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Abstract

Integrating a PEM fuel cell with an improved Kalina cycle to gain more
electrical power is presented in this study. The Kalina cycle consists of two
turbines and two separators. The waste heat of the PEM fuel cell is the
major energy source for the Kalina cycle and industrial waste heat is
supplied to the cycle to generate more electrical energy. Thermodynamic
and exergoeconomic analysis is carried out on the system components to
evaluate the system performance. The results indicate that the proposed
system can produce 14.51 % more power in comparison with the standalone
PEM fuel cell, while the total cost rates of the system increase by 19.3 %.
Moreover, the energy and exergy efficiencies of the proposed hybrid system
is 5.01% and 14 % higher than the energy and exergy efficiencies of the
standalone PEM fuel cell. The exergoeconomic analysis shows that the fuel
cell, the turbines, the compressor and the condenser have the highest cost
rates compared to other components of the system. Furthermore, a
parametric study is performed on the system to investigate the effect of
variations of some key parameters, including PEM fuel cell operating
temperature and pressure, current density, ammonia mass fraction and
maximum pressure of the Kalina cycle on system performance.
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1. Introduction

Reducing energy consumption, lowering the system costs, and enhancing the efficiency of the systems, have
always been the main goals for thermal systems. In recent years, due to growing energy demand, depletion of fossil
fuel resources, and increasing environmental problems, special attentions have been paid to the use of renewable and
clean energies. In this regard, the use of waste energies to produce power, heat, and refrigeration has been one of the
most considerable solutions. Combined heating and power (CHP) systems can save up to 40% in primary energy
consumption [1-3]. However, employing renewable energies in CHP systems, can reduce environmental impacts, as
well as system costs [4]. Development of new structures, technologies, systems, and energies have received much
attention in recent years [5-37]. The PEM fuel cells have been a promising source of energy due to advantages such
as low operating temperature, high power density, high efficiency, quick start-up, safety, and low environmental
problems. The fuel uses in the PEM fuel cells is hydrogen which does not have limitations such as needing a special
site and generation of chemical wastes. Moreover, PEM fuel cells produce electricity and heat with water as only
by-product [38, 39]. The energy efficiency of a PEM fuel cell is in the range of 30% to 50% depending on its
operating conditions. The rejected heat from the fuel cell to maintain its temperature is the main factor of
inefficiency in this component. Utilization of waste heat from the PEM fuel cell in other thermal systems can
enhance the energy efficiency of the system. PEM fuel cell is a low-temperature heat source and there are
limitations and challenges for the type of systems that can be considered for recovering its waste heat [40]. Several
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investigations have been carried out to study the ability of waste heat recovery from a PEM fuel cell to enhance the
efficiency of the system in power, refrigeration, CHP, and CCHP systems. Malik et al. [41] proposed new CCHP
systems employing PEM and thermoelectric generator in a Kalina cycle which uses geothermal water as source
energy. Their results showed that the use of PEM and TEG in a Kalina based power cycle can improve the
exergoeconomic performance of the conventional geothermal based Kalina cycle. Li et al. [42] employed a PEM fuel
cell to improve the performance of a geothermal based organic Rankine flash cycle. Their results showed that using
the waste heat of the PEM fuel cell instead of the low-temperature geothermal source can increase the energy
efficiency from 4.94% to 23.6% and exergy efficiency from 23.77% to 36.19%. However, 9.07US$/h increment in
cost rates was obtained by the proposed system. Sarabchi et al.[43] analyzed the thermo-economic and
environmental performance of a new cogeneration system consisting of a high temperature PEM fuel cell, a Kalina
cycle, and a solar methanol steam reformer. Compared to a standalone PEM fuel cell system, the proposed
cogeneration system could achieve enhancements of up to 9.6% and 4.3% in the energy and exergy efficiencies.
Ahmadi et al. [44] used the waste heat of a PEM fuel cell in a hybrid system consisting of a transcritical CO2 cycle
and a LNG cycle to produce electricity and chilled water. The results showed 39.56% enhancement in the power
generation compared to the standalone fuel cell system.. Seyed Mahmoudi et al. [45] used the waste heat of a
PEMFC as a heat source for an organic Rankine cycle to produce electricity and presented the exergoeconomic
analysis for the proposed system. They reported that total exergy efficiency can increase by 4.76% in comparison
with the standalone PEM fuel cell. Rezaee and Houshmand [46] studied the performance of a combined Kalina and
PEMFC system and reported that energy and exergy efficiencies can improve 1.75% and 1.5% compared to a
standalone PEMFC system. Chahartaghi and Kharkeshi [47] employed a PEMFC as prime mover in a CCHP system
consisting of an absorption system and a heat storage tank. The system was compared with the conventional energy
systems for residential applications. The results showed that maximum exergy destruction occur in the PEM fuel
cell. Zhao et al. [48] proposed a hybrid system in which an organic Rankine cycle used the waste heat of a proton
exchange membrane fuel cell as energy source. Their thermodynamic analysis results showed that the efficiency of
the hybrid system can increase by 5% compared to simple PEM fuel cell stack. Kaushik et al. [49] combined a
PEMFC with regenerative organic Rankine cycle and analyzed the thermodynamic performance of the system. They
also analyzed different models by varying the different parameters of the regenerative organic Rankine cycle as well
as the PEM fuel cell. Toghyani et al. [50] used a PEMFC stack as a heat source for an ejector absorption
refrigeration system and studied the effect of condenser pressure and generator temperature on the system
performance. The results showed that the COP of absorption chiller with ejector at the operating temperature of 80
°C and the pressure of 1 bar for PEM fuel cell is 6.7% higher than conventional absorption chiller. Baniasadi et al.
[51] proposed a hybrid system based on a PEMFC and an absorption system to produce electricity, space cooling and
hot water for a residential application and demonstrated that operating temperature, operating pressure, and fuel cell
voltage are important parameters for exergy costs of the system. Marandi et al. [52] employed a parallel two-stage
organic Rankine cycle for utilizing the waste heat of a PEM fuel cell and hydrogen boil-off gas stream as a heat sink
for the cycle., energy efficiency and exergy efficiency, and Exergoeconomic factor of the system were computed to
be 36.64%, 58.15%, and, 26.21%, respectively. They also indicated that that the lower operating temperature and
higher current density, will raise the total cost rate. Fakhari et al. [53] carried out the single and multi-objective
optimization on a hybrid system consisting of a PEMFC and organic Rankin cycle for different zeotropic mixtures
and introduced the best combination mixtures for achieving high efficiency.

The literature review shows that combination of PEM fuel cells with various thermal systems have been
investigated. However, due to importance of employing low temperature energy, improving the hybrid systems in
order to enhance energy, exergy and economic performance always need to be given more consideration. Among
various power systems, the Kalina cycle is a considerable choice. The Kalina cycle uses ammonia/water mixture as
working fluid which has advantages like availability, inexpensiveness, variable boiling temperature, being eco-
friendly and compatibility with many standard materials [54-57]. In the present study, an improved configuration of a
Kalina cycle is integrated with a PEM fuel cell and industrial waste heat to recover more electrical work. PEM fuel
cell acts as prime energy source for the cycle. Unlike many previous studies, in this work, the energy of weak
ammonia/water solution leaving the separator of the Kalina cycle is improved by industrial waste heat to produce
more electrical energy through the second turbine placed in the Kalina cycle. Thermodynamic and Thermoeconomic
analysis is performed on the proposed system to identify the benefits and disadvantages of the system. Furthermore,
the effect of the capital parameters of the fuel cell and Kalina cycle on the efficiency and different costs of the
system components is investigated. In summary, the followings are the main objectives and novelties of the present
study:

e To propose a hybrid system for recovery the rejected heat from a PEM fuel cell.
e Employing low-temperature industrial waste heat to recovery more waste energy and produce more
electrical work.
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e Analyzing the system from energy, exergy and economic viewpoint.
e Investigation the important parameters of the PEM fuel cell and Kalina cycle on the thermodynamic and
economic performance of the system.

2. System Description

The schematic diagram of the proposed system is shown in Fig.1. Hydrogen and air are supplied to the anode
and cathode of the fuel cell, respectively. Hydrogen from H2 tank passing through a regulator valve and humidifier
is fed to the anode of the fuel cell. Meanwhile, compressed air which is pressurized by compressor enters the
cathode of the fuel cell. Then, electrochemical reaction occurs in the fuel cell to produce electrical work. The fuel
cell outlets are water, air and hydrogen. To recycling utilization, the unreacted hydrogen is returned back to the inlet
of the fuel cell. However, considerable amount of heat is also generated in this procedure that transfers to a double
turbine Kalina cycle. The ammonia/water solution from the Kalina pump outlet passes through the HTR and enters
the fuel cell to absorb waste heat of the fuel cell. Some liquid solution vaporizes by absorbing the waste heat of the
fuel cell. The two-phase ammonia/water mixture is delivered to the separator | where the stream is separated into
ammonia vapor and weak ammonia/water solution. The ammonia vapor enters the turbine | to produce power. The
weak ammonia/water solution enters the heat exchanger (HEX) to absorb heat from a low grade source to form a
two-phase mixture which is fed to the separator Il. The strong ammonia vapor leaving the separator Il enters the
turbine 11 to generate additional power. The weak ammonia/water mixture leaving the separator 1l goes through the
HTR, where it cools down. Afterwards, it passes through the expansion valve Il, and enters the mixer. In the mixer,
the outlet stream of the turbine I, turbine 11, and HTR are mixed together to form the ammonia/water basic solution.
Then, the ammonia/water basic solution is cooled down to saturated liquid in the condenser. Finally, the saturated
ammonia/water solution pumps to the fuel cell to complete the cycle.

7
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H2 2 J ‘ Turbine 1 2
tank Waste water
? Fuel cell 24 outlet 8
R > 0 16
7'y Turbine 1T
g 20 21 10 1
Air 15
6 Waste water inlet

Fig. 1. The proposed Kalina cycle integrated with a PEM fuel cell

3. PEM fuel cell

In PEM fuel cells, hydrogen and air are fed into the electrodes to produce electricity, heat and water after
electrochemical reactions. The electrical work produced through the reactions at the fuel cell can be calculated as
follows [52]:

Wie = Neen Vil 1)
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Where, N, is the number of cells in the stack, I is the current and V¢ is the actual voltage output of the cell.
The actual voltage of the cell can be calculated from the Eq. (2) [52]:
Vie = Enernst —Vact —Vonm —Veonc 2

Where, Enemst IS the open circuit voltage. Moreover, Ve, Vohm and Veonc are the activation, ohmic and
concentration over voltage, respectively. The open circuit voltage can be obtained from the well-known Nernst
equation [48]:

0.5
_AG® RTe | P, (P,
+ In| —— =

Nernst —
nF nF P,jjg

®)

Where, AG® represents the Gibbs free energy, ne is the number of electrons participating in the electrochemical
reaction, F denotes the Faraday constant, R represents the universal constant of gas, Tx is the fuel cell operating

temperature, PHZ and POZ represent the partial pressure of hydrogen and oxygen which are calculated as [48]:

1
P, =(0.5P -1 4
Mz ( HZO) exp(l.653i/Tflc'334).xSHa:O )

Ry, = P[l— Xiflo — XS ™lexp (0.291i / TR52 )} ®)
Where P is the fuel cell operating pressure. The saturated pressure of water vapor ( P,?,azto ) can be calculated using

the following equation [52]:
log (P& ) = —2.1794+0.02953(T, - 273.15)
(6)

-5 2 -7 3
~9.1837x10°° (T, —273.15) +1.4454x10°" (T, —273.15)

Xf\:‘:”“e' and X}, are the molar fraction of nitrogen and water in the gas flow at saturation for the specified

temperature and, i is the current density [48].

channel _ (Xszin _XNz,out)

XN - 7 N
‘ In XNy in !
XNz,out
XN, in = 0'79(1_ XsHazto ) X
1-%ho
X = 9
e l+((2*air _1)/161")(0'21/0'79) X
Psat
stazto = H;O (10)

Where X, ;, and X, ., denote the nitrogen molar fraction at inlet and outlet stream, respectively. Moreover,
2 2

A, represents the stoichiometric rate of air. The activation overvoltage is calculated by the following semi-

empirical relation: [52]:
Vo = —[—0.948+ &T,, —0.000193T,, (ln (Co, conc )) +0.000076T (In(1 ))} (11)

£ =0.00286 +0.00021n ( Ay )+0.0000431n (Cyy. conc ) (12)
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Here, Acan is the surface area of the fuel cell, C represents the oxygen concentration at fuel cell cathode

0, ,conc
membrane interface, and C, ... denotes the hydrogen concentration at fuel cell anode membrane interface.
Co, conc @d Cyy oo Can be obtained as follows [52]:
= 498
Coz.cone =1.97x107 Py exp| — (13)
ch
- —77
Ch, cone =9-174x107' R, exp| — (14)
ch
According to Ohm’s law, the ohmic overvoltage can be expressed as [48]:
Vohm = Rint (15)
Fnem
R. L= mem 16
" '%ell ( )

2
T
181.6| 1+ 0.03i +0.062(f°j 25
303 a7

Mmem =

(v —0.6343i)exp(4.18(Ty, —303)/ch)

where Rint represents the cell internal resistance, rmem is the membrane resistivity, and y is the membrane water
content. The concentration overvoltage which is due to variations in reactants concentration at the surface of the

electrodes is given as [42]:

RT, i
V = In _L
conc = [il_ —i} (18)

e

where i, is the limiting current density. In order to calculate the produced waste heat by the fuel cell, the energy
balance is written as follows:

Qnet = Qch _ch _Qs,l (19)

where Qnet represents the net produced heat by the fuel cell, Qch is the chemical energy and Qs,| is the sensible
and latent heat of inlet and outlet streams through the fuel cell. Qch is obtained from Eq.(22) [48]:

Qch = I;]Hz,consHHV (20)

where thmns is the consumption rate of hydrogen and is defined as [48]:

th,cons = Neei E (21)
The consumption rate of oxygen and the generation rate of water are calculated as follows [42]:

. I

No, cons = Nl E (22)

. |

NH,0,gen = Neell E (23)

Considering stoichiometric ratios of H, and O», the molar flow rate of the reactants are [42]:
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|
cell E
|

cell E

r.]HZ = ﬂ'Hz th,cons = ﬂ’HZ N (24)

I;]Oz = ﬂoz I;]Oz,cons = /1H2 N (25)

Furthermore, the sensible heat and the latent heat are calculated employing the following equation [52]:

Qs,l = Cp,H 2 (nHz,outch - nHz,inTin )+ Cp,O2 (noz,outch - nOz,inTin >+

. . . (26)
Cp,N2 (nNz,outch - nNz,inTin )+ r"HZO,gen Hv

where Cppy , Cpo, . Cpn, » are the specific heat capacity of hydrogen, oxygen and nitrogen, respectively, Hy is

the vaporization heat capacity of water.
The compressor work and the energy efficiency of the fuel cell can be expressed as [48]:

mair(k/(k—l))RTamb[ﬂ[kkl) - J

W, (27)
comp —
(ncomp )
ch _Wcomp
Nie = (28)

(1 cons )-HHV
where K is the ratio of the air specific heat, = is the pressure ratio, ng,n, is the compressor efficiency, and HHV
is the higher heating value of the hydrogen.

4. Kalina double turbine cycle

To perform the thermodynamic analysis of the Kalina cycle, the following assumptions are considered:

-The system operates under steady state.

-The outlet stream of the condenser is saturated liquid.

-The outlet vapor and the outlet liquid streams from the separator are saturated vapor and saturated liquid,
respectively.

-The pressure drop through the heat exchangers of the cycle is neglected.

-The isenthalpic process is occurred through the expansion valves.

-Industrial waste heat is considered as the source for the second turbine of the Kalina cycle.

In order to avoid overheating, the generated heat by the PEM fuel cell should be removed. In the present system,
the waste heat of the fuel cell which is absorbed by the Kalina cycle can be expressed as:

Qnet = rh7 (h7 - h6) (29)

Moreover, the extra heat applied to the saturated liquid outlet of the separator I can be calculated as follows:

Quex =1, (his —hye ) = Mg (hg —hg) (30)

The actual specific enthalpy for the outlet streams of turbine I, turbine Il and pump are calculated using their
isentropic efficiencies as follows:

-h
M = (31)
Thurn = ﬁ (32)
th — h4
Noumo = 33
pump h5 _ h4 ( )

where Ny Ny @nd Mpume are isentropic efficiencies of turbine I, turbine 11 and pump, respectively.
The power generated by turbine | and turbine Il are obtained from Eq. (34) and Eg. (35) respectively.
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Furthermore, the power consumption by pump can be calculated from Eq. (37 ):

Waurbinet =My (b —hy) (34)
Wiebinen = Mo (Mo —hiz) (39)
Wurbine =Wiurbiner +Waurbirer (36)
Woymp =5 (hs —hy) @37

The heat rejection in the condenser is given by:

Qcond :mB(m_h4):mcw(m8_m7) (38)

where m,, is the mass flow rate of the cooling water in the condenser. The solution procedure of the system is
presented in Fig. 2.

Inputs: Inputs:

Fuel cell heat rejection, ammonia mass fraction, separator
| temperature and pressure, mass flow rate of waste water,
Condenser temperature, pump efficiency inlet and outlet
temperatures of waste water

Fuel cell temperature, pressure,
number of cells, current density, pr—
cell area, Compressor

efficiency, air temperature

' {

Calculate mole fractions of Calculate mass flow rate of
Ha0, O N2 ammaonia‘water solution

Calculate outlet
] temperature and pressure of
condenser

L Calculate outlet

Calculate properties of

] . separator | outlet streams temperature and pressure of
Calculate Over potentials pump
and reversible over voltage 1 1

Calculate inlet and outlet

separator | outlet streams .
par: : temperatures of HTR

and work of turbine |
Calculate Output voltage, l
Compressor work, fuel cell

l Calculate properties of

r

power, heat generation Calculate outlet

temperature of HEX Calculate outlet properties

of expansion valve

r

Calculate properties of
separator 11 outlet Streams o Calculate outlet properties
and work of turbine 11 of mixer

Fig. 2 Flowchart of the system simulation

The energy efficiency of the Kalina cycle which is defined as the ratio of the net power production of the Kalina
cycle to the net input heat can be calculated as:

W, W

turbine — YV pump
NKalina = —= : (39)
Qnet + Qriex

The overall energy efficiency of the proposed system can be obtained as follows:
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ch +Wturbine _Wpump _Wcomp

(hHZ,cons)'HHV +Qrex

Toverall = (40)

5. Exergy analysis

To determine a more precise thermodynamic evaluation, the second law of thermodynamics should be
performed for all components of the system. Exergy is expressed as the maximum useful work obtained by a system
when it reaches to equilibrium with environment. In order to apply exergy analysis on a system, the exergy balance
equation is employed as follows:

ZQk (1—1—°j+zmiexi = Zrheexe +ZW +EXp (41)
k

The first term in left side of the Eq. (37) is the exergy rate related to the heat transfer, ex; and ex, are the inlet
and outlet specific exergy, respectively and EXD’k represents the exergy destruction rate. The specific exergy is

obtained from summation of the physical and chemical exergy [41].
X = EXpp + Xy (42)

The physical exergy of a stream is defined as [41]:

where ho and so represent the specific enthalpy and specific entropy for ambient temperature, respectively. The
chemical exergy is calculated using the following equation [52]:

Xy = Z X1 8Xeh n RTOZ X, In X, (44)

where X, is the mole fraction of species n and excn,n is the chemical exergy of the species n in dead state. In the
Kalina cycle, due to changing the ammonia concentration in different points of the cycle, the chemical exergy can be
calculated as follow [58]:

egh NH egh HO |4
€n =| —— |Y+| ———|(1- 45
ch MNH3 y MHZO ( y) ( )

where egh’NH3 and eghszo are standard chemical exergy for ammonia and water, respectively. Moreover,

MnH, and My,o are the molecular weight of ammonia and molecular weight of water, respectively. Furthermore, y

is the mass fraction of ammonia. The standard chemical exergies are taken from [59] .
Exergy efficiency for a system is defined as the product exergy to fuel exergy. The exergy efficiency for the
Kalina cycle, PEM fuel cell and the overall system can be obtained from Eq. (46-48) respectively.

n _ Wturbine _Wpump
Il,Kalina —
’ . T . . (46)
Qret (1_#] +EXx5 —EXyg
fc
W, W,
i e = 7= : - : (47)
(Exair,in + EXHz,in ) _(Exair,out + EXHZO,gen )
n _ ch _Wcomp +Wturbine _Wpump
I1,Overall ] ] ] ] ] To (48)
( EXair,in + EXHZ Jin ) - ( EXair,out + EXHzo,gen )+ QHEX 1- Tf
w
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6. Exergoeconomic analysis

Economic analysis is a decisive and crucial factor for determining the overall performance of thermodynamic
systems. In this regards, the major costs of the system including the fuel cost, operating and maintenance costs and
investment costs need to be evaluated. The cost balance equation for each component of the system can be written as

[60]:
Zcout,k +Cy = zcin,k +Cq + 2, (49)
C =cEx (50)

Where Cin’k and Cout'k indicate the cost rates for the inlet and outlet of each component, respectively, and ¢ is
the cost rate per unit of exergy. The terms CW and CQ are the cost rates associated with the power and thermal

energy for each component. Z, is the summation of the investment and operation and maintenance cost rates for ki
component and can be obtained from Eq. (51) [52].
; Z,CRF
Zk — k 4

N (51)

Where Z, for each component is given in Table 1. Moreover, ¢ and N are the maintenance factor and the

number of operating hours per year for the system, respectively. CRF indicates the capital recovery factor for the
system and can be calculated as [52]:

i (1+i,)"
(1+i)" -1

CRF = (52)

where n is the lifetime and i, is the discount rate. The levelized cost of energy is the system’s investment and

maintenance costs in its lifetime to the total net power output generated by the ORC system. It is used to carry out
the total cost of the system on the output energies [61]. The LCOE can be calculated as:

Z
LCOE = (53)
net
Table 1: Cost functions for the system components

Component Cost function ($)

. . \075
Turbine [42] 4750 (Wtur )

) 0.41
Pump [42] 3500 (Wpump )
Fuel cell [41] 2500 (Vi )
0.85
HTR,HXE,Condenser [42] 309'14(ACond )
0.67
Separator [41] 280.3 (mSeperator—inIet )
0.75mMy;y Fout In Fout
Compressor [45]
0.9 = 7comp Fn An
The cost rates associated with the fuel, products and exergy destruction can be expressed as [41]:
Co.x
Cop == (54)

EXp
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C

CF,k =—= Fk (55)
EXk

Cox = CrkEXp (56)

where, Cka and prk are specific cost rate of fuel and products exergy for the ky, component, respectively. The

cost related to each component can be divide into exergetic costs and non-exergetic costs (investment and operation
and maintenance costs). It is important to distinguish which cost is more dominant. The exergoeconomic factor
indicates the contribution of non-exergetic costs to the total cost of each component can be obtained from Eq. (57)

[41].

— (57)
k S
Z, +Cpy
Consequently, the overall exergoeconomic factor can be written as [52]:
Z
foveral =3 oueral (58)
Zoverall + CD,overall

7. Results and Discussion

The input parameters used in the present study are shown in Table 2. The EES software is employed to perform
thermodynamic modeling of the proposed system.

Table 2: The input parameters of the system

Parameter Value Parameter Value
Farady Constant [48] 96485 (C/mol) Turbine isentropic efficiency [48] 85%
Number of electrons [48] 2 Pump isentropic efficiency [48] 70%
Number of cells [48] 13000 Compressor isentropic efficiency [48] 85%
Limiting current density [44] 1.5 (A/ cm?) Mass flow rate of heat source [62] 4.977 (kgls)
Stack operating current density [44] 0.6 (A/ cm?) Temperature of inlet waste water [62] 373 (K)
Active surface area [48] 232 (cm?) Pressure of waste water [62] 1 (bar)
Membrane thickness [44] 0.0178 (cm) Temperature of outlet waste water[62] 358 (K)
Operating temperature of PEM [48] 358.15 (K) Turbine inlet pressure 34 (bar)
Operating pressure of PEM [48] 3 (bar) Concentration of basic solution 0.9
Stoichiometric rate of hydrogen [52] 1.2 Temperature difference in HTR [58] 5 (K)
Stoichiometric rate of air [52] 2 Ambient temperature 293.15 (K)
Vaporization heat of water [48] 40644 J/mol Ambient pressure 1 (bar)
Specific heat capacity of oxygen [48] 29.72 J/(mol.K) Maintenance factor [41] 1.06
Specific heat capacity of nitrogen [48] 28.39 J/(mol.K) Discount rate [41] 12%
Specific heat capacity of hydrogen [48] 28.86 J/(mol.K) System lifetime [41] 15 (years)
Specific heat capacity of water [48] 75.95 J/(mol.K) Operating hours per year [52] 7300
Higher heating value of hydrogen [48] 285.55 J/(mol.K) Cost of the hydrogen [45] 10 ($/GJ)
Condenser cooling water input temperature 25 (°C) Turbine isentropic efficiency [48] 85%

Farady Constant [48]

96485 (C/mol)

In order to validate the calculations of the Kalina cycle, the data reported in Ref [58] is used for thermodynamic
modeling. Regarding Table 3, good agreements can be observed between the simulated results with those reported
by Fallah et al [58]. Furthermore, the verification for the PEM fuel cell modeling results, is performed by comparing
the cell voltage and single sell output power variations versus current density with those presented by Ahmadi et al
[44]. As it can be observed form Fig. 3 the results obtained in this study can reach an acceptable agreement with data
in Ref [44].

Table 3: Comparison of Kalina cycle parameters with Ref [58]

Parameter Present model results (kW)) Ref [58] model results (kW) Error (%)
Wi rpine 1827 1820 0.38
Woump 92.24 93.72 16

m 0.0645 0.06241 3.2
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Fig. 3. Fuel cell modeling verification by [44]
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The energy and exergy related parameters of the proposed system is presented in Table 4. As can be observed,
the output power of the PEM fuel cell is 1058 kW. Moreover, 153.61 kW power can be obtained from the proposed
Kalina cycle by recovering the waste heat of the PEM fuel cell. Hence, the proposed hybrid system can produce
14.51% more power in comparison with the stand alone PEM fuel cell. Furthermore, the energy efficiency and
exergy efficiency of the proposed hybrid system are improved by 5.01 % and 14%, respectively in comparison with
the stand alone PEM fuel cell.

Table 4: Energy and exergy parameters of the proposed system

Parameter Value
Wturbine| (kw) 122.1
Wturbinen (kw) 41.85
WPUmp (kw) 10.34
Nkalina (%) 10.12
NiiKatina (%) 54.72
ch (kw) 1058
Qnet (kw) 1204
WCOmp (kw) 175.4
Ny (%) 32.96
Nt g (%) 41.77
Miotal (%) 34.64

47.65

n 11, total (%)

The values of some important exergy and exergoeconomic factors for evaluating the system performance

including exergy destruction rate, exergy destruction cost rate, investment and operation and maintenance cost rate,
the sum of the exergy destruction cost rate and investment and operation and maintenance cost rate, exergoeconomic
factor, and relative cost difference are presented in Table 5. As can be seen form Table 5, the fuel cell, the turbines,
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the compressor and the condenser have the highest value of Z, +CD'k. However, the value of Z, +Cka is more

considerable for the PEM. The value of Zk +Cka for the proposed hybrid system is 131 ($/h) which is 19.3% higher

than the total cost rate of the stand-alone PEM fuel cell. The turbines, the PEM fuel cell and the condenser have a
relatively high exergoeconomic factor compared to other components of the system. Hence, the investment costs are
more important for these components. Furthermore, the values of exergoeconomic factor for the HTR, HEX and the
separators is below 50% and, therefore, the cost related to exergy destruction for these components is higher than the
investment and operation and maintenance cost. Accordingly, design of these components needs to be improved.
The overall exergoeconomic factor for the system is 55.52 %. Thus, the exergy destruction accounts for 44.48 % of
the total cost rate of the system.

Table 5: Exergoeconomic results for the proposed system.

Parameters Epk (kW) Z, ($/h) Cpk (&) 2 +Cp | ($/h) fi (%)
Turbine | 21.1 4.126 1.871 5.997 68.8
Turbine Il 7.29 1.848 0.647 2.495 74.06
HEX 7.06 0.4964 0.555 1.051 47.21
HTR 13.76 0.621 1.22 1.841 33.73
Fuel cell 926.505 62.52 47.29 109.8 56.94
Condenser 24.21 2.715 2.147 4.862 55.84
Separator | 0.69 0.01094 0.06143 0.0723 15.12
Separator 11 0.16 0.0076 0.01424 0.02184 34.78
Pump 2.05 0.2095 0.2131 0.4226 49.57
Compressor 38.16 0.1513 3.968 41193 3.67
Trottling valve 3.12 - 0.2772 0.2772 -
Overall system 1044.105 72.705 58.263 130.959 55.52

The effect of current density on energy efficiency, exergy efficiency and total cost rates are shown in Fig. 4a and
b. As can be observed from Fig. 4a by increasing the current density, the fuel cell power and heat rejected from the
fuel cell increase. In higher current densities, the voltage losses increase which leads to increase the heat generation
in the fuel cell. Therefore, more energy is delivered to the Kalina cycle. Besides, due to the constant operating
temperature of the fuel cell, the maximum temperature of the Kalina cycle also remains constant. Hence, the mass
flow rate of the ammonia/water and the power of the Kalins cycle increase. However, for current density values
below 1.3, increasing the voltage losses and subsequently decreasing the voltage of the fuel cell cannot compensate
for the increase in current density. Accordingly, the fuel cell power increases with increasing the current density. As
san be observed from Fig. 4a the fuel cell efficiency decreases with increasing the current density. In higher current
densities the hydrogen molar flow rate to the fuel cell increases which leads to decrease the energy and exergy
efficiencies of the fuel cell. Although the power produced by the Kalina cycle increases in higher current densities,
but the overall efficiency of the system decreases. By increasing the current density and subsequently increasing the
irreversibilities like voltage losses, the exergy destruction cost rates increase .Moreover, increasing the output power
of the Kalina turbines and fuel cell, increase the total cost rates of the system.
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Fig. 4. Effect of Variations of current density on a) energy and exergy efficiency, b) total cost rates.
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The variations of thermodynamic and economic parameters of the system with fuel cell temperature are shown in
Fig. 5a and b. In higher temperatures better ion exchange takes place in the fuel cell and cell voltage increases.
Therefore, the fuel cell power increases with increasing the fuel cell temperature. On the other hand, due to
reduction in voltage losses, the waste heat of the fuel cell decreases. Hence, the energy and exergy efficiencies of the
fuel cell increase with increasing the operating temperature. Accordingly, less energy is delivered to the Kalina
cycle and the power generation of the turbines decreases. Although the fuel cell power increases with increasing the
fuel cell temperature, but the reduction in the Kalina cycle power is more dominant and the overall energy and
exergy of the system decrease. Furthermore, with increasing the operating temperature of the fuel cell, the maximum
temperature of the Kalina cycle increases. Hence, the quality of the ammonia/water entering separator | increases
and consequently the quality of the stream entering separator Il decreases. On the other hand, decreasing the heat
delivery to the Kalina cycle decrease the mass flow rate of the ammonia/water. Therefore, the power of turbine |
increases and the power of turbine Il decreases. However, the net power of the system decreases which leads to a
reduction in the energy and exergy efficiencies of the system. As can be observed from Fig. 5b, increasing fuel cell
operating temperature, leads to a reduction in the unit cost of the Kalina cycle output power. However, the unit cost
rate of the fuel cell output power almost remains constant. Therefore, a slight decrease in total system cost rate can
be observed with increasing the fuel cell operating temperature.
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Fig. 5. Effect of Variations of fuel cell operating temperature on a) energy and exergy efficiency, b) total cost rates.

Fig. 6a and b show the effect of fuel cell operating pressure on energy efficiency, exergy efficiency and total cost
rates of the system. As can be observed from Fig.6a, by increasing the fuel cell operation pressure, the energy and
exergy efficiencies of the system increase. The reason is that increasing the fuel cell operating pressure can improve
the diffusivity of the reactant gases and the over potentials of the fuel cell decrease. Therefore, the cell voltage and
consequently the power of the fuel cell increase. On the other hand, by enhancing the cell performance, the heat
generation of the fuel cell decreases. Hence, delivered energy to the Kalina cycle, the work of the turbines and the
energy efficiency of the Kalina cycle decrease. However, the net efficiency of the system enhances. By increasing
the fuel cell power and decreasing the Kalina turbines work, the operating and maintenance costs increase and
exergy destructions of the system decrease.

C tot ($/h)
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Fig. 6. Effect of Variations of fuel cell operating Pressure on a) energy and exergy efficiency, b) total cost rates.

Fig. 7a and b depict the effect of pressure in separator | on thermodynamic and thermo economic performance of
the system. According to the Fig. 7a, by increasing the pressure of separator I, the total produced work of the Kalina
cycle increases. With increasing the pressure of separator I, the enthalpy difference in turbine I increases, whereas
the mass flow rate of rich ammonia vapor outlet of the separator | decreases. Hence the work produced by the
turbine I firstly increases then decreases. On the other hand, by increasing the mass flow rate of poor ammonia/water
outlet of the separator I, the produced work by turbine Il increases. The increase in the power of turbine 11 is more
prominent and the total power of the Kalina cycle increases. Therefore, the energy and exergy efficiencies of the
Kalina cycle and total system increase with increasing the pressure in separator 1. Referring to the Fig. 6b, in higher
pressures of the separator I, the total cost rates of the system increase. However, the costs related to the exergy
destruction of the system almost remain constant. Hence, in higher pressures of separator I, the operation and
maintenance costs are the considerable costs of the system.
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Fig. 7. Effect of VVariations of separator | pressure on a) energy and exergy efficiency, b) total cost rates.

The thermodynamic and economic behaviors of the system with variations of the ammonia mass fraction are
shown in Fig. 8a and b. Increasing the ammonia mass fraction leads to an increase in the mass flow rate of ammonia
rich vapor leaving the separator I. Consequently, the mass flow rate of ammonia/water poor solution entering the
separator |1, decreases. However, the enthalpy difference through the turbines remain constant. Therefore, the power
generation of turbine | increases and the power generation of turbine Il decreases with increasing the mass fraction
of ammonia. Accordingly, the total power generation of the Kalina cycle and energy efficiency of the system
decrease. Furthermore, in lower mass fraction of the stream entering the HEX, the exergy destruction in HEX
increases which is the most considerable factor for increasing the exergy destruction in the Kalina cycle. Reduction
in total work of the Kalina cycle along with increasing the exergy destruction reduce the exergy efficiency of the
system. As can be observed from Fig.8b with increasing the ammonia mass fraction the operation and maintenance

-Ctot ($/h).

C tot ($/h)
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cost rates and the exergy destruction cost rates decrease. Furthermore, variations of the ammonia mass fraction dos
not affect the cost rates of the fuel cell. However, with increasing the ammonia mass fraction, the total cost rates of
the system decrease.
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Fig. 8. Effect of Variations of ammonia mass fraction on a) energy and exergy efficiency, b) total cost rates.

A sensitivity analysis is performed by system investment parameters to see how levelized cost of energy is
sensitive to the variations of PEM fuel cell costs, Kalina cycle costs, and discount rate. As displayed in Fig. 9, based
on the sensitivity analysis results, it can be observed that the costs of the PEM fuel cell have most impact on the
LOCE while the Kalina cycle costs rate and discount rate are the least influencing parameters.
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Fig. 9. sensitivity analysis results for system investment parameters

8. Conclusion

In this research, recovering the waste heat rejected from a proton exchange membrane fuel cell is investigated.
For this purpose, an improved Kalina cycle has been proposed. The waste heat of PEM fuel cell is the main energy
source for the system. Moreover, the energy of weak ammonia/water solution leaving the separator of the Kalina
cycle is improved by industrial waste heat to produce more electrical energy through the second turbine placed in
the Kalina cycle. Thermodynamic and thermo economic analysis is performed on the system. Moreover, the effect
of some key parameters on thermodynamic and exergoeconomic performance of the system is investigated.

The important results of this study can be summarized as follows:

e The energy and exergy efficiencies of the proposed hybrid system are 5.01 % and 14 % higher than the

energy and exergy efficiencies of the standalone PEM fuel cell.

e Increasing the current density of the PEM fuel cell increases the power and the rejected heat from the fuel

cell as well as the Kalina cycle power. However, overall energy and exergy efficiencies of the system

C tot ($/h)
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decrease with increasing the current density. Furthermore, the total cost rates of the system increase in
higher current densities of the fuel cell.

Increasing the fuel cell operating temperature leads to an increase in the fuel cell output power. However,
the waste heat of the fuel cell decreases which result in decrease the Kalina power generation and overall
energy and exergy of the system. Moreover, a slight decrease is observed in the total cost rates of the
system with increasing the fuel cell operating temperature.

Increasing the fuel cell operating pressure increases the overall energy and exergy efficiencies of the
system. Moreover, the total cost rates of the system decrease with increasing the operating pressure of the
fuel cell.

By increasing the ammonia mass fraction, the energy efficiency, exergy efficiency and the overall cost
rates of the system decrease.

By increasing the pressure in separator I, total power generation of the system, energy efficiency, exergy
efficiency, and the total cost rates of the system increase.

Nomenclature

Co Specific heat capacity (J/mol-K) Greek letters
C. Cost per unit exergy ($/GJ) U Energy efficiency
c Cost rate ($/h) " Exergy efficiency
CRF Capital recovery factor A Stoichiometric ratio
cond Condenser v Membrane hydration
cw Cooling water N Annual plant operation hours
Ex Exergy rate (kW) Subscripts
ex Specific exergy (kJ/kg) act Activation
F Faraday constant (C/mol) comp Compressor
f Exergoeconomic factor conc Concentration
h Specific enthalpy (kJ/kg) D Destruction
HHV High heating value J/(mol.K) fc Fuel cell
HTR high-temperature recuperator H: Hydrogen
HEX Heat exchanger H.0 Water
I Current (A) N2 Nitrogen
i Current density (A/cm2) 0, Oxygen
i Limiting current density (A/cm2) ph Physical
L Membrane thickness (cm) sat Saturation
LCOE Levelized cost of energy tur Turbine
m Mass flow rate (kg/s)
N Annual plant operation hours (h)
Neen Number of cells
Ne Number of electrons
P Pressure (bar)
PEM Proton exchange membrane
Mmem Membrane resistivity
SIOMC sum of the investment and
operation and maintenance cost
T Temperature (K)
\ Voltage (V)
z Cost rate of components ($/h)
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