
Energy Equip. Sys./ Vol. 11/No. 3/September 2023/  261-275 

  
Energy Equipment and Systems 

http://energyequipsys.ut.ac.ir 

www.energyequipsys.com 
 

 

 

Thermodynamic analysis of a combined ORC and 
ejector vapor compression refrigeration system 
utilizing a PEMFC 
 
Author 
 
Armin Emamifara* 
 

aMechanical Engineering Department, 
Ayatollah Boroujerdi University, Boroujerd, 
Iran 
 

 

ABSTRACT    

In this study, thermodynamic analysis for integration of a PEMFC 
with an organic Rankin cycle, and an ejector expansion vapor 
compression refrigeration system is presented. The input energy of 
the system is supplied by the waste heat of a PEMFC. Energy and 
exergy analysis is performed on each system component and 
compared with a simple ORC-VCR without an ejector. The results 
show that employing the ejector can improve the refrigeration 
capacity, energy efficiency, and exergy efficiency by 18.88%, 12.29 
%, and 12.27%, respectively, compared to a simple ORC-VCR 
system. Moreover, the overall energy and exergy efficiency of the 
system is 33.43% and 5.46% higher than a standalone PEM fuel 
cell. Furthermore, in the parametric study, the effect of condenser 
temperature, evaporator temperature, ejector efficiency, PEMFC 
operating temperature, current density, and PEMFC operating 
pressure on the energy efficiency, exergy efficiency, and 
refrigeration capacity of the system is investigated. 
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1. Introduction 

The depletion of fossil fuels and environmental 
and economic problems are the main concerns 
in thermal systems [1-3]. In this regard, many 
efforts have been carried out to enhance the 
performance of the systems. Utilizing various 
forms of renewable energies such as wind, 
solar, geothermal, biomass, hydrogen, and 
waste heat has been given more attention in 
recent years [4]. Among various power 
systems, the organic Rankine cycle (ORC) 
indicates better performance in low and 
medium operating temperatures. By integrating 

an ORC with a vapor compression refrigeration 
cycle, a thermally activated cooling system can 
be achieved. On the other hand, using a two-
phase ejector in the vapor refrigeration systems 
can increase its performance. An ejector that 
has no moving part, simple structure, and low 
cost can increase the COP of a refrigeration 
system by reducing the throttling losses and 
compressor work [5-7]. Therefore, combining 
an ORC with an EERC can provide better 
performance for converting low-grade waste 
heat to electricity or cooling [8]. This 
combination can achieve its energy from a 
renewable heat source. Fuel cells can convert 
the chemical energy of fuels to electrical 
energy, water, and heat. Much research has 
been done on using the waste heat of fuel cells 
in various systems [9-29]. The ORC-EERC can 
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attain its input energy from the waste heat of a 
PEM fuel cell. Several studies have been 
carried out to investigate the performance of 
the ORC-VCR systems. Aphornatana and 
Sirveerakul [30] analyzed an ORC-VCR 
system operated by low-grade thermal energy. 
They used R22 and R134a as working fluids 
and revealed that R22 has a better COP than 
R134a. Wang et al. [31] combined an ORC 
with a vapor compression refrigeration system 
to provide cooling from the waste heat of 
engines. Li et al. [32] compared the 
performance of an ORC-VCR system for 
different hydrocarbon working fluids including 
butane, propane, propylene, and isobutene. 
They demonstrated that butane has better 
performance. Li et al. [33] proposed a 
combined power-refrigeration system using 
flue gas as the heat source and investigated the 
effect of condensation temperature, flue gas 
temperature, and turbine inlet pressure on the 
system efficiency. Saleh [34, 35] evaluated 
different working fluids to use in an ORC-
VCR system in low-grade thermal power 
plants and carried out a parametric study based 
on effective thermodynamic parameters of the 
system. Zheng et al. [36] used zeotropic 
mixtures in a solar ORC-VCR system 
including an internal heat exchanger in the 
ORC cycle and compared the performance of 
eight pure fluid and five zeotropic mixtures. 
Ashwni et al. [37] proposed a modified ORC-
VCR system containing an additional 
compressor, flash tank, and expansion valve. 
They used the zeotropic mixture as a working 
fluid and concluded that the proposed system 
can provide better energetic, exergetic, and 
economic performance. Bao et al. [38] 
investigated four different combined ORC-
VCC and ORC-FTVIC systems based on 
single fluid and dual fluid. They employed 
geothermal energy as the heat source and 
demonstrated that dual fluid systems provide 
higher cooling capacity. Ghorbani et al. [39] 
used the waste heat of an internal combustion 
engine in a cogeneration system to provide 
refrigeration. They reported that R600 and 
R245fa show better performance in the system. 
Karellas and Braimakis [40] proposed a 
cogeneration system based on solar energy and 
biomass fuel to produce power, heat, and 
refrigeration. They investigated the system 

performance for summer and winter 
operations. Kim and Blanco [41] studied the 
use of eight different working fluids in an 
ORC-VCC system powered by a low-grade 
heat source. They also investigated the effect 
of key parameters on the performance of the 
system.  

Integrating ORC-VCR systems with low-
grade energy sources is a certain technique to 
achieve higher system efficiencies. To the best 
author’s knowledge, the combination of an 
ORC-VCR and a PEM fuel cell has not been 
reported in the literature. In the present study, 
to obtain the best results, a novel hybrid system 
for producing power and refrigeration that 
takes advantage of a PEM fuel cell and an 
ejector expansion device is proposed. The 
waste heat of the fuel cell is recovered by the 
ORC-VCR. Besides, the use of the ejector 
increases the refrigeration capacity of the 
system. Energy and exergy analysis of the 
system is investigated and the results have 
been compared with a simple ORC-VCR 
system without the ejector.  Moreover, the 
effect of fuel cell pressure, current density, 
condensation temperature, and evaporator 
temperature on the system’s performance is 
studied and the energy and exergy efficiencies 
are evaluated. 

2. System description 

The schematic diagram of the proposed hybrid 
system consisting of a PEM fuel cell, an ORC, 
and an ejector VCR cycle (PEM-ORC-EVCR) 
is displayed in Fig.1. Hydrogen and air enter the 
fuel cell to generate power after an 
electrochemical reaction. The output streams are 
water and air. The unreacted hydrogen returns to 
the fuel cell inlet. A considerable amount of heat 
is also generated through the reactions in the 
fuel cell which is used as the heat source for the 
ORC-EVCR combined cycle to produce power 
and refrigeration. The ORC-EVCR cycle 
consists of a vapor generator, a turbine, a 
condenser, a pump, an expansion valve, an 
ejector, and an evaporator. The saturated liquid 
exiting the condenser splits into two parts. A 
part of it is pumped to the vapor generator to 
receive heat from the PEM fuel cell and 
evaporates to saturated vapor. The outlet of the 
vapor generator enters the turbine to produce 
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work and then flows to the condenser. The other 
part of the condenser outlet enters the ejector 
nozzle as the primary fluid which expands into 
low-pressure and high-velocity fluid to entrain 
the outlet vapor of the evaporator (secondary 
fluid). After mixing the primary and secondary 
fluids in the mixing chamber, the mixed fluid 
flows to the diffuser and, its pressure increases. 
The outlet stream of the ejector which is in a 
phase state enters the separator. Then the 
saturated liquid passes through the expansion 
valve and enters the evaporator. The saturated 
vapor outlet of the separator flows to the 
compressor, where it compresses to the 
condenser pressure. Then it mixes with the 
turbine outlet and enters the condenser. 

3. Thermodynamic modeling 

The thermodynamic simulation of the proposed 
system is presented in this section. The 
following assumptions are considered in the 
thermodynamic modeling of the system: 

- The system operates at a steady state. 
- The isenthalpic process is considered in 

the expansion valve. 

- The pressure losses in the pipes and heat 
exchangers are neglected. 

- The chemical reactions in the fuel cell 
reach equilibrium. 

- Constant pressure is assumed in the fuel 
cell. 

- The air composition in the fuel cell is 
79% N2 and 21% O2. 

- The fully saturated condition is assumed 
at the interface of the cathode and 
membrane. 

- The isentropic efficiency of the turbine, 
pump, and compressor are considered 
0.85, 0.9, and 0.8, respectively. 

The electrochemical reactions occurring in 
the PEM fuel cell are as follows: 

-: 2 2 2Anode H H e   (1) 

-

2 2: 2 2 0.5Cathode H e O H O     (2) 

2 2 2: 0.5 2Overall H O O H O   (3) 

The power generated in the fuel cell can be 
expressed as follows: 

fc Cell fcW N V I
 (4) 

 

Fig. 1. Schematic diagram of the proposed PEM-ORC-EVCR system 
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where, Ncell is the number of cells in the stack, I 
is the current and Vfc denotes the actual voltage 
of the cells. The actual fuel cell voltage can be 
obtained using the following equation: 

fc Nernst act ohm concV E V V V   
 (5) 

where ENernst is the open circuit voltage in the 
fuel cell and is defined as follows: 
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where PH2 and PO2 are partial pressures of 
hydrogen and oxygen in the fuel cell. 
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where P is the PEM fuel cell operating 
pressure, channel
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where 
2N ,inx  and 

2N ,outx  denote the molar 

fraction of nitrogen in the inlet and outlet 
streams. Furthermore, airλ  represents the air 

stoichiometric rate.  
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The activation over potential is due to the 
reduction of the reactions occurring on the 
electrode surfaces and can be obtained as 
follows: 

  
 

2 ,0.948 0.000193 ln

0.000076 ln( )
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(13) 

   
2 ,0.00286 0.0002ln 0.000043lncell H concA C     (14) 

where Acell is the surface area, 
2H ,concC  

represents the hydrogen concentration at the 
cell anode membrane interface, and 

2O ,concC  

denotes the oxygen concentration at the fuel 
cell cathode membrane interface.  

2
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(16) 

The Ohmic overvoltage is calculated based 
on Ohm’s law: 

intohmV IR  (17) 

int
mem

cell

r L
R

A
  (18) 

    

2
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 (19) 

where Rint, rmem and   represent the total 

internal resistance, membrane resistivity, and 
membrane water content, respectively. The 
concentration overpotential arises due to the 
concentration gradient between the reactants or 
products at the electrode surface and the 
solution and is expressed as follows: 

ln
fc L

conc

e L

RT i
V

n F i i

 
  

   

(20) 

where iL is the current density. The overall 
amount of heat generated in the fuel cell can be 
calculated through the energy equation in the 
fuel cell. 

,net ch fc s lQ Q W Q  
 

(21) 

2 ,ch H consQ n HHV
 

(22) 

where chQ  and s,lQ  are the chemical energy 

and the sensible and latent heat. HHV is the 
higher heating value of hydrogen. The 
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consumption rate of the hydrogen, oxygen, and 
production rate of water can be calculated as: 

2 ,
2

H cons cell

I
n N

F


 
(23) 

2 ,
4

O cons cell

I
n N

F


 
(24) 

Moreover, the hydrogen and oxygen molar 
flow rates can be determined as: 

2 2 2 2,
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(25) 
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The sensible and latent heat can be 
calculated by: 
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Furthermore, compressor electrical power 
can be calculated as follows: 
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The energy efficiency of the fuel cell is 
calculated as follows: 
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(29) 

The generated heat of the fuel cell is 
delivered to an ORC-EVCR hybrid cycle to 
produce power and refrigeration. In order to 
analyze the thermodynamic performance of the 
system, the mass balance equation, the energy 
and the exergy equations are applied to all 
components of the system. 

0i em m    
(30) 

0i i e em h m h Q W        
(31) 

d in out Q WE E E E E   
 

(32) 

The exergy of each point of the system can 
be obtained as follows: 

ph chex ex ex 
 (33) 

where phex  and chex  are physical and 

chemical exergy, respectively, which can be 
expressed using the following equations: 

   0 0 0phex h h T s s   
 

(34) 

, 0 lnch n ch n n nex x ex RT x x    
(35) 

where xn is the mole fraction of species n and 
exch,n is the chemical exergy of the species n in 
dead state. The standard chemical exergies can 
be found in [42]. 

The equations for energy and exergy of 
each component of the system are presented in 
Table 1. 

The efficiency of the ORC-EVCR and the 
total efficiency of the system can be calculated 
as follows: 
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Moreover, the exergy efficiency of the 
ORC-EVCR, PEM fuel cell, and total system 
can be obtained through the following 
equations: 
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4. Result and discussion 

In the present study, the thermodynamic 
performance of an ORC-EVCR system 
integrated with a PEM fuel cell is analyzed 
using R290 as the working fluid. Table 2 
represents the input parameters used in the 
thermodynamic modeling. EES software is 
used to perform all computations. 
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Table 1. Exergy and exergy cost balance equations for the system components 

Component Energy equation Exergy equation 
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Table 2. The input parameters of the fuel cell [9, 19, 29]. 

Parameter Value 
Farady Constant 96485 (C/mol) 
Number of electrons 2 
Number of cells 13000 
Limiting current density 1.5 (A/ cm2) 
Stack operating current density 0.6 (A/ cm2) 
Active surface area 232 (cm2) 
Membrane thickness 0.0178 (cm) 
Operating temperature of PEM 358.15 (K) 
Operating pressure of PEM 3 (bar) 
Stoichiometric rate of hydrogen 1.2 
Stoichiometric rate of air 2 
Vaporization heat of water 40644 J/mol 
Specific heat capacity of oxygen 29.72 J/(mol.K) 
Specific heat capacity of nitrogen 28.39 J/(mol.K) 
Higher heating value of hydrogen 285.55 J/(mol.K) 
Specific heat capacity of hydrogen 28.86 J/(mol.K) 
Specific heat capacity of water 75.95 J/(mol.K) 

 
 The simulation of ORC-VCR is validated 

while using the data of [35]. The comparison is 
indicated in Table 3 and it shows good 
consistency between the main thermodynamic 
results.  In order to validate the numerical 
modeling of the PEM fuel cell, the fuel cell 
voltage is compared with the data presented by 
Ref [9]. As can be observed from Fig.2 there is 
a good agreement between the current results 
with those reported by Ref [9]. In Table 4 the 
value of energy and exergy related parameters 
of the proposed system and an ORC-VCR 
system is presented. The results in Table 3 are 
obtained using the input data given in Table 2. 
Referring to Table 3, there is an increment of 
18.88% in

evpQ , 12.29 % in
sCOP , and 12.27% 

in 
x,CCPη  compared to the ORC-VCR system. 

Moreover, this improvement leads to 2.97 % 
increase in total system energy efficiency and a 
0.64% increase in total system exergy 
efficiency. Furthermore, the overall energy and 
exergy efficiency of the system is 33.43% and 
5.46% higher than a standalone PEM fuel cell. 
The exergy destruction rates for each system 
component are displayed in Fig.3. As can be 

observed, in the ORC-EVCR system, the 
condenser has the maximum exergy 
destruction rate which is about 31% of the total 
exergy destruction of the system. 

Figure 4 displays the effect of evaporator 
temperature on the thermodynamic performance 
of the system. As can be observed, as the 
evaporator temperature rises, the energy 
efficiency of the cycle increases. This is because, 
with the rise of the evaporator temperature, the 
specific enthalpy difference between the 
evaporator and compressor decreases. 
Meanwhile, as the input energy from the fuel cell 
is constant, the compressor work does not 
change. Hence, the mass flow rate of the 
refrigeration cycle increases which compensates 
for the enthalpy difference across the evaporator. 
Therefore, the refrigeration capacity and system 
efficiency increase with rising the evaporator 
temperature. It can be observed from Fig.4b that 
the increase in evaporator temperature, leads to a 
decrease in system energy efficiency. As the 
input exergy to the system remains constant, 
increasing the mass flow rate of the system leads 
to higher exergy destruction in the refrigeration 
components and the exergy efficiency decreases.  

Table 3.  Comparison of ORC-VCR cycle parameters with Ref [35] 

Parameter Present study Ref [35] 

turbineW (kW) 59.57 59.59 

evpQ (kW) 300.5 301.1 

COPs 0.5886 0.589 

xη (%) 30.45 30.65 
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Fig. 2. Fuel cell modeling verification by [9]  

Table 4.  Result of energy and exergy analysis for PEM-ORC-EVCR and PEM-ORC-VCR system. 

Parameter PEM-ORC-EVCR PEM-ORC-VCR 

turbineW (kW) 114.9 114.9 

fcW  (kW) 1058 1058 

evpQ (kW) 329.3 277 

sCOP  (%) 25.49 22.7 

fc (%) 32.96 32.96 

total (%) 43.98 42.71 

x,CCPη  (%) 30.27 26.96 

x,fcη (%) 41.76 41.76 

x,totalη (%) 44.04 43.76 

ORC-EVCRI (kW) 83.2 89.3 
 

 
 

(a) (b) 

Fig. 3. Exergy destruction rate (a) and proportion (b) for different components of the system. 
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(a) (b) 

Fig. 4. Effect of Variations of evaporator temperature on a) energy and exergy efficiency, b) refrigeration 
capacity and turbine work. 

  

(a) (b) 

Fig. 5. Effect of Variations of condenser temperature on a) energy and exergy efficiency, b) refrigeration 
capacity and turbine work. 

The effect of the condensation temperature 
on the thermodynamic performance of the 
system is indicated in Fig.5. As shown in 
Fig.5a the 

sCOP and totalη  decrease from 0.3823 

to 25.49 and from 0.4977 to 0.4398 with 
increasing the condensation temperature from 
30°C to 40°C. As the input energy to the 
system is constant, rising the condensation 
temperature leads to an increase in the enthalpy 
at the turbine exit and the produced work of the 
turbine decreases. Accordingly, the compressor 
required power decreases. Furthermore, by 
increasing the condenser temperature, the 
enthalpy difference across the compressor 
increases. The increase in the compressor-
specific work and decrease in required 
compressor work result in a reduction in the 
mass flow rate of the refrigeration cycle. Hence 

the cooling capacity of the cycle decreases. 
Whereas the PEM fuel cell parameters are 
constant, the reduction in cooling capacity 
decreases the energy efficiency of the system. 

Figure 6 illustrates the effect of fuel cell 
operating temperature on the thermodynamic 
performance of the system. As can be seen 
from Fig.6 a by increasing the fuel cell 
operating temperature, energy and exergy 
efficiencies of the PEM fuel cell increase. 
However, the total energy and exergy 
efficiencies of the system decrease. This is 
because as the fuel cell operating temperature 
increases, the proton exchange rate increases 
which leads to an increase in the voltage and a 
decrease in the irreversibilities of the fuel cell. 
Therefore, the fuel cell output power increases. 
Moreover, the inlet fuel flow rate doesn’t 
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change which leads to an increase in the energy 
and exergy efficiencies of the fuel cell. On the 
other hand, by increasing the fuel cell 
performance, the heat generated in the fuel cell 
decreases and lower energy is delivered to the 
ORC-EVCR. Hence, the specific enthalpy of 
the ORC fluid exiting the fuel cell decreases. 
However, the mass flow rate of the ORC 
increases which results in higher turbine 
powers. Accordingly, the power of the 
compressor and the net cooling effect in the 
evaporator increase. Hence, the total energy 
and exergy of the system increase. 

The effect of the fuel cell operating pressure 
on the system performance is depicted in Fig. 
7. At higher pressures, the mass transport 
resistance problems and the fuel cell over 

potentials decrease due to the improvement of 
the diffusivity of the reactant gases. Therefore, 
the cell voltage and consequently the output 
power of the fuel cell increase. Enhancing the 
fuel cell performance leads to a decrease in 
heat generation which lowers the delivered 
energy to the ORC-EVCR system. Therefore, 
the refrigeration capacity, the compressor 
work, and the turbine power decrease. 
However, increasing the fuel cell power is 
more prominent and the energy efficiency of 
the system increases. By increasing the fuel 
cell performance, the exergy destruction in the 
cell decreases. Furthermore, increasing the fuel 
cell output power dominates the reduction in 
refrigeration energy, and the exergy efficiency 
of the system increases. 

  

(a) (b) 

Fig. 6. Effect of Variations of fuel cell temperature on a) energy and exergy efficiency, b) refrigeration capacity, 
turbine work, fuel cell heat, and fuel cell power 

 
 

(a) (b) 

Fig. 7. Effect of Variations of fuel cell operating pressure on a) energy and exergy efficiency, b) refrigeration 
capacity, turbine work, fuel cell heat, and fuel cell power 
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The effect of the current density on the 
energy and exergy efficiencies of the system is 
illustrated in Fig.8. As can be seen from Fig.4 
both efficiencies show a downward trend as the 
current density rises. This is because with 
increasing the current density, the fuel cell 
output power and heat generation increase. 
Accordingly, more input energy is delivered to 
the OCR-EVCR system and more cooling 
capacity can be achieved. On the other hand, as 
the current density increases, the fuel 
consumption and the air compressor power 
also increase which has more influence on the 
system efficiency. By increasing the current 
density from 0.1 to 0.6, the 

fcW  increases from 

247.6 to 1058, the 
fcQ  increases from 129.4 to 

1204, the 
evpQ  increase from 33.42 to 311, and 

the hydrogen mole consumption increase from 

1.563 to 9.377. Furthermore, by increasing the 
current density, the mass flow rates and 
irreversibilities like voltage losses increase 
which results in higher exergy destruction 
rates. Accordingly, a descending trend can be 
observed in the energy efficiency and the 
exergy efficiency of the system. 

Figure 9 represents the variation of 
refrigeration capacity and ejector destruction rate 
with increasing the ejector efficiencies.  As 
shown in Fig.9.a with increasing the mnη , snη  and 

dη from 0.7 to 0.9, the refrigeration capacity 

increases by 4.28%, 0.87%, and 4.97%, 
respectively. Moreover, in higher ejector 
efficiencies, the exergy destruction rate in the 
ejector decreases. Furthermore, the effect of 
increasing the diffuser efficiency on reducing the 
ejector destruction rate is more prominent.  

  

(a) (b) 

Fig. 8.  Effect of Variations of current density on a) energy and exergy efficiency, b) refrigeration capacity, 
turbine work, fuel cell heat, and fuel cell power 

  

(a) (b) 

Fig. 9. Effect of Variations of ejector efficiencies on a) ejector exergy destruction rate, b) refrigeration capacity. 
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5. Conclusion 

In this research, a novel hybrid system 
consisting of a PEM fuel cell and a combined 
ORC-EVCR system employing an ejector 
expansion is presented. The waste heat of the 
PEM fuel cell is delivered to the ORC-EVCR 
to produce refrigeration. The efficiency of the 
proposed system is compared to a PEM-ORC-
VCR without using the ejector. Moreover, the 
parametric study is carried out to investigate 
the effect of important parameters of the two 
subsystems. The main results of this study can 
be concluded as follows: 

 Using the ejector, the refrigeration 
capacity, energy efficiency, and exergy 
efficiency of the ORC-EVCR system 
increase by 18.88%, 12.29 %, and 
12.27%, respectively. 

 Compared to the ejector diffuser nozzle, 
increasing the efficiency of the motive 
and suction nozzle of the ejector has a 
more prominent effect on refrigeration 
capacity. 

 The overall energy and exergy efficiency 
of the system is 33.43% and 5.46% 
higher than a standalone PEM fuel cell. 

 In lower evaporator temperatures, the 
exergy efficiency of the ORC-EVCR 
system increases. However, the energy 
efficiency of this system increases at 
higher evaporator temperatures. 

 Increasing the condenser temperature 
leads to a decrease in the energy and 
exergy efficiencies of the ORC-EVCR 
system. 

 By increasing the PEM fuel cell 
operating temperature, the generated 
power of the fuel cell increases, and the 
rejected waste heat of the fuel cell 
decreases. However the refrigeration 
capacity and overall efficiency of the 
system increase. 

 In higher current densities of the fuel 
cell, a descending trend can be observed 
in the energy efficiency and the exergy 
efficiency of the system. 

 By increasing the fuel cell operating 
pressure, the proposed system reaches 
higher energy and exergy efficiency.  
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