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HIGHLIGHTS
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e A Parametric Study and optimization are conducted in this research paper.
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ABSTRACT

The use of fuel cell (FC) is considered one of the methods of producing electricity with
relatively high efficiency. So, it has attracted many researchers' attention to develop and
improve its performance. The present study deals with the technical-economic optimal
design of a hybrid power generation system based on a Proton Exchange Membrane (PEM)
FC combined with an Organic Rankine Cycle (ORC). ORC is used to recover the generated
heat in PEM FC. The decision variables of this study include FC operating pressure and
temperature, current density, FC area, the quantity of FC, and operating parameters of the
ORC system, including HRVG PPTD, condenser PPTD, and refrigerant mass fraction in
zeotropic mixture. In this study, three zeotropic mixtures, including R11-R245fa, R11-R123,
and R123-R245fa, are studied as the working fluid of the ORC system. The objective func-
tions considered to be optimized are the system's exergy efficiency and total cost rate
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(TCR). Finally, it is observed that the highest exergy efficiency is obtained using the zeo-
tropic mixture R11-R245fa with a value of 54.15%, and the lowest TCR is obtained with the
mixture R11-R123 with a value of 0.65 $/s. Zeotropic mixture R11-R123 has the exer-

goenvironmental index, environmental damage effectiveness index, and exergy stability
factor of 0.5506, 1.277, and 0.4750, respectively.
© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Due to the rising apprehensions about the ever-increasing
reduction of fossil fuels and environmental pollution, atten-
tion has been paid to alternative solutions for using clean
energy in the past decades. A FC is a device for energy con-
version which converts the fuel chemical energy into elec-
tricity, heat, and water without a combustion process.
Therefore, it leads to the reduction of environmental pollution
[32]. Also, since the conversion of fuel chemical energy into
power is not done through heat transfer, its energy conversion
efficiency is not limited to the efficiency of the Carnot cycle
[1,33,34]. Among the different kinds of FCs, the PEM is one of
the most appropriate types because it can be used in both
portable and stationary applications. Also, the PEM FC has
such features as low operating temperature, fast start-up, fast
response time, and the ability to produce a wide range of
power [2].

In general, the electrochemical reaction that occurs in a
PEM FC is simple. On the anode of the FC, hydrogens are
breakdown into H and free electrons. Free electrons are
moved from the anode to the cathode through the external
circuit. Also, the hydrogen ions inside the electrolyte are sent
from the anode to the cathode. At the cathode electrode,
electrons and H* combine with O,, resulting in water and heat
generation. A PEM FC has about 50—60% energy conversion
efficiency. Therefore, PEM FC generates the same amount of
heat and electricity. In a FC, a cooling system is needed to
eliminate the generated heat and maintain the temperature
uniformity inside it [35,36].

In recent years, several types of research have been con-
ducted on developing PEM FCs. Also, finding an efficient way
to recover the generated heat in the PEM FC system is one of
the topics investigated. Several studies have investigated the
challenge of recovering generated heat in the PEM FC system.
Brigugli et al. [3] investigated the heat recovery from a PEM FC
system with a nominal power generation of 5 kW by applying
a heat exchanger which absorbs the generated heat of the
cathode. The efficiency of the proposed CHP system improved
to 85%. Similar analyzes by Aki et al. [4] were considered in the
power generation system for residential applications. Nguyen
et al. [5] studied a CHP system for distributed energy genera-
tion based on PEM FC. Placca et al. [6] proposed a new fuel
reforming system using waste heat recovery from a PEM FC
system. The results showed that the efficiency of the power
plant can increase by more than 20%. Sevjidsuren et al. [7] in
2012 analyzed the exergy of a PEM FC system. They found the
optimum value of the air stoichiometric ratio and the oper-
ating temperature from the exergy efficiency point of view. In
2003, Grujicic and Chittajallu [8] studied a PEM FC system's

optimal design using a two-dimensional single-phase elec-
trochemical model. Kazim in 2003 [9] analyzed the exergy of a
PEM FC system with a power of 10 kW. The analysis param-
eters included operating temperature and pressure, FC
voltage, and air stoichiometric ratio. The result of this study
showed that the stoichiometric ratio of air should be less than
4 to maintain the relative humidity in the product air and also
prevent the dryness of the membrane at high temperatures.
Salva et al. [10] 2016 designed a PEM FC to achieve the highest
output power for different current density values. In this
study, design temperature and pressure, relative humidity of
reactants, and cathode stoichiometry are investigated as
design variables. Hwang et al. [11]. Proposed a CHP system
including a PEM FC for electricity generation. Also, the
generated heat is absorbed to warm up water for heating ap-
plications. They could receive an efficiency of 81% in CHP
mode. In 2019, Li et al. [12] investigated a hybrid power gen-
eration system based on geothermal energy. In this study,
geothermal energy is used as the heat source of a Rankine
flash cycle. Also, a fuel cell is used to generate power, and the
thermal energy released by it is recovered for use in the flash
Rankine cycle. In 2021, Azad et al. [13] investigated a hybrid
power generation system based on PEM FC. The thermal en-
ergy released by this system is absorbed by the two-pressure
ORC system and used to generate power. Also, a part of the
thermal energy released in the condenser is converted into
electricity by the thermoelectric generator system. In this
study, the effect of using three different zeotropic mixtures is
investigated. In 2012, Li [14] investigated the cooling capacity
and cooling loop of a PEMFC. The cooling capacity has a direct
effect on the operating temperature and thus on the efficiency
and generated electricity. It is observed the increase in current
density leads to an increase in exergy destruction and a
decrease in exergy efficiency. In 2015, Ye et al. [15] investi-
gated two different high-operating-temperature PEMFCs. In
the first one, hydrogen entered the fuel cell, and in the second
FC, methane gas entered the fuel cell and was converted into
hydrogen through reforming. It is observed in both systems,
the efficiency and electricity production increases with the
increase in operating temperature. In 2016, Gimba et al. [16]
modeled a PEMFC. They observed that efficiency increases
with increasing operating pressure. Also, they observed the
pressure difference between the anode and cathode leads to
improved efficiency. In 2011, Barelli et al. [17] investigated a
CHP system including PEMFC. They observed that increasing
the operating temperature and pressure of the PEMFC leads to
an improvement in the efficiency of the CHP system.
Currently, all PEM FCs operate in the temperature range of
50—100 °C. According to the heat source's temperature range,
Organic Rankine Cycle (ORC) has the best performance among


https://doi.org/10.1016/j.ijhydene.2023.01.340
https://doi.org/10.1016/j.ijhydene.2023.01.340

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) I181—1194

1183

all methods for waste heat recovery. Connecting ORC to PEM
FC is a practical solution to improve energy conversion effi-
ciency [37]. The present study discusses the thermoeconomic
optimal design of a hybrid power generation system based on
a PEM FC. The ORC is applied to recover its generated heat and
produces extra power. In order to simulate the performance of
the studied system, as well as the optimal design of the sys-
tem a calculation code is developed in MATLAB software. Also,
to calculate thermodynamic properties, REFPROP software is
linked with MATLAB software [38,39].

For maximum heat recovery, zeotropic mixtures are used
as the working fluid of the ORC. When pure fluids are used as
working fluid, the evaporation process is performed at con-
stant pressure and temperature, and only the quality of steam
increases. However, when zeotropic mixtures are used, the
evaporation process is performed at constant pressure with
an increase in temperature. Accordingly, the temperature
between the hot and the cold fluid in the evaporator de-
creases, and as a result, exergy destruction in the evaporation
process decreases. Therefore, it leads to an improvement in
exergy efficiency and net power production [32].

System description

Fig. 1 illustrates the process flow diagram of the studied sys-
tem. In the studied system, the ORC system is applied as the
bottoming cycle of the PEM FC to recover its waste heat. The
intended system consists of an air compressor, hydrogen fuel
storage source, pressure regulator valve, humidity increase
system, FC, ORC system expander, condenser, pump, and
protection and control equipment. The required air is com-
pressed by the compressor to the operating pressure of the FC

Electrolyte

H [

Hj
H, Storage tank
Excess H,
— |
1b
Electricity
inverter

and then enters the cathode. On the other hand, the hydrogen
stored in the high-pressure storage tank must have a pressure
drop to the working pressure of the FC, which is done by the
pressure regulator valve considered in the fuel line. Then the
hydrogen enters the anode part of the FC. According to the
electrochemical reaction carried out in the FC, DC electric
current is produced. After the chemical reaction in the FC, the
hydrogen that did not participate in the chemical reaction
returns to the fuel supply line. In the ORC system, the gener-
ated heat through the FC electrochemical reaction is absorbed
in the HRVG by the cycle working fluid. It is converted from a
saturated liquid state at the pump's output to superheated
steam at the output of the HRVG. After entering the expander
and generating mechanical power, it enters the condenser,
and after condensation, it is collected in the condensate
receiver tank and pressurized up to HRVG pressure, again.

Energy analysis
Proton Exchange Membrane fuel cell
The chemical reactions carried out in the FC with the presence

of hydrogen and air as reactants lead to the production of
electricity, water, and heat are as follows [40]:

Anode : H, — 2H" + 2e” (1)
1
Cathode : 2H* +2e~ + zOz —H,0 2
1 ..
Overall : H, + EOZ — H,0 + heat + electricity (3)

Air Compressor

3 2
R «— .
Air
4
7
H,0 & heat

J1apuedx3

Condenser

Fig. 1 — Schematic of the considered system.
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The maximum voltage which can be achieved from the
reversible chemical reaction of the hydrogen and oxygen can
be estimated by the Nernst equation as follows [18]:

_ACO
AG +Rch n (PHZ«/P%) @

ENemnst = W 1nF W

In Eq. (4), AG® is the difference of Gibbs free energy, which
can be calculated from the following equation according to the
enthalpy and entropy changes of the products and reactants
of the overall chemical reaction:

AG=AH — TAS )

Also, in Eq. (4), Py, Po,, and P, are the partial pressure of
the Hydrogen, Oxygen, and water, respectively. According to
the water vapor pressure in the anode and cathode, the partial
pressure of reactants (H, and O,) can be calculated. For this
purpose, the water saturation pressure should be calculated
with the following relation [9]:

log,o (Pify ) = —2.1794+0.02953t 91837 x 10°°¢* + 14454
x 10773
6)

The H, and O, partial pressure in the anode is given by:

. (O'Spigo> apé%) -1 (7)
FC

Sa cnannel 0'291i
Po, =P {1 — X, — xgeme exp ( oz ﬂ ®)
FC

where the molar fractions of the substances are unknown.
The molar ratio of water is calculated based on partial pres-
sure, and the molar ratio of nitrogen is calculated based on the
stoichiometric ratio of nitrogen in the air entering the FC.

sat

Xiflo =" ©)

The molar ratio of nitrogen in the chemical reaction is
determined from the logarithmic average of nitrogen input
and output of the humidifier with the help of the following
relations:

in __ yout
X]c\}'tzannel — (XNZ X:<Nz ) (10)
Ny
()
X :0.79(1 fx;“zfo) 1)
1-— Xsalto
e __(os) (12)

L+ (57) 63

air

Eq. (4) calculates the maximum voltage. In actual condi-
tions, the FC output voltage is lower than the maximum
voltage obtained by the Nernst equation. Three main phe-
nomena lead to voltage decay: voltage decay caused by

reaction activation, ohmic voltage decay, and voltage decay
due to changes in the reactants and products' concentration
[41,42]. By quantifying the mechanisms that cause voltage
decay in the FC, the actual voltage of the FC can be calculated.

The voltage decay caused by the reaction activation can be
described as [19]:

Vet =0.948 — ETpc — 0.000076T¢c In(Co, conc) + 0.000193Trc In(I)

(13)
(

£=0.00286 + 0.0002 In(Acen) + 0.000043 In(Cy, _Conc) 14)

Where the H, and O, concentration on the membrane can be
written as:

COz.cunc =197 x 1077PO; exp <@> (15)
| Tre
-7 —77
Chy conc=9.174 x 107 "Py, exp | — (16)
Trc

Ohm's law is used to estimate the ohmic voltage decay in
all components inside the FC [20]:

Vohm = IRint (17)

where R;,; describes all internal current resistances, which will
be calculated from the following formula:

Ymem L
Ryt = 2~ 18
¢ AceII ( )

181.16[1 + 0.03i + 0.062(J55) "2*

(19)

Tmem

- 0.634 - 3iexp [+18(T - 22)]

Tec

where the ¢ in Eq. (19) is the water amount on the membrane.
In this study, the value of 6 is considered for which. To
calculate the voltage decay caused by the change in the con-
centration of substances in the reactants and products, the
following equation is used [19]:

_ RTg i
Vo= i (7 (20

In this study, the maximum intensity of the output current
is considered equal to i;, = 1.5 A. Finally, the voltage of the FC
can be calculated by taking into account the mentioned losses:

VFC = ENemst - Vact - Vohm - Vconc (21)

The following equation provides the output power of the
FC system:

WFC = NceHVFCI (22)

Which Wic is the power obtained from the above rela-
tionship for all fuel cells.

Organic rankine cycle

For thermal modeling of the ORC, the relationship of the first
law of thermodynamics is presented for all components
[21,43]:

Pump power consumption can be calculated as follows:

WPMP =Myt (hes — hs) / Npmp (23)
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In the above equation, 7y, is the pump efficiency accord-
ing to the isentropic concept and is assumed to be 80% in this
study.

The rate of recovered heat from FC in HRVG can be calcu-
lated as:

QHRVG = mwf(h7 - hG.aC) (24)

The work produced by the expander is presented as
follows:

WExp:mwf (h7 —hg)ngxp (25)

In the above relationship, 7y is the expander isentropic
efficiency and considered 80% in this study.
The rate of heat release by the condenser can be calculated

as follows:
Qconp = Mwt(hg —hs) (26)

Exergy analysis

Second law of thermodynamic or exergy analysis is a powerful
tool to examine a thermodynamic system. The amount of
energy efficiency loss, location, and cause can be found and
specified reasonably with exergy analysis. In the exergy
analysis method, each cycle component's irreversibility is
obtained, and the irreversibility of the whole cycle can be
calculated. The theory related to exergy analysis is presented
in detail in references [22,23,44—48].

For an assumed control volume in steady state condition,
the exergy conservation relation is presented as follows:

ExQ —Exw = Zmeexe - Zmiexi + Exp (27)
e i

Net exergy transferred by heat, as well as exergy resulting
from the exchange of work, are expressed according to the
following relations:

Exq= Y (1 - %) Q (28)

Exw=W (29)
In equation (27) the specific exergy relation, ex, can be

expressed by the following:

ex=h—hy, — To(5—So) (30)

The index o represents the dead state, which is considered
equivalent to the ambient conditions, i.e., T, = 25 °C and P,.
=1 atm [49].

In the ORC, the source of exergy is the fuel:

Exs = nisexy (31)
The following equation calculates specific fuel exergy:
ex = £ LHV (32)

In the above relationship, LHV is the fuel's low heating
value and ¢; is the exergy factor of the fuel.

Exergy destruction occurs in various system components,
including PEM FC, Air compressor, Fuel pressure regulating
valve, HRVG, expander, condenser, and pump. For each

Table 1 — Expressions for exergy destruction rate of the
system's components.

Component Exergy destruction rate expression

Air Compressor Expcomp = EXy — Ex3 + Exw.comp
Fuel pressure

regulating valve

EXD,valve =Ex; — EX1a

PEM FC Exprc = EX1a + Ex3 — Exwrc — Exqp — Exs
HRVG Expurve = Y EXinpirvG — Y EXoutHRVG
Expander Expexp = Ex7 — EXg — EXwexp
Condenser Exp.conp = Y EXin conp — Y EXout.COND
Pump Exppmp = EXs + Exwpmp — EXe

equipment in the studied system, the rate of exergy destruc-
tion is calculated based on the expressions tabulated in Table 1.

Exergy efficiency is the ratio of actual heat efficiency to
maximum reversible heat efficiency under similar conditions.
In general, the exergy efficiency is defined as follows:

1 Exergy destroyed

Exergy supplied (33)

Nex =

Economic analysis

In this study, the economic analysis is done by considering
each system equipment's total cost rate (TCR). To this end,
relations for estimating the purchase cost of each system
component are presented first. These relationships are shown
in Table 2.

The TCR of each system component in $/h is defined as:

. ZCRF®
Z=" (34)
In the above relationship, @, N, and 7 are the maintenance
factor, nominal operating life, and annual operating hours,
which are considered 5% and 20 years, and 7000 h, respec-
tively [28,50]. Also, CRF represents the total operating period,
which is calculated using the following equation [29,30]:

Table 2 — Purchase equipment cost of the system's
component [24—27,31].

Component Purchase equipment cost expression ($)

mair Pec ) ( Prc )
Z =711(— lo
oM (095 - "Icomp) (Pamb & Pamb

Air Compressor

PEM FC Wee
T = 1219.7(m>
Electrici i 07
invertteyr Znwv = 10°( e )
500000
HRVG Zirve = 276(Anrve)>®
Expander Zgxp = 4750(Wexp)®”® + 60(Wexp) ™
Condenser Zconp = 150(Aconp)*®
Pump Zewe = 3500(Wrwep) "

CRT ZerT = (315 +16VCRT)/O.98

Electricity Zcen = 60(Gaen )%
generator

Instrument and
control system

Zins = 510
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(1+1)"

CRF =i — i)
e ) 1

(35)

In the above relationship, i represents the interest rate, and
n represents the total operating period of the system in years.
The TCR of the studied system can be calculated from the sum
of the cost rates of individual components as follows:

TCR= Y7 (36)

Exergoenvironmental analysis

Based on the exergy destruction rate, the exergoenvir-
onmental assessment examines system performance from an
environmental standpoint. An increase in exergy demolition
rates negatively affects the performance of a system. It is due
to this issue that there is a greater amount of fuel being used,
which can have a detrimental effect on the environment as a
result [51].

The term 'EEI' is used here to describe the exergoenvir-
onmental index, which has the following definition:

__ total exergy destrcution rate

EEI -
total input exergy rate

(37)

In order to calculate the environmental damage effective-
ness index (EDEI), the following formula is used:

EEI

EDEI= (39)

A definition of the exergy stability factor (ESF) can be found
below:

total exergy destrcution rate

ESF= : —
total exergy destrcution rate + net electricity + 1

(39)

Results and discussion

In this research, the optimal design of a PEM FC is discussed to
maximize the exergy efficiency and minimize the TCR. Also,
since the FC's electrochemical process is associated with heat
release, an ORC using different zeotropic mixtures has been
used as the cycle working fluid. The design variables include
FC working temperature and pressure, FC current density,
area of each FC, the number of FCs, PPTD of HRVG and
condenser, and the mass fraction of working fluids in the
zeotropic mixture.

Table 3 presents the parameters related to the study. At
first, a parametric study was conducted, and the effect of
different variables on the objective functions was investi-
gated. Then, by performing a two-objective optimization, the
optimal performance conditions of this combined power
generation system are checked. It is necessary to explain since
FCs undergo degradation over time. Also, to consider this
factor in the overall cost rate of the system, it is assumed that
the FC should be replaced every five years during the twenty-
year life of the system (see Table 4).

Parametric study

Fig. 2-a shows the effect of FC operating pressure on exergy
efficiency and TCR for different zeotropic mixtures. As shown,

Table 3 — Parameters of the considered system.

Ne Number of electrons 2
B Faraday constant 96.485 C
mol
R Universal gas constant 3314 J
mol.K
Tamb Ambient temperature 293.15K
Pomp Ambient pressure 101.325 kPa
L Limiting current density 15 A
~ cm?
L Membrane thickness 0.00254 cm
Aair Stoichiometric rate of air 2
A, Stoichiometric rate of hydrogen 1.2
HHV Higher heating value of hydrogen kJ
285.55 mol

with increasing pressure, exergy efficiency first increases,
reaches the maximum value, and then decreases. Changes in
exergy efficiency can be justified by the behavior of FC output
power based on FC operating pressure. As can be seen, with
increasing pressure, the net output power of the FC increases
at first and decreases after reaching the maximum value. As
seen in Fig. 2-b, due to the increased working pressure of the
FC, the penetration of reactive gases increases and causes a
decrease in the transport resistance, which leads to an increase
in the output power. However, it should also be noted that high
working pressure requires more air compression power. As a
result, the work of the compressor increases, which ultimately
leads to a decrease in the FC net output power.

Fig. 3-a shows the effect of FC operating temperature on
exergy efficiency and TCR. As can be seen, the increase in
temperature leads to both exergy efficiency and TCR rises,
receiving their maximum value and then decreasing
slightly. Also, Fig. 3b illustrates the net output power of the
ORC and PEM FC by increasing the FC operating tempera-
ture. As shown by increasing the FC operating temperature,
its net output power increases, and decreases. This is
because by increasing the operating temperature, the
chemical reaction of the FC takes place faster since the
membrane resistance decreases. Then by more operating
temperature, the losses increase, leading to FC net output
power decrement. On the other hand, the increase in tem-
perature leads to a rise in the heat generated by the FC and
an increase in the power production of the ORC system. As
can be seen, the rise in temperature results in addition in

Table 4 — Decision variables and considered range for the
study.

Decision Variables Value in Range

parametric

study

Pressure of FC (kPa) 250 [101, 501]
Temperature of FC (K) 360 [350,373]
Current Density (A/cm?) 0.10 [0.01,1.5]
FC Area (cm?) 220 [150,300]
FC Quantity (-) 5000 [500,10,000]
PPTD of HRVG (°C) 10 [5,15]
PPTD of Condenser (°C) 10 [5,15]
Zeotropic mixture Fraction (—) 0.5 [0,1]



https://doi.org/10.1016/j.ijhydene.2023.01.340
https://doi.org/10.1016/j.ijhydene.2023.01.340

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) I181—1194

1187

20.5 0
»
»
»
»
L 1]
20 »
»
= ©  R123-R245fa zeotropic mixture L8
L »
> 19.5 = R11-R245fa zeotro.plc fmxture
~ R11-R123 zeotropic mixture »
o A il
- 19
g increase in fuel cell operating pressure L]
(&) »
T 185 ]
[5) »
[
»
18
»
17.5
51.8 52 52.2 52.4 52.6 52.8 53 53.2

Exergy Efficiency (%)

ORC Net output power (kW)

3.8 " 82
©  R123-R245fa zeotropic mixture
. = R11-R245fa zeotropic mixture —
R11-R123 zeotropic mixture ;
=
36 & B 81.5 »
\ [
i H]
L} [e]
o
] X 5
3.4 4 g1 &
F =
2 o
| SN ®
(R z
L
3.2 "3 g 80.5 E
|

ig =
i3 o
o

3 L L L L L ¥ 80

100 150 200 250 300 350 400 450 500 550

Fuel Cell Operating Pressure (kPa)

Fig. 2 — Effect of PEM FC operating pressure in Exergy efficiency and total cost rate (left: 2a) effect of PEM FC operating
pressure in ORC and PEMFC net output power (right: 2b).

19.45 |
® R123-R245fa zeotropic mixture
19.4 = R11-R245fa zeotropic mixture
R11-R123 zeotropic mixture

19.35 )
3 .
& »
o 193 ! ?
-
&
- 19.25
(7]
[«]
O 192 » ,
2 P increase in fuel cell operating temperature
(o] y
= 19.15 »

?
19.1
19.05 !
52.2 524 526 528 53 53.2 534 536

Exergy Efficiency (%)

54

ORC Net output power (kW)

5 82.5
©  R123-R245fa zeotropic mixture 8
= R11-R245fa zeotropic mixture . s
R11-R123 zeotropic mixture .’ =
[} .
[
-
4 . 82 %
NN » o
» % et
=]
2 ~
. £
"
. 2
i (]
3 ) 8152
5 O
[ ] B v
i =
o w
i o
[
P ‘ ! ! 81
350 355 360 365 370 375

Fuel Cell Operating Temperature (K)

Fig. 3 — Effect of PEM FC operating temperature in Exergy efficiency and total cost rate (left: 3a) effect of PEM FC operating

temperature in ORC and PEMFC net output power (right: 3b).

140
™ o -
120 5 a
o]
aQ
< 100 ’ 5
=
&
~ o]
(]
T 80 o 2
o o]
"(7; increase in fuell cell current density
O 60
(3 <
©
b
O 40 4]
[
3 o
©  R123-R245fa zeotropic mixture A\
20 = R11-R245fa zeotropic mixture
R11-R123 zeotropic mixture
0
0 10 20 30 40 50

Exergy Efficiency (%)

60

ORC Net output power (kW)

150 1000

©  R123-R245fa zeotropic mixture
= R11-R245fa zeotropic mixture —_
R11-R123 zeotropic mixture ;
=
a -
S
:
100 . + o 500 °
* o
s 5
» ') \ =
” S
o o
» -
n [
50 n 0 Z
8 o
”n 5 L
" =
» " w
o ° o

o
5 © °
0 - - -500
0 0.5 1 1.5

Fuel Cell Current Density (Alcmz)

Fig. 4 — Effect of PEM FC current density in Exergy efficiency and total cost rate (left: 4a) effect of PEM FC current density in

ORC and PEMFC net output power (right: 4b).


https://doi.org/10.1016/j.ijhydene.2023.01.340
https://doi.org/10.1016/j.ijhydene.2023.01.340

1188

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 51 (2024) 1181—1194

the TCR, although the rate of increase in both objective
functions is almost the same.

Fig. 4a shows the effect of increasing current density on
exergy efficiency and the TCR of the system. As can be seen,
the increase in current density has a significant impact in
exergy efficiency. It continuously decreases exergy efficiency
because it leads to an increase in free electrons and an in-
crease in irreversibilities. Fig. 4b provides the effect of current
density on the ORC and PEM FC net output power. As current
density increases, PEM FC power increases and then de-
creases. So, there is an optimum value for the current density
from net power and exergy efficiency points of view.
Increasing the current density, the FC heat generation in-
creases, and the ORC power increases, too. Regarding the TCR
of the system, increasing the current density first causes an
increase and then a decrease. This is mainly due to the vari-
ation of the PEM FC power with current density.

Fig. 5a depicts the effect of increasing the FC area on the
objective functions of the system. As can be seen, increasing

R11-R245fa zeotropic mixture ‘
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the cross-sectional area causes a significant increase in the
TCR while not significantly improving exergy efficiency. Also,
by increasing the PEM FC area, its net output power increases
linearly. Also, the ORC net output power increases due to in-
creases in PEM FC heat generation.

Fig. 6a shows the effect of increasing the number of FCs on
the objective functions. As can be seen, the increase in the
number of FCs does not affect the exergy efficiency because
the rise in fuel consumption and the increase in production
power increase proportionally while the TCR is increasing. As
predicted and depicted in Fig. 6b, increasing the number of
FCs, the output power of both FC and ORC increases linearly.

Fig. 7a shows the impact of PPTD of HRVG on exergy effi-
ciency and TCR of the system. As can be seen, decreasing the
PPTD of HRVG leads to an increase in the exergy efficiency and
a slight increase in the TCR. Also, Fig. 7b illustrates the net
output power of the ORC by increasing the HRVG PPTD. By
increasing this design parameter, ORC net output power de-
creases. This is due to lower heat recovery from the FC.
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Fig. 8a depicts the effect of condenser PPTD on the objective
functions of the study. Just like the HRVG PPTD, increasing the
condenser PPTD increases both exergy efficiency and TCR.
Also, as shown in Fig. 8b, the net output power of the ORC
decreases by increasing the condenser PPTD.

Fig. 9aillustrates the effect of zeotropic mixture fraction on
the exergy efficiency and TCR of the system. as shown, there is
an optimum value for the mixture fraction. Fig. 9b shows the
effect of the zeotropic mixture fraction on ORC net output
power. As shown, in the zeotropic mixture of R-11-R123, the
working fluids' fraction does not have a considerable effect on
the net output power. In contrast, for two other considered
mixtures, the optimum value of the ORC net output power can
be reached by increasing the mixture fraction to about 0.75.

Fig. 10 illustrates the Pareto front related to the present
study for three different zeotropic fluids. In this study, two
objective functions of exergy efficiency and TCR are consid-
ered for the optimization process. To this end, an evolutionary
genetic algorithm is used for optimization. Since these two
objective functions are in contrast with each other and opti-
mizing one alone causes the other objective function to move
away from the optimal state, it is necessary to draw the Pareto
front and select the final optimal point based on technical and
economic priorities among the front points. He chose the
Pareto. In the Pareto front, each point is an optimal design
with a different approach from the rest of the points. Point A
in Fig. 10 is an optimal point considering only the overall cost
rate as the objective function. Therefore, TCR is at its mini-
mum value. In this situation, the optimality of exergy effi-
ciency has not been considered. Also, point C is an optimal
point considering only exergy efficiency as the objective
function and the maximum possible value of exergy efficiency
has been achieved. In this case, no attention has been paid to
TCR optimization. The best design is when the exergy effi-
ciency has its maximum possible value (i.e. point C) and the

TCR has its minimum possible value (i.e. point A). This point is
called ideal point. Which, of course, is not the point of the
Pareto front, and it is practically impossible to reach this
point. Therefore, the closest point to this point can be
considered as an optimal design. This point is marked in the
figure for each of the zeotropic fluids and their performance
information is presented in Table 5. As can be seen, the
optimal point related to the zeotropic mixture R11-R245fa has
the highest exergy efficiency and the optimal point related to
the zeotropic mixture R11-R123 has the lowest TCR. Choosing
the final optimal design point can be chosen according to
different considerations, including technical, economic and
operational considerations. In terms of environment, the
exergoenvironmental index, environmental damage

Table 5 — Operating parameters of the selected optimal
design points.

Working fluid R123-R245fa R11-R245fa R11-R123
Exergy Efficiency (%) 53.99 54.15 53.75
Total cost rate ($/h) 0.82 0.77 0.65
Pressure of FC (kPa) 227.0 208.2 129.80
Exergoenvironmental 0.5105 0.5230 0.4750
index (-)
Environmental damage 1.361 1.297 1.277
effectiveness index (-)
Exergy stability factor (-) 0.5676 0.5576 0.5506
Temperature of FC (K) 369.4 364.5 351.50
Current Density (A/cm?) 0.1 0.1 0.10
FC Area (cm?) 170.60 158.35 150.05
FC Quantity () 530 562 501
PPTD of HRVG (°C) 5.11 5.74 5.50
PPTD of 5.05 5.48 9.0
Condenser (°C)
Zeotropic mixture 0.14 0.27 0.92

Fraction (-)
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effectiveness index, and exergy stability factor of the zeo-
tropic mixture R11-R123 are 0.5506, 1.277, and 0.4750,
respectively.

Fig. 11 shows the scattering of design variables for different
zeotropic mixtures and points of the Pareto front.

Conclusion

In this study, the multi-objective optimization design of a
hybrid power generation system is discussed. This system
includes a PEM FC and an ORC system using different zeo-
tropic mixtures as working fluids. PEM FC design variables
include operating pressure and temperature, current density,
FC cross-section, and number of FCs, and ORC system design
variables include PPTD of HRVG, PPTD of Condenser, and
zeotropic mixture ratio. A parametric analysis was performed
to investigate the effect of design variables. Finally, the sys-
tem design was done for three different zeotropic mixtures,
including R11-R123, R11-R245fa, and R123-R245fa.

It is observed applying zeotropic mixtures improves the
exergy efficiency of the ORC system by decreasing the exergy
destruction in the HRVG. Also, it is shown operating pressure
and temperature of FC have an optimum value from exergy
efficiency and power production points of view. While the
increase in FC area leads to a significant increase in power
production and also a slight increase in the exergy efficiency
of the system. Also, it is observed the increase in current
density has an optimal value from the point of view of power
production and exergy efficiency of the system. The optimal
design point with the highest exergy efficiency is observed for
R11-R245fa with a value of 54.15% and the optimal design
point with the lowest TCR It is related to the zeotropic mixture
R11-R123 with a value of 0.65 $/s. Environmentally, the exer-
goenvironmental index, environmental damage effectiveness
index, and exergy stability factor for the zeotropic mixture
R11-R123 are equal to 0.5506, 1.277, and 0.4750, respectively,
which is the best zeotropic mixture in comparison with
others.
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