by fitting data. They are obtained based on the data of REFPROP 

9.1 in this study. 

3.1.2. Expander: 

The energy balance equation of the expander can be expressed as [33, 34]: 

𝑊𝐸,𝑔 = 𝜂𝐸,𝑆𝑚𝑟(ℎ5 − ℎ6𝑠) (6)  

where WE,g is the shaft work of the expander. ηE,S denotes the isentropic efficiency of the double screw expander, 

where is assumed at 0.8. 

3.1.3. Working Fluid Pump: 

The power input of the working fluid pump can be calculated as [35]: 

𝑊𝐹𝑃 = 𝑚𝑟(ℎ2 − ℎ1)  (7) 

3.1.4. Direct Evaporative Condenser: 

The evaporative condenser mainly includes three parts: heat exchanger coil system, water cycle system, and 

fan. The model of the evaporative condenser was built by making the following assumptions [36]: 

(1)  The water film temperature along the height of the evaporative condenser is not considered.  

(2)  The evaporated quantity of the cooling water is ignored. 

(3)  Only the heat transfer of working fluid during condensation in the evaporative condenser tube is 

considered.  

(4)  The heat transfer coefficient in the evaporative condenser is constant. 
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The energy transfer rate of the direct evaporative condenser can be calculated as: 

𝑄𝑐𝑜𝑛𝑑 = 𝑚𝑓(ℎ6 − ℎ1)  (8) 

The heat transfer in the evaporative condenser consists of two parts: (1) the heat transfer from the high-

temperature and pressure gaseous working fluid to the water film. (2) the heat transfer between water film and 

air. The quantity of the heat transferred from condensing working fluid to water film is expressed as: 

𝑄𝑓−𝑤 = 𝐾𝑓−𝑤(𝑇𝑐𝑜𝑛𝑑 − 𝑇𝑤)𝐴0  (9) 

where Tw is the average surface temperature of the water film. Kf-w denotes the coefficient of heat transfer and A0 

is the heat exchange area of the tube in the evaporative condenser. 

The second phase of the heat transfer between the water film and the air can be calculated as: 

𝑄𝑤−𝑎 = ℎ𝑤𝐴0(𝑇𝑎 − 𝑇𝑤) = 𝐾𝑤−𝑎𝐴0(𝑤𝑤 − 𝑤𝑎)ℎ𝑓𝑔  (10) 

Radiation heat transfer is small and neglected in this study [36]. Consequently, Qcond = Qf-w = Qw-a. 

The power consumption of the fan and circulating water pump in the direct evaporative condenser can be 

obtained by referring to the empirical formula.  

The power consumption of the fan can be calculated as: 

𝑁𝑓 = 𝛥𝑃𝐿𝑑𝑄𝑐𝑜𝑛𝑑 = 9.28𝑄𝑐𝑜𝑛𝑑   (11) 

The power consumption of the circulating water pump can be calculated as: 

𝑁𝑠 = 9.8𝐺𝑠𝐻𝑧𝑄𝑐𝑜𝑛𝑑 = 1.69𝑄𝑐𝑜𝑛𝑑   (12) 

where Ld is the combustion air volume and assumed to be 0.03. Gs is the water flow corresponding to per 

condensing load and here is 0.018. Hz is the pump head and is assumed to be 10 m. 

The performance of the ORC power generation on system using direct evaporative condenser can be evaluated 

by the following thermodynamic indexes.  

The net power output of the proposed system can be defined as [37]: 

𝑊𝑛𝑒𝑡 = 𝑊𝐸,𝑔 −𝑊𝐹𝑃 − 𝑁𝑠 − 𝑁𝑓  (13) 

The net thermoelectric conversion efficiency of the proposed system can be defined as: 

𝜂𝑛𝑒𝑡 = 𝑊𝑛𝑒𝑡/𝑄𝑒𝑣𝑎𝑝  (14) 

3.2. Exergy Model 

To quantitatively analyze the cause of the imperfect thermodynamic process, the exergy model of the 

proposed ORC system is built according to the first and second laws of thermodynamics.  

The exergy rate balance can be calculated as: 

∑𝐸𝑥𝑖𝑛 = ∑𝐸𝑥𝑜𝑢𝑡 +𝑊 + 𝐿  (15) 

where L is the exergy loss rate.  

The exergy rate of the fluid at each state point can be calculated as [38]: 
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𝐸𝑥 = 𝑚𝑟[(ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0)]  (16) 

For the fluid with variable temperature in the component, the exergy rate can be calculated [38]: 

𝐸𝑥𝑄 = 𝑄(1 − 𝑇0/𝑇ℎ)  (17) 

The exergy rate balance equation and the exergy efficiency for each component of the proposed system are 

indicated in Table 1. 

Table 1: The exergy rate balance equation and the exergy efficiency for each component. 

Component Exergy Rate Balance Equation Exergy Efficiency 

Evaporator Levap= Ex2+ ExQevap- Ex5 ψevap= (Ex5- Ex2)/ ExQevap 

Working fluid Pump LFP= Ex1+ WFP- Ex2 ψFP= (Ex2- Ex1)/ WFP 

Expander LE= Ex5- Ex6- WE ψE= WE/ (Ex5- Ex6) 

Evaporative condenser Lcond= Ex6- Ex1- ExQcond ψcond= ExQcond/ (Ex6- Ex1) 

 

The exergy efficiency of the proposed system can be defined as: 

𝜓𝑠𝑦𝑠 = [𝐸𝑥𝑄𝑒𝑣𝑎𝑝 − (𝐿𝑒𝑣𝑎𝑝 + 𝐿𝐹𝑃 + 𝐿𝐸 + 𝐿𝑐𝑜𝑛𝑑)]/𝐸𝑥𝑄𝑒𝑣𝑎𝑝  (18)  

3.3. Economic Model  

Expansion machine, working fluid pump and heat exchanger (evaporator and direct evaporative condenser) 

are the most important components of the proposed system. The unit cost of exergy for the product is used to 

assess the economic performance of the proposed system. 

The average unit exergy cost of the proposed system is defined as [39]: 

𝑐𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡/𝑊𝑛𝑒𝑡  (19) 

where Cproduct is the product cost rate and can be calculated as:  

𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝐶𝑓𝑢𝑒𝑙 + ∑(𝑍𝑖 + 𝑍𝑜𝑝)  (20) 

𝑍𝑖 + 𝑍𝑜𝑝 = 𝜑𝑍𝑐 ⋅ 𝐶𝑅𝐹/(𝑁 ⋅ 3600)  (21) 

where Cfuel is the fuel cost rate and Zc denotes the capital investment cost of each component that can be 

estimated based on the cost functions listed in Table 2. CRF (capital recovery factor) can be expressed as [40]: 

𝐶𝑅𝐹 = 𝑖 ⋅ (1 + 𝑖)𝑛/[(1 + 𝑖)𝑛 − 1 (22)  

The heat transfer area of the heat exchange unit can be calculated as: 

𝐴𝑒𝑣𝑎𝑝 = 𝑄𝑒𝑣𝑎𝑝/(𝐾𝐹𝑙𝑚𝛥𝑇𝑙𝑚)  (23) 

where K and ΔTlm represent the total heat transfer coefficient and the logarithmic average temperature difference 

of the heat exchanger, respectively. Flm is the logarithmic average temperature difference correction coefficient  

[41]. 

As one of the capital budget indicator, the payback period (PBP) of the proposed ORC system can be calculated 

as: 

𝑃𝐵𝑃 = 𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ⋅ 3600𝑛/(𝑊𝑛𝑒𝑡 ⋅ 𝐸𝑃)  (24) 
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Table 2: Capital investment cost function of each component. 

Component Capital Cost Function (𝒁𝒄) Ref. 

Heat absorption unit 1397·A
0.89 

evap [40] 

Direct evaporative condenser 4430·(0.1Vc)0.63 [42] 

Pump 1970·W
0.35 

FP  [43] 

Expander 4405·W
0.7 

E  [44] 

 

Table 3: Specific values of the parameters used in economic analysis [41, 45, 46]. 

Parameters Value 

Maintenance factor, φ 1.06 

Annual interest rate, i (%) 7.5 

The system lifetime, n (yr) 15 

Average annual operating time of ORC system, N (h) 8760 

Average of electricity price for China, EP $/(kW·h) 0.11 

 

4. Case Study 

For the sake of practicability and credibility, the proposed system was used to recover sewage heat in a 

petrochemical industry, located in Binzhou, China. The specific experimental device is shown in Fig. (4). The actual 

operating data of the sewage heat were collected and applied for the performance analysis in this study. Table 4 

presents the design conditions of the proposed ORC power generation system using direct evaporative condenser. 

 

Figure 4: Picture of ORC system engineering case. 

Table 4: Design conditions of the proposed ORC power generation system.  

Parameters` Value 

Sewage temperature, (℃) 110 

Mass flow rate of the sewage, (t/h) 80 

Evaporation temperature, Tevap (℃) 80 

Pinch point temperature difference in the heat absorption unit, ΔTε (℃)  10 

Temperature of the outlet water to the heat absorption unit, (℃) 75 

Temperature of the inlet water to the dry pre-heater, (℃) 90 
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The selection of the working fluids exhibits a significant effect on the thermo-economic performance of the 

ORC system. Therefore, a suitable working fluid can improve the thermodynamic efficiency and reduce the 

investment cost of the ORC system. Table (5) summarizes the recommended working fluids for the ORC system 

using low-temperature heat energy. R142b, R245fa, R134a, and Neopentane were chosen as the candidate 

working fluids for the proposed system from the recommended working fluids in Table 5. 

Table 5: Recommended working fluids for low-temperature heat source [41,47–50]. 

Applications Heat-Source Temperature Performance Indicators Recommended Fluids 

- 70 – 110 °C - R142b, Neopentane 

Waste heat recovery 50 – 280 °C Net power output  R245fa, R141b 

Waste heat recovery 85 °C Thermal efficiency R245fa 

Solar energy 60 – 100 °C 
Second law efficiency 

Total irreversibility 
R134a 

Waste heat recovery 120 °C 

First law efficiency 

Power output 

Second law efficiency 

Electricity cost 

R134a, isobutane 

 

5. Results and Discussion 

5.1. Model Validation 

To verify the feasibility and reliability of the proposed model, it was used to evaluate the net output power of 

the proposed ORC system compared with our tested data for the proposed ORC system in practical engineering. 

The tested data was collected under different cold source temperatures in the range of 15 – 30 °C. The 

comparison results between our tested data and the simulated net output power of the ORC system by the 

proposed model are shown in Fig. (5). According to Fig. (5), the simulation result with a decrease in the 

condensation temperature agrees well with the tested results. The maximum relative difference between 

simulated and tested data is less than 7.86 %. Therefore, that the feasibility and reliability of the proposed model 

are verified based on the comparison results. 

 

Figure 5: Comparison of net output power versus condensing temperature. 

5.2. Working Fluid Selection 

Fig. (6) shows the thermo-economic performance of the proposed ORC system using several candidate working 

fluids under the design condition considering the variable environmental temperature.  
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The variation of net power output with condensation temperature is given in Fig. (6a). The net power output of 

the proposed system using different working fluids proportionally decreases with the condensation temperature 

under a given evaporating temperature. According to Fig. (6a), R142b has the highest net output power, followed 

by R245fa, Neopentane, and R134a. The net output power of the proposed system using R142b drops by 77.79 kW 

when the condensation temperature rises from 15 to 30 °C. The variation of the net thermoelectric conversion 

efficiency of the proposed ORC system with the condensation temperature is shown in Fig. (6b). With the 

condensation temperature increases from 15 to 30 °C, the net thermoelectric conversion efficiency of the system 

decreased by 2.39%, 2.36%, 2.15% and 2.30% for R142b, R245fa, R134a and Neopentane, respectively. The system 

of R142b has the largest net thermoelectric conversion efficiency, and the system with R245fa is following closely.  

From Fig. (6c), the exergy efficiency of the system under each proposed working fluid also showed obvious 

differences. The result indicates that the exergy efficiency of system with R142b and R245fa is much higher than 

that of R134a and Neopentane under the same condensation temperature. The exergy efficiency of system with 

R142b is slightly higher than that of R245fa under the condensation temperature of 15 - 22 °C. Fig. (6d) illustrates 

the variation of the average cost per unit exergy with condensation temperature. The average cost per unit exergy 

increases with the increase of the condensation temperature for different working fluids. The system with R142b 

has the lowest average cost per unit exergy, and the system with R245fa is the following. 

Table 6 gives the system performance of different working fluids. The results show that the system using R142b 

as a working fluid has good thermodynamic performance and a low average cost per unit exergy. Therefore, 

R142b is selected as the most suitable working fluid for the proposed ORC system. 

   
(a)  (b) 

  
(c)   (d) 

Figure 6: Performance analysis of several candidate working fluids in the proposed ORC system. 
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Table 6: Comparison of the proposed system performance using different working fluids. 

- 
Average Net Thermoelectric  

Conversion Efficiency (%) 

Average Net Power  

Output (kW) 

Average Exergy  

Efficiency (%) 

Annual Average Cost  

Per Unit Exergy ($/GJ) 

R142b 8.25 268.78 65.79 4.381 

R245fa 8.13 264.89 65.84 4.542 

Neopentane 7.88 256.70 59.43 4.639 

R134a 7.79 253.62 59.56 4.782 

 

5.3. Dynamic Performance Analysis Results  

Compared with traditional ORC power generation systems, the proposed ORC system using direct evaporative 

condensers is sensitive to the ambient conditions (temperature and humidity). For the practical case, the ambient 

condition varies with time. Thus, the annual dynamic thermo-economic performance of the proposed ORC system 

using R142b was investigated and analyzed based on hourly data for the environmental conditions. The typical 

meteorological year data of Binzhou was chosen to analyze the annual dynamic performance of the presented 

ORC system using a direct evaporative condenser.   

5.3.1. Energetic Analysis Result  

Fig. (7) shows the variation of the net power output with time. It can be seen that the net power output has an 

opposite trend to the ambient wet-bulb temperature. The net power output decreases from 332.56 kW to 214.06 

kW as the ambient wet-bulb temperature varies from -12.3 ºC to 28.0 ℃. Every 1 ℃ increase in ambient wet-bulb 

temperature can cause about a 3.95 kW decrease in the net power output. The variation of the net thermoelectric 

conversion efficiency with ambient wet-bulb temperature is shown in Fig. (8). It can be seen that the energy 

efficiency of the proposed ORC system is also negatively correlated with the air wet-bulb temperature. The net 

thermoelectric conversion efficiency of the system can reach the highest close to 10%. The net thermoelectric 

conversion efficiency drops to be lowest of about 6.57% with the air wet-bulb temperature reaches 28.03 ℃. 

The analysis results show that the air wet-bulb temperature has a great influence on the energy performance 

of the proposed system using the direct evaporative condenser. This is because the temperature lift increases as 

the ambient wet-bulb temperature decreases. High enthalpy difference and temperature lifts result in a high net 

power generation and net thermoelectric conversion efficiency. 

 

Figure 7: Variation of the net power output of the system with the ambient wet-bulb temperature. 
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Figure 8: Variation of the net thermoelectric conversion efficiency of the proposed system with the ambient wet-bulb 

temperature.  

5.3.2. Exergy Analysis Result 

Fig. (9) shows the average exergy loss rate and exergy efficiency of each component in the proposed ORC 

system. Fig. (9a) reveals that the heat absorption unit exhibits the largest exergy loss rate, which amounts to 

171.73 kW, followed by the expander (81.58 kW) and direct evaporative condenser (19.47 kW). As shown in Fig. (9b), 

the working fluid pump has the lowest exergy efficiency of 61.81% and the heat absorption unit has low exergy 

efficiency of 79.16%. Thus, the heat absorption unit has great potential for reducing the exergy loss rate and 

improving noticeably the exergy efficiency of the proposed ORC system.  

 

(a) exergy loss rate and its percentage. (b) exergy efficiency. 

Figure 9: (a) Average exergy loss rate and its percentage of each component. (b) Average exergy efficiency of each component 

under annual operating condition. 

Fig. (10) shows the exergy efficiency variation of the proposed ORC system with time in the typical year. 

Obviously, as the ambient air wet-bulb temperature increase, the exergy efficiency of the proposed system 

increases. It can be seen that the exergy efficiency of the system is in the range of 50.23% – 70.95% with the 

ambient air wet-bulb temperature of -12.36℃ – 28.03℃. This is mainly because the high environmental wet-bulb 

temperature and condensation temperature lead to a reduction in the entropy difference of each component, 

which is the decisive factor of the exergy loss and exergy efficiency for a given evaporation temperature. 
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Figure 10: Variation of the exergy efficiency of the proposed ORC system with time.  

5.3.3. Economic Analysis Result 

From Fig. (11), the unit exergy cost of the system increases gradually as the increases of air wet-bulb 

temperature. The results of regression analysis suggest that there is a good polynomial correlation between these 

two parameters. The unit exergy cost increased from 3.88 $/GJ to 4.97 $/GJ when the air wet-bulb temperature 

increased from -12.36 to 28.06℃. PBP is one of the important factors in the feasibility analysis for practical 

engineering. Fig. (12) shows the PBP variation of the proposed system with the condensation temperature. The 

PBP increases with the increase of the ambient air wet-bulb temperature. The presented ORC system using a 

direct evaporative condenser in the case shows good economic performance and the payback period is about 

2.14 years based on the hourly environment temperature in the typical year. 

 

Figure 11: Variation of the average cost per unit exergy with the ambient air wet-bulb temperature. 

5.3.4. Comparison of Results 

Table (7) gives the results of the comparison of the simulated data with the data from the existing literature. By 

comparison, the net output power of this system is increased by 51.70 kW, the exergy efficiency is increased by 

20.97%, and the payback period is reduced by 0.03 years. 
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Figure 12: Variation of the payback period with the ambient air wet-bulb temperature. 

Table 7: Comparison of simulated data with existing studies. 

Types Simulation Data Comparative Data [40] 

Net power output, (kW) 286.88 235.18 

Exergy efficiency, (%) 67.23 46.26 

Payback period, (yr) 2.29 2.32 

 

6. Conclusions and Outlook 

This paper introduces an ORC power generation system using a direct evaporative condenser, to recover low-

temperate heat energy. The 3E (energy, exergy, economy) analysis method was used to compare and analyze the 

thermal-economics performance of the proposed system using different working fluids based on a case located in 

Binzhou, Shandong province, China. In addition, the dynamic performance of the proposed ORC system was 

investigated based on the hourly ambient temperature in the typical year. The main conclusions are as follows: 

1. Compared with the other three candidate working fluids, R142b is the best working fluid for the proposed 

system. The impact of a mixture of working fluids on the ORC systems could be considered in the follow-up 

work. 

2. The heat absorption unit and pump in the proposed system need to be improved in terms of their exergy 

performance. The exergy loss rate (117.73 kW) of the heat absorption unit is the largest and the exergy 

efficiency (61.81%) of the pump is the lowest measured in the system. 

3. The air-wet bulb temperature has a great influence on the energy performance and the average unit exergy 

cost of the proposed ORC system. The presented ORC system using a direct evaporative condenser in the 

case shows good economic performance and the payback period is about 2.14 years. The effect of factors 

such as system layout on system performance can be investigated to optimize the system in the follow-up 

work. 
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W work output (kW) 

L exergy loss rate (kW) 

Ex exergy rate (kW) 

s specific entropy [kJ/(kg·K)]  

φ maintenance factor 

Zi capital cost rate 

Zop maintenance cost rate 

N annual operating hour (h) 

𝐾  heat transfer coefficient [W/(m2·K)] 

∆P pressure loss (Pa) 

hfg Latent heat of vaporization (kJ/kg) 

PBP payback period 

ORC organic Rankine cycle 

CRF capital recovery factor 

ηE generator efficiency (%) 

ψ exergy efficiency (%) 

T temperature(K) 

Subscript  

h heat source  

net net power output 

r working fluid 

cond evaporative condenser 

evap Evaporator 

sys System 

0 environmental condition 

E expander 

FP working fluid pump 
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