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Abstract
This paper presents an energy and exergy analysis of a com-
bined power generation system consists of a Proton Exchange 
Membrane fuel cell (PEMFC) power station and Kalina cycle 
system 11 (KCS11) that converts low temperature waste heats 
into electricity. The application of this combined system is 
high efficiency electric power generation in a power station. 
The energy and exergy analysis of the Hybrid power system 
is carried out to determine the possible improvement of sys-
tem. Results show that the energy and exergy efficiencies of 
the combined system, as compared to the PEM fuel cells stack 
power station without KCS11, are improved about 1.75% and 
1.5%, respectively.
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1 Introduction
The fuel cells are green technologies that generate electric-

ity through electrochemical processes. Fuel cell stacks operate 
silently, produce no pollutants (produce only heat and water as 
waste products), have simple maintenance due to few moving 
parts in the system, provide high quality DC power and have 
high degree of reliability [1]. On the other hand, the fuel cells 
have some disadvantages, such as difficult fuelling, system 
complexities and expensive to produce. The advantages of fuel 
cells can overcome the disadvantages and they could become 
the first choice for many future applications with lower cost[2]. 
The possible applications of PEM fuel cells are generating 
required power for automobiles, submarines, power stations, 
air conditioners and combined heat and power (CHP) applica-
tions [3, 4]. Among all types the fuel cells, the highest power 
density and specific power can be find in PEM fuel cells speci-
fications [5]. The stationary application of PEM fuel cells has a 
wide range of 1-50 MW [2].

Generally, a cathode and an anode beside an electrolyte are 
the main part of a fuel cell. During an electrochemical reaction 
the chemical energy is converted to electrical energy [6]. In this 
study the aim of PEM fuel cells application is to generate the 
electric power in a power station for a city. The bipolar plates 
are used in the stack when several cells are connected in series. 
In order to the hydrogen and oxygen gases flow over the face 
of the anode and cathode electrodes, special channels are made 
in the bipolar plates [7].

Nowadays, there is a tendency towards utilizing the waste 
heat of PEM fuel cells as electricity which is transportable, stor-
able and clean [8,9]. The kalina Cycle System 11(KCS11) that 
was introduced by Dr. Alexander Kalina [10] is a good idea for 
converting low temperature waste heats into electricity. The 
KCS11 utilizes a water-ammonia mixture as the working fluid. 
A schematic of the KCS11 is presented in Fig.1. At state 5, the 
mixture (saturated vapour) leaves the evaporator. Then the mix-
ture passes through the separator. At this moment the separa-
tor separates the working fluid into two separate streams. The 
saturated vapour produces work on the turbine. At state 7 the 
liquid part of the working fluid leaves the separator and enters 
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the regenerator. The liquid in regenerator is cooled by mixing 
with the cooled liquid that has left the condenser. At state 8, 
through an expansion valve, the liquid pressure is dropped. The 
outlet liquids at state 9 and state10 enter the absorber. At state 1 
the mixture leaves the absorber and enters the condenser. At the 
condenser, the heat of mixture is rejected and at state 2 it leaves 
the condenser. The compressed mixture is pumped to the regen-
erator at state3. The mixture leaves the regenerator at state 4 and 
it reaches to the evaporator in order to repeat the process. [11]

Fig. 1 Schematic diagram of the KCS11

The main focus of KCS11 researches is on the modification 
and optimization of cycle and NH3-H2O mixture [12-14].

One of the best ways to evaluate the performance of energy 
systems is the study on energy and exergy efficiencies [15]. 
The presented study deals with the analysis of an energy sys-
tem, consisting of 13000 PEM fuel cells combined with KCS11 
to use the waste heat of the fuel cells in a power station. 

2 Hybrid Power System Description
In Figure 2 the schematic of the combined power system is 

shown using PEMFC and KCS11.
The system operation shown in Fig. 2 can be summarize as 

[16,17]:
The air pressure is increased up to a desired operating pres-

sure by compressor then is supplied to the cathode and in other 
side the pressure of hydrogen is reduced by pressure regulator 
then it is fed to the anode. At state 5 the heated ammonia–water 
solution is passed through the separator and the separator sepa-
rates the saturated vapour from the liquid. The vapour is fed 
to the turbine at state 6 and the liquid is fed to the regenera-
tor at state 7. At state 8 through an expansion valve the liquid 
pressure is dropped and it is fed to the absorber at state 9. The 
turbine products electricity and the weaker mixture (ammonia–
water) is fed to the absorber at state10. At State 1 the mixture 
(ammonia–water) is condensed through the condenser and at 
state 2 it enters the pump. At state 3 the mixture (ammonia–
water) is pumped to the regenerator. The mixture returns to the 
cycle at state 4 in order to capture the waste heat of the cells 
and start the process over again. 

3 Modelling of Hybrid Power System
To create a model for the hybrid system it is assumed that 

the system reaches the steady state, the pressure drops are 
negligible, environmental heat transfer is waived, the fuel cell 
operating temperature is 85˚C, the chemical composition of Air 
consists of 79% N2 and 21% O2, [17,18].

Fig. 2 Schematic of combined power system.
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3.1 PEMFC Mathematical Model
Generally overall reaction inside the PEMFC is defined as:

H O H O
2 2 2

1

2
+ →

The system is reversible thus the electromotive force or 
reversible open circuit voltage of the FC is defined as:

E
G

F

f= −
∆
2

Where, E: the open circuit voltage of cell (V), ΔGf: the change 
of Gibbs free energy (Jol/mol), F: the Faraday constant (96,485 
˚C/mol).

The actual output voltage of the PEMFC is the sum of Nernst 
voltage, activation overvoltage, Ohmic losses and concentra-
tion overvoltage and calculated as:

V E V V V
FC N a o c
= + + +

Where, VFC: the actual output voltage of the FC (V), EN: the 
Nernst voltage (V), Va: the activation overvoltage (V), Vo: the 
ohmic losses (V), Vc: the concentration overvoltage (V).

The PEMFC Nernst voltage is the reversible cell voltage at a 
given temperature and pressure and calculated as [19]:
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Where, E°: The electromotive force at standard pressure and 
pressure (=1.229V), Tcell: The cell temperature (K), p
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Activation overvoltage is the cause of voltage drop and irre-

versibility and at lower temperatures and pressures it becomes 
more important. It is calculated as [20]:
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The ohmic loss occurs due to the electrical resistance caused 
by the electrolyte. According to ohm’s law the Ohmic losses is 
defined as:

V IRo =

The mass transport or concentration overvoltage is occurs 
due to change in the concentration of the reactants at the sur-
face of the electrodes and it is calculated as:

V m ni
c
= ( )exp

Where, m = 3 × 10−5(V), n = 8 × 10−3 (cm2/mA), i: the stack 
operating current density (A/cm2)

PEMFC stack output power from the well-known formula 
(Power = VI) is calculated as:

W N V Ifc cell fc=

3.2 PEM Fuel Cell Thermal Model
Mass balance of the PEMFC is defined as:

m m
i in i out

( ) = ( )∑ ∑

The rate of gas usage in the cell is related to the current. 
Consumption rate of hydrogen, oxygen and air respectively are 
defined as:
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Where, I: the operating Current (A), F: the Faraday constant 
(96,485 ˚C/mol)

Mass flows of inlet air and inlet hydrogen are defined as:
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Where, λair: the stoichiometry Rate of the air (-).
The net heat energy must be removed from the cell in order 

to avoid overheating. thermodynamic balance equation of net 
heat energy of PEM Fuel cell as [18]:

  Q Q W Qnet chem fc sens latent= − − +

The net heat energy is transferred to the KCS11 in order to 
recover the waste heat.

Under the steady state, the input exergy will be equal to the 
sum of the output exergy, exergy destruction and exergy loss so 
the exergy balance equation is defined as:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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   E E E Ex in out x x loss, x, ,D ,= + +

The input and output exergy rates are respectively calculated 
as Equations (17) and (18) [21]:
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Where, ex: the total Specific Exergy (J/kg) which is the total 
exergy of a stream on a unit of mole.

The difference between the enthalpy and entropy from the 
standard conditions can be found in the physical exergy. The 
physical exergy when the velocity and elevation are neglected 
[22] is defined as:

e h h T s s
x ph,

= −( ) − −( )0 0 0

Where, h: enthalpy (kJ/kg), h0: specific enthalpy (kJ/kg), s: 
entropy (J/kg K), s0: specific entropy (J/kg K)

The departure of the chemical composition of the PEMFC 
in working condition from that of the environment, deals whit 
the chemical exergy. The Chemical exergy of the PEMFC is 
calculated as:

e x e RT x xx Ch n x n

ch

n n, , ln= + ∑∑ 0

The transferred net heat energy of the PEMFC stack to 
KCS11 from Fig. 2 is calculated as:

 

Q Q m h h
fc net
= = −( )5 4

The electrical efficiency of the PEMFC is defined as the 
ratio of the net power output to the electrochemical reaction 
power [18,23], so it can be defined as:

η
FC

fc com
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=

−
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2,

Where, HHV: the higher heating value of hydrogen (kJ/mol).
The total exergy transfer is expressed as the sum of the spe-

cific physical, chemical, kinetic and potential exergies which 
the potential and kinetic exergies can be neglected [23]. There-
fore the PEMFC stack electrical exergy efficiency is defined 
as the ratio of the net power output to the sum of the specific 
physical and chemical exergies, so it can be expressed as:
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3.3 Energy and Exergy analysis of KCS11
From Figure 2, Energy balance in separator and absorber 

are calculated as seen in Equations (24) and (25), respectively:

h h x h h
sep5 6 7 6
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Where, h: enthalpy (kJ/kg), x: mass fraction through specified 
state(-).

From Figure 2, Energy in turbine and pump respectively are 
calculated as in equations (26) and (27):
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From Figure 2, exergy in turbine and pump respectively are 
calculated as equations (28) and (29):
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3.4 Energy and Exergy analysis of combined system
The electrical efficiency of the combined system is defined 

as the ratio of the net power output of the combined system to 
the electrochemical reaction power, can be expressed as:
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The Electrical exergy efficiency of the combined system is 
defined as the ratio of the net power output to the sum of the spe-
cific physical and chemical exergies, so it can be expressed as:

ηex
fc turb pump com

x ph x Ch
H

elec

in

W W W W

m e e
=

+ − −

+( ) 

, ,
,2

4 Validation of the Model
In order to confirm the model, the results obtained by other 

references are presented to ensure the accuracy of the model. 
The results of model demonstrate good consistency with [18], 
[23], and [24] models.

The key assumptions and parameters for hybrid power sys-
tem model are listed in table1. The modelling results along with 
the values reported by references are indicated for individual 
fuel cell stacks in Table 2, individual KCS11 in Table 3, and 
hybrid system power based on fuel cell and KCS11 are pre-
sented in Table 4.

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)
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5 Results
Electrochemistry thermodynamics, as well as other thermo-

dynamic relations are used to create a model for the combined 
power generation system based on PEMFC and KCS11; in the 
following section the results will be presented by related dia-
gram and tables. 

The variations of Activation, concentration and ohmic over-
voltages at different current densities are shown in Fig. 3. As 
Figure 3 illustrates, the concentration and ohmic polarization 
losses directly, and activation polarization is inversely pro-
portional with current density. The activation polarization for 
each current density is higher than other losses, therefore, the 
activation polarization is considered as the largest voltage loss 
on PEMFC.

Fig. 3 Activation, concentration and ohmic, losses.

The ohmic polarization diagram rises up when the density 
increases, though it is not significant. The concentration polari-
zation exponentially rises with the current density. The numeric 
value of the voltage losses was shown in Table 4. 

The current density vs. the actual output voltage of the 
PEMFC is shown in Fig. 4. The actual output voltage of the 
PEMFC varies between 0.6(V)-0.7(V) that is 0.6857(V) in this 
research obtained for the model. As Figure 4 shows, as cur-
rent density rises, the output voltage of PEMFC will drop due 
to the polarization losses. The maximum output voltage of the 
PEMFC is placed at zero current density and in the continu-
ance, it slopes down.

Table 1 Combined power generation system parameters specifications [18].

Parameter Value Parameter Value

Electrons Number (-) 2
Universal gas constant 
(J/mol K)

8.314

Faraday constant (˚C/mol) 96458 Ambient temperature (K) 298

Stack temperature (K) 358
Membrane thickness 
(cm)

0.00254

PEM fuel cell pressure 
(bar)

3
Hydrogen Stoichiometry 
Rate (-)

1.2

Number of stack cells 13000
Current transferring 
density(A/cm2)

10-6.912

Active surface area (cm2) 232
Air specific heat 
capacity(J/ kg K)

1005

Air Stoichiometry Rate (-) 2
Hydrogen Specific heat 
capacity (J/kg K)

14300

Stoichiometric rate of 
hydrogen (-)

1.2
Ideal efficiency of 
Turbine (%)

85

current density of PEM 
fuel cell stack (A cm-2)

0.6
Ideal efficiency of Pump 
(%)

70

Table 2 Mathematical modeling. Results.

Parameter Results

Results 
reported by 
A. Yilanci et 
al. [23]

Results 
reported by 
P. Zhao et 
al. [18]

Open circuit voltage of the 
system (V)

1.229 1.229 1.229

Nernst voltage (V) 1.177 1.173 -

Activation overvoltage (V) -0.4378 - -

Ohmic overvoltage (V) 0.002289 - -

Concentration overvoltage 
(V)

0.003645 - -

Cell operating voltage (V) 0.6857 - 0.653

Stack electrical net output 
power (KW)

1241 1200 1006.7

Compressor power (KW) 157.4 - 175.59

PEM fuel cell stack energy 
efficiency (%)

40.45 42.17 37.59

PEM fuel cell stack exergy 
efficiency (%)

35.51 38.12 -

Table 3 The results of individual KCS11 analysis

Parameter Results
Results reported by 
H. M. Hettiarachchi 
et al. [24]

Turbine output power (kW) 49.75 -

Pump power (kW) 2.887 -

Energy efficiency (%) 10.21 10.21

Exergy efficiency (%) 26.71 -

Table 4 The results of hybrid power system analysis

Parameter Results

Net power (kW) 1130

Electrical energy efficiency (%) 42.2

Electrical exergy efficiency (%) 37.05

Hybrid power system improvement efficiency (%) 1.75
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The direct proportional of the PEMFC output power and 
operating current density is shown in Fig. 5. In highest possi-
ble current density, output power will reach the maximum/peak 
value. In 0.6(A/cm2) current density, the PEMFC output power 
is obtained 1241 (KW).

The PEMFC pressure diagram vs. output voltages is shown 
in Fig. 6. The PEMFC operating pressure varies between 1bar 
up to 8 bars. The PEMFC actual output voltage is directly pro-
portional to the PEMFC pressure.

The electrical energy and exergy efficiencies of the com-
bined power system at different PEMFC operation pressure 
are shown in Fig. 7. The electrical efficiency of the combined 
power system is obtained 42.2%.

Fig. 8 and 9 show the final results of model analysis with 
energy diagram and the exergy destruction diagrams, respec-
tively. From the point of energy, the highest loss exists in the 
fuel cell stack and the condenser of KCS11. However, from 
the point of exergy, the highest exergy destruction values are 
seen respectively on stacks, separator, and absorber. As results 
show in the presented cycle beside of energy generating there 

are some energy losses that occur in any energy systems. The 
overall result of energy analysis shows that there is about 
1.75% improvement after using KCS11 in combined power 
generation system.

Fig. 8 The energy diagram of the combined  power generation system model.

Fig. 7 The electrical energy and exergy efficiencies of the hybrid system vs. 
operation pressure of the PEMFC.

Fig. 4 The variations of the actual output voltages of the 
PEMFC at different current densities.

Fig. 5 The variations of output power by the PEMFC at 
different current densities.

Fig. 6 The PEMFC pressure vs. actual output voltages of the PEMFC.
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Fig. 9 the exergy destruction diagram of the combined power generation 
system model.

6 Conclusions
The application of PEMFC stack is a wide range of power 

generation of automobiles, air crafts and submarines to electric 
power generation in a power station of which the latter is under 
research view. KCS11 is used at large scales to generate elec-
tricity at power stations. A combined power generation system 
consists of PEMFC stack and KCS11 is presented in this study.

 As a result of combination of these technologies, the energy 
and exergy efficiencies of combined power system show 
improvement as compared to the state when KCS11 is out of 
cycle. In energy analysis the electrical efficiency of the indi-
vidual fuel cell, individual KCS11 and hybrid power system 
are obtained 40.45%, 10.21%, and 42.2%, respectively; there-
fore there is about 1.75% improvement for combined power 
generation system based on the PEMFC stack and the KCS11 
compared to individual fuel cell and individual KCS11. 

Moreover, the exergy analysis indicated that the exergy effi-
ciency of the individual PEMFC stack and combined system 
are 35.51% and 37.05%, respectively; therefore exergy effi-
ciency will be increased by about 1.5% in the hybrid system 
when both systems are mixed (the PEM stack and the KCS11). 
These results are theoretical probabilities which may be dif-
ferent from that of real practical conditions due to the assump-
tions on systems elements, efficiencies and other working 
conditions. So the use of this system is extremely depending 
on heeding the requirements of theoretical assumptions. In 
addition, the application of this combined cycle must have an 
economic justification due to the cost of the added cycle. So 
the profitability of system in energy generating must be over-
come the cost of required equipment in the beneficial working 
period of the system.
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Notation
C		  Specific Heat Capacity (J/mol K)
E		  Voltage of Cell (V)
Ex



		  Exergy (kW)
ex		  Total Specific Exergy (J/kg)
F		  Faraday Constant (˚C/mol)
HHV		  Higher Heating Value of Hydrogen (kJ/mol)
h		  Enthalpy (kJ/kg)
I		  Stack Operating Current (A)
i		  Stack Operating Current Density (A/cm2)
ṁ		  Mass flow rate (kg/s)
mi		  Mass (kg)
Ncell		  Number of cells
n		  Numbers of Electrons
ṅ		  Molar Flow Rate (mol/s)
P		  Pressure (bar)
Q		  Heat energy (J)
R		  Cell Resistance (Ω)
s		  Entropy (J/kg K)
T		  Temperature (K)
V		  Voltage(V)
W		  Output power (W)
x		  Mass fraction (-)
G		  Gibbs Free Energy (J/mol)

Greek symbols
δ		  Activation Overvoltage coefficients (Empirical)
η		  Efficiency (%)
λ		  Stoichiometry Rate

Subscripts
1,2,3,...,10	 Points in Fig.2
a		  Activation
abs		  Absorber
air		  Air
c		  Condenser
cell		  Cell
ch		  Chemical
comp		 Compressor
com		  Compression
conc		  Concentration
cons		  Consumed
FC		  Fuel cell
gene		  Generation
H2		  Hydrogen
H2O		  Water
in		  Input
N2		  Nitrogen
O		  Ohmic
out		  Output
O2		  Oxygen
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pump		 Pump
ph		  Physical
sep		  Separator
turb		  Turbine

Abbreviation
KCS11	 Kalina Cycle System 11
PEM		  Proton Exchange Membrane
CHP		  Combined Heat and Power
FC		  Fuel Cell
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