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Abstract: The proton exchange membrane fuel cell (PEMFC) is the fastest growing fuel cell technology
on the market. Due to their sustainable nature, PEMFCs are widely adopted as a renewable energy
resource. Fabricating a PEMFC is a costly process; hence, mathematical modeling and simulations
are necessary in order to fully optimize its performance. Alongside this, the feasibility of a waste
heat recovery system based on the organic Rankine cycle is also studied and power generation for
different operating conditions is presented. The fuel cell produces a power output of 1198 W at a
current of 24A. It has 50% efficiency and hence produces an equal amount of waste heat. That waste
heat is used to drive an organic Rankine cycle (ORC), which in turn produces an additional 428 W
of power at 35% efficiency. The total extracted power hence stands at 1626 W. MATLAB/Simulink
R2016a is used for modeling both the fuel cell and the organic Rankine cycle.

Keywords: proton exchange membrane fuel cell; organic Rankine cycle; modeling; MATLAB/SIMULINK;
renewable energy

1. Introduction

Due to the advancements in technology, the use of fuels of various types has increased
tenfold. Therefore, human beings are using fossil fuels (0il, gas and coal) to fulfill their
daily energy requirements. This has led to the depletion of such resources. Even though
new reserves are being discovered, burning of fossil fuels presents another major problem.
Combustion of fossils fuels results in the emission of carbon dioxide (CO,), which gives
rise to the greenhouse effect. CO, emissions increased by 1.5% in 2018 [1]. The greenhouse
effect causes the temperature of the Earth to increase and this results in global warming.
Global warming is a major issue that is resulting in the melting of the polar ice caps.
The ever-increasing sea level can cause tsunamis and flooding in coastal areas. Due to this
environmental pollution, the need for clean and substantial energy is required because the
demand for electricity and energy is increasing globally due to the increasing population.
In order to minimize the damage that is being done to our environment, the world has
started moving towards alternative sources of energy. Renewable energy resources are
the most clean and green source of energy. In the last decade, much advancement has
been made in renewable energy technologies, such as solar, wind, and tidal, etc. The only
drawback of renewable energy is that it is dependent upon external factors, such as
solar irradiation, wind velocity, etc. These external factors cannot be controlled and are
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entirely dependent upon nature. An alternative resource for producing clean energy is
the use of fuel cells. Fuel cells are the perfect solution for meeting the everlasting energy
requirement [2]. They can also be used as a fuel source for unmanned vehicles due to their
compact and easy to refuel nature [3]. A similar study on the comparison between lead acid,
lithium, and fuel cells for use in unmanned vehicles was performed in [4]. Fuel cells do not
depend upon weather conditions and they do not produce any pollution or harmful gases.
Researchers are working on reducing their production cost to make them commercially
affordable.

1.1. Fuel Cell Technology

Fuel cells are devices that perform on the principle of electrochemistry. In fuel cell
systems, the polymer electrolyte membrane fuel cells (PEMFC) is one of the most significant
technologies that have been discovered. Researchers are investigating this technology very
carefully, as it is a safe, clean, and efficient energy source. Studies have shown that
PEMFCs have longer lifetimes and cost much less than other fuel cell technologies [5].
Polymer electrolyte membrane fuel cells (PEMFCs) are the most preferred type of fuel
cell due to their high power density, low operating temperature, and high conversion
efficiency of 50-60%, and they have zero emission potential into the environment when
pure hydrogen is utilized [6,7].

Experimental implementation is very costly for fuel cells due to the complexity of
their design [8,9]. In this case, simulation models of fuel cells generated in software play
a significant role in research development. Simulation models of fuel cells are basically
used to carry out simulations of models practically. This makes it easier for researchers
to study the parameters that influence the functioning of a fuel cell. These simulations
are making the development of fuel cells easier for researchers and are also reducing the
cost of experimental implementation. Another advantage of simulations is that they save
time. Fabricating a fuel cell system and then studying the response by varying parameters
would be costly, time consuming, and complex. On the other hand, one can study all the
parameters on software easily.

Researchers are constantly working on improving the performance of fuel cells.
Wang et al. [10] discussed the development of PEMFC technology over the years. The cur-
rent status of PEMFC technology is that it is mostly being used in transportation ap-
plications, such as lightweight vehicles, buses, etc. Francesconi et al. [11] analyzed the
behavior of a fuel cell by varying parameters such as fuel cell temperature, pressure etc.
Hydrogen was reformed to produce ethanol, which was used as the fuel. It was concluded
that pressure has a key impact on the performance of the fuel cell.

Li et al. [12] discussed the use of PEMFCs in high temperature environments. The
membrane of a PEMFC can be modified with an acid-base polymer to make it operational
at elevated temperatures, from 100 to 200 °C.

The dynamic modeling of fuel cells has been extensively studied by researchers.
Azri et al. [13], based on an equivalent electric circuit of a PEMFC, developed steady-
state, dynamic, and thermodynamic models and used MATLAB to investigate a Horizon
H-500 fuel cell stack. Different PEMFC parameters such as power output, stack voltage,
etc., were analyzed. First, the activation, ohmic, and concentration losses were studied
using a steady-state model. Then, a dynamic model was developed to visualize dynamic
voltage and dynamic power parameters of PEMFC by considering double layer charging
effect which acts as a capacitor in the electric circuit. The thermodynamic model was used
to visualize the effect of temperature inside a fuel cell. The results from his work show
that only the ambient temperature and gas pressure of the inlet affects the performance
of a PEMFC. Benchouia et al. [14] analyzed the steady-state and dynamic behavior of a
PEMEFC. Validation of the results was carried out by comparing simulation results with an
experimental fuel cell stack.

Valencia et al. [15] also carried out research on a three-dimensional numerical study of
heat transfer in PEMFC. Computational fluid dynamics (CFD) was used to solve governing
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equations. In their work, they obtained distribution contours of temperature distribution
throughout the fuel cell. It was also found that the anode compartment has a lower
temperature than the cathode compartment. It was demonstrated that there exists a direct
relation between the temperature and current density of a fuel cell. It was found that
heat produced from ohmic losses and electrochemical reactions is removed through ta
convection process via channels, and these channels, when used in parallel, help to remove
heat from the fuel cell. From this work, information for heat transfer processes was obtained
that can be used to optimize designs of PEMFC.

Santarelli et al. [16] described the process of estimating some operating parameters
of PEMEFC. First, the main parameters, such as limiting current density, internal current
density, exchange current density and cell resistance, were analyzed. Later, a model to
discuss the polarization curve was developed. Parameter analysis was performed in the
model and it was demonstrated that three parameters of the polarization curve can be
estimated at the same time, namely internal current density, cathode exchange current
density, and cell resistance. In the model, the temperature of the cell was varied from 50 to
80 °C, and the behavior of parameters at each operating condition of cell was analyzed.
The behavior of the polarization curve against the operating temperature was developed.

Xue et al. [17] analyzed the steady-state and dynamic modeling of a PEMFC based on
the least squares techniques. The ideal voltage and ohmic loss equations were based on
steady-state models, while the concentration and activation losses were based on dynamic
losses. An optimized model of the fuel cell was generated.

Zhao et al. [18] studied the working of a PEMFC with transient characteristics.
Their paper analyzed the working of a PEMFC under dynamic conditions such as different
step currents. The dynamic response of a PEMFC was studied under stacking conditions.

1.2. Heat Recovery from Fuel Cells

Since fuel cells are not 100% efficient, the energy that is not converted into power is lost
in the form of heat. This excess energy can be utilized in order to run another independent
system. Heat recovery from fuel cells is another way to maximize their use and to increase
their efficiency.

Lin et al. [19] analyzed the use of heat recovery systems in fuel cells. Three uses of
heat recovery were stated in the paper,

1. Fuel reforming process by the use of heat recovered from a fuel cell. Methanol or
other hydrocarbons can undergo reforming in order to produce pure hydrogen (Hy),
which can be utilized as a fuel for the PEMFC itself or for other systems.

2. The use of a gas turbine working on the heat recovered from a high-temperature fuel
cell such as a Solid Oxide Fuel Cell (SOFC) that operates at 800 to 1000 °C.

3. The use of combined heat and power production system for residential neighborhoods.
A fuel cell can generate both electricity, by electrochemical reaction, and heat, by excess
heat losses, for indoor heating.

Yiding Cao [20] suggested a combination of a throttling valve, heat exchanger and
other components in order to recover heat from a fuel cell. He concluded that the efficiency
of a fuel cell power plant can be improved by 20% by installing a heat recovery system.

Vikrant Venkataraman [21] analyzed the working of a vapor absorption cycle (VAC)
working on the heat recovered from a SOFC. The major problem was the temperature
difference between the two systems. Direct and indirect coupling was used in order to
transfer heat from the SOFC to the VAC at the right temperature.

Michel Fuchs [22] designed a model to incorporate an ejector refrigeration cycle into
a high temperature PEMFC. A new method of using the waste heat of a fuel cell was
analyzed, which increased the overall efficiency of the fuel cell.

Guo et al. [23] studied the integration of a vapor absorption cycle working on the
principle of heat recovery from a high-temperature PEMFC. The absorption cycle was used
as both a heat pump and a refrigeration cycle. The power densities for both scenarios
were analyzed.
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2. Materials and Methods

In order to simulate a working model of a PEMFC, it is necessary to understand the
basic working behind the fuel cell.

2.1. Fundamentals of a PEMFC
A fuel cell consists of three main components:

1.  An electrode for fuel (anode)
2. An electrode for oxygen (cathode)
3. Electrolyte between cathode and anode

The electrode is made from a porous material that is combined with platinum.
The porous electrode allows the gases to pass through it.

The working of the fuel cell [24] is explained. The hydrogen (H>) is introduced into
the fuel cell by the fuel inlet port. The hydrogen reaches the anode and reacts under the
influence of platinum catalyst. The molecular hydrogen is broken into two protons (H") as
well as two electrons (e™). The electrons flow from the outer circuit, resulting in the flow of
current. The protons penetrate across the acidic electrolyte in order to get to cathode.

Anode: H; (g) — 2H' + 2e~

On the cathode, injection of oxygen takes place through the air inlet port. The electrons
from the outer circuit bind with the protons and molecular O, in order to produce water.

Cathode: (1/2) O, (g) + 2H' + 2~ — H,O (1)
The overall reaction of the system can be written as
Overall reaction: Hj (g) + (1/2) O, (g) — H,O 2)

2.2. Fundamentals of an Organic Rankine Cycle (ORC)
Organic Rankine Cycle

The organic Rankine cycle (ORC) is the preferred thermodynamic cycle that is used
for power generation by using a low-temperature heat source. Since the PEMFC operates
at a low temperature range of 80 to 100 °C, using an ORC makes sense. The cooling fluid
for the fuel cell directly enters the ORC as its working fluid. Heat and pressure losses for
this fluid will be neglected for simplicity. [25]. The cycle performs in a similar manner to a
Rankine cycle. The difference arises in the working fluid. A Rankine cycle uses water as the
working fluid, which can be vaporized into steam inside the boiler at a certain temperature
and pressure. Unlike the Rankine cycle, an ORC utilizes a zeotropic mixture as the working
fluid. The zeotropic mixture has the ability to vaporize at a much lower temperature as
compared to water. Hence, it is useful for operating at a lower temperature.

The organic Rankine cycle operates on a similar principle as the Rankine cycle.
The main purpose of the cycle is to utilize the thermal energy of the working fluid and
convert it into the kinetic energy of superheated vapor. This superheated vapor has a high
pressure and temperature, and its energy can be used to rotate the turbine as it expands.

The ORC, shown in Figure 1, contains the same components as the Rankine cy-
cle. The cycle begins at the pump where the working fluid arrives as a saturated liquid.
The pump compresses it isentropically and raises its pressure to the working pressure of
the evaporator. Since the specific volume of fluid decreases, the temperature of the fluid
increases slightly. After being pumped to a higher pressure, the fluid enters the evaporator.
This component in a Rankine cycle is known as a boiler, where water is heated in order to
vaporize it into superheated steam. For an ORC, an evaporator is used. The evaporator
acts as a heat exchanger and helps in transferring heat from the hot source to the working
fluid. In this paper, the heat from the hot source is gained from the hot fluid coming out
of a PEMFC. This hot fluid is made to flow through the evaporator, where it exchanges
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heat with the working fluid of the ORC. The fluid then vaporizes and converts into a
superheated state with a high pressure and temperature.

Hot fluid out

Hot fluid from
geothermal
well
Refrigerant
Evaporator
' /
Pump Turbine
T Condenser T
Generator
- y

Heat
exchange with

ambient

Figure 1. Components of an organic Rankine cycle (ORC) [26].

This superheated vapor is then sent to the turbine, where it undergoes expansion
isentropically. This expansion causes the turbine blades to rotate. The turbine is connected
to a generator which produces electricity. The expansion of the fluid results in a drop in its
temperature and pressure.

At this stage, the fluid enters the condenser. The fluid, at this point, can be a saturated
liquid-vapor mixture with a high-quality value. The condenser acts as a heat exchanger
that exchanges heat with a sink. The sink is at a lower temperature than the condenser.
The condenser rejects heat to the sink, resulting in the cooling of the working fluid. The fluid
exits the condenser as a saturated liquid and the cycle starts again.

The organic Rankine cycle can be summarized as follows:

1.  Isentropic compression (pump)

2. Constant pressure heat addition (evaporator)
3.  Isentropic expansion (turbine)

4.  Constant pressure heat rejection (condenser)
3. Results

Modeling of a PEMFC model in a MATLAB/SIMULINK environment requires certain
equations for steady-state and dynamic models. Using these equations, a model can be
developed to test the response of the PEMFC by varying certain input parameters. In this
paper, the modeling is done on Horizon H-500 Fuel Cell parameters.

3.1. Steady-State Modelling

Figure 2 shows the response of a single cell of a PEMFC against varying current density.
The straight horizontal line at the top represents the ideal voltage of the PEMFC. The ideal
voltage occurs during the open-circuit condition, i.e., when there is no current passing
across the outer circuit of the fuel cell. The ideal voltage of a fuel cell can be represented by
the Nernst Equation (3):
RT

E=E'— = ln(PHZ * P020~5) 3)
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where E? is the EMF at standard pressure and is also known as the ideal cell voltage. E? is
typically taken as 1.229 V when the output of the PEMFC is liquid H,O and 1.8 V when
the product is gaseous HyO [27]. E is the potential at the thermodynamic equilibrium.
R (Universal gas constant, 8.314 J-mol 1.K~1) and F (Faraday’s Constant, 96,485) are
constants, whereas 2 represents the number of electrons flowing through the outer circuit.
The temperature of the PEMFC is denoted by T, represented in Kelvin (K). PH, and
PO, are the partial pressures of the hydrogen (fuel) and oxygen (air) at the anode and
cathode, respectively.

Theoretical EMF or Ideal Voltage
9 —\

Region of Activation Polarization T

— (Reaction Rate Loss)

1.0 Total Loss

Region of
Concentration Polarization

Cell Voltage

Region of Ohmic Polarization
05+ (Resistance Loss)

Operation Voltage, V, Curve

Current Density (mA/cm2)

Figure 2. Polarization curve of a proton exchange membrane fuel cell (PEMFC) [28].

The equation for ideal voltage can then be simplified by substituting all the constants
and by expansion:

E = 1229 —8.5¢*(T,y — 298.15) + 4.308¢ > [In(Py,) + 0.51n(Po,)] @)

Partial pressures can be represented as:

1.635] P,
. sat _ a -
Pr, = 0.5PH>0 [exp( Tce111'334> (PHzos‘”) 1} o
4.192] P
Po, = Pi0™ [exp(— Tcelll'334> <PHzos“t) -1 } ©

where:

P, = partial pressure at anode

J = current density

P, = partial pressure at cathode

Prpo %2t = saturation pressure of water

10g10Pr20°™ = —2.18 4 2.95¢ 2T, — 9.18¢ °T.2 4 1.44e ' T.3 7)
T, = T. —273.15 8)

The final voltage generated by the fuel cell is the sum of the ideal voltage and three
losses. These losses occur during three different stages, as shown in Figure 3. These three
losses are now discussed in detail.
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Figure 3. Three stages of voltage drop [29].

3.1.1. Steady-State Activation Losses

At the first stage, activation losses in a fuel cell arise during the chemical reactions
undergoing oxidation and reduction. The losses rise because of the slow rate of reaction at
the electrodes. Some fraction of the overall voltage being produced by the fuel cell is used
for powering the chemical reaction taking place. Activation losses occur at low current
density. They can also be described as the amount of voltage required to start the chemical
reaction by overcoming the activation energy required. For low-temperature fuel cells,
activation losses are significant and are usually caused by the cathode. As the temperature
increases, the activation losses become less significant.

Activation losses are usually represented by the Tafel equations as well as the Butler—
Vollmer equation. Both of these equations can be simplified and expanded to derive the
following expression:

Vaet = B1+ B2T + BaTIn(Co,) + BaTIn(i) 9)

where 31, 2, 33 and (34 are parametric constants that are dependent upon various constants,
taken from [30]. These constants can be substituted in order to simplify the equation. So,

B1 = —0.9514 (10)
By = 3.12%1073 (11)
Bz = 74%107° (12)

By= —187x107* (13)

CO;, represents the concentration of oxygen. As mentioned earlier, activation losses
mainly rise due to the slow rate of reaction occurring at the cathode, i.e., where oxygen
combines with protons and electrons in order to produce water. The activation losses at
the anode are 0.009 and 0.35 V at the cathode at room temperature of 298 K [30]. It can be
deduced that the losses at cathode are more prominent than the losses at anode. The con-
centration of oxygen can be calculated by:

fo, (14)

h = 198

Co
5.08 % 106 # ¢\~ Teer)
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3.1.2. Ohmic Losses

During the second stage, as shown in Figure 2, the ohmic losses occur. The linear line
in stage 2 depicts these losses. These losses arise due to two resistances that occur in the
fuel cell. The first is the resistance that the electrons face when they are flowing through the
outer circuit. The second is the resistance that the protons undergo when they are flowing
through the proton exchange membrane. These resistances result in the loss of potential of
the fuel cell. The total ohmic resistance can therefore be modeled as the sum of electron
ohmic losses and the proton ohmic losses. This voltage drop can be explained by simply
using Ohm’s law.

Vonm = —1* Riyt (15)

where i is the current flowing via the fuel cell and Ryy; is the overall internal resistance of
the fuel cell. The overall internal resistance includes the resistance in wires, bipolar plates,
current collector plates, and the proton exchange membrane, etc. Riy can be represented as
a function of temperature and current [30]:

Ript = 1.605% 1072 — 3.5 % 10 T + 8 10721 (16)

3.1.3. Concentration Losses

During the third and final stage, the concentration losses occur. They are also known
as mass transport losses. These losses are related to the concentration of hydrogen and
oxygen at the anode and cathode, respectively. At higher current densities, these losses
are substantial. As the current density is increased, i.e., further current is drawn from the
PEMEFC, the amount of fuel and oxygen being consumed increases.

The concentration of the reactants becomes equal to zero when the rate of supply and
the rate of consumption of the reactants become equal at the electrode surface. This occurs
when the reactants are consumed as soon as they are supplied, and they do not stay on the
electrode. The current density at which this phenomenon happens is known as the limiting
current density. If the current density is increased beyond this limit, the fuel cell will fail to
work, since there will be fewer reactants as the rate of consumption will become greater
than the rate of supply [31].

The concentration losses in a fuel cell can be represented by:

Veone = Bln (1 - ,l) (17)
Uim
where Ij;y, is the limiting current in the fuel cell. It can be seen from the equation that the value
of current cannot be greater than the limiting current, since it will give a non-finite value.
The final output voltage can be calculated by the summation of all the voltage drops
and the ideal voltage of the fuel cell.

Vcell =E— Vit — Vohm — Veone (18)

3.2. Dynamic Modeling

The dynamic model of a PEMFC differs from a steady-state model since dynamic
activation losses and thermodynamic modeling is also added. A dynamic response of the
fuel cell mainly occurs due to the charge double layer (CDL). This effect occurs when two
different materials come into contact with one another. This gives rise to the formation
and accumulation of a charge on their surface. This charge is then transferred from one
material to another. This charge effects the activation and the concentration losses in a fuel
cell. In order to predict and analyze the dynamic response, two more equations must be
modeled. The first one is the dynamic activation losses, represented by:

d Vact o i Vact

d¢ C RC

(19)
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where R, equals the sum of steady-state activation and concentration losses divided by
current, and C represents the double layer charge.

Vact,O + Vconc
i

Re= (20)
The second equation is the thermodynamic response. In a dynamic model, the tempera-
ture of a fuel cell does not remain constant, unlike the steady-state model. This temperature
is significant since it is used to calculate all other parameters, such as the ideal voltage ‘E’,
the three voltage drops, and the partial pressures. The temperature can be determined by

ar .
Cry = i(E = Vear) = H(Teon = Ty ) e

where:

C; is the total thermal capacitance;

H is the total heat transfer coefficient;

Tt is the reference temperature;

Teenr is the lumped temperature of the fuel cell.

3.2.1. PEMFC Stack Modeling

For both the steady-state and the dynamic model, the values calculated are for a single
cell. A fuel cell consists of a number of cells arranged in a manner called a fuel cell stack.
The total output voltage can be calculated by taking the product of V. and the total
number of cells.

Vstack = 1Veell (22)

The total power output of the fuel cell stack can be calculated by taking the product of
current ‘i’ and the output voltage ‘Vgiack'

3.2.2. Heat Recovery System

As discussed earlier, PEMFCs are not 100% efficient. The remaining percentage of the
output that is not converted into power is converted into heat. This heat can be recovered
with the help of a cooling fluid. For this paper, the heat is recovered by using the working
fluid of the ORC. The recovered heat can then be used to run a separate system. For this
paper, the recovered heat will be used to run an organic Rankine cycle (ORC).

3.3. Thermodynamic Analysis of the Cycle

A thermodynamic cycle is analyzed by using certain formulas that require a number
of thermodynamic properties. The values of enthalpy, density, etc., were determined using
COOLPROP and were later verified by using REFPROP version 8.0 [32]. In order to determine
these properties at a certain point in the cycle, two properties at that particular point must
be known. These properties can vary from temperature and pressure to the vapor quality.
The Temperature-Entropy (I-S) diagram of the ORC is illustrated in Figure 4.

T
A

“y

Figure 4. T-S diagram of an ORC.
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The pump is a work consuming device that undergoes no heat transfer. The pump is
assumed to work isentropically. The enthalpy at point 1, hy, in the cycle can be determined
by taking the pressure of the condenser and a vapor quality of O (since the fluid is a
saturated liquid at this point). The value of entropy s; is also determined at this point in
order to determine the value of h; at point 2. This point is the pump exit. Hence h; is
determined by using s; and evaporator pressure. The work consumed in a pump, per unit
mass, can be determined by

Wypump,in = hy — hy (23)

The pump work can also be calculated by using the specific volume at that point and
the pressure difference between the evaporator and the condenser.

Wpump,in = U(PZ - Pl) (24)
where the specific volume is calculated by using density, p, at point 1.

1
== 25
v P (25)

The evaporator does not involve any work but does undergo a heat transfer process.

The evaporator exchanges heat with the heat source in order to vaporize the zeotropic
mixture. The amount of heat input to the system per unit mass basis is calculated by

Gin = h3 — I (26)

where h3 and h; indicate the enthalpies at the evaporator outlet and inlet, respectively.
The turbine undergoes rotation in order to produce work by the expansion of the
superheated vapor. It is a work-producing device. This work output is utilized for the
operation of the pump and the generator for the production of electricity. The turbine work
output is calculated by
Wiurb,out = h3 — hy (27)

The condenser carries out the exchange of heat with the sink and hence it involves

a heat transfer process without any work. The condenser rejects heat, which can be
calculated by

Jout = hy — hy (28)

The net work output of the overall cycle is given by the work produced by the turbine
and the work consumed by the pump. It can also be represented by the net difference of
heat input and heat output of the system.

Wnet = Wrurb,out — Wpump,in = Jin — Jout (29)

The overall thermal efficiency of the cycle is given by

Whet Jout
= =1- 1= 30
Tt Jin qin (30)
3.4. Simulink Model

The following models were created using Simulink R2016a. Figure 5 shows the ideal
voltage, i.e., E Nernst voltage.
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Figure 5. E Nernst simulation model.

Figures 6-8 shows the partial pressures, water saturation pressure, and the concentra-
tion of oxygen, respectively.
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Figure 6. Partial pressures of hydrogen and oxygen.
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Figure 7. Saturation pressure of H,O.
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Figure 8. Oxygen concentration block diagram.

Figures 9-11 shows the three losses, i.e., steady-state activation, concentration, and ohmic
losses, respectively.

Figure 9. Steady state activation losses.

P
»

E} ‘ gl |
limiting current ‘ DCI)
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Figure 10. Concentration losses.
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Figure 11. Ohmic losses.

Figure 12 shows the dynamic activation voltage.
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Figure 12. Dynamic activation losses.

Figure 13 shows the dynamic temperature model.

P+
0.05 F, + ']

S
= o =

-
> —
1
1/C
C- N T
H

/|

Figure 13. Thermodynamic model.
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Figures 14 and 15 show the fuel stack model and the ORC model, respectively.
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Figure 14. Fuel stack block diagram.

i



Sustainability 2021, 13,

1218

14 of 21

)

T T J
Waste Heat Input fen
Heat Exchanger
40 »(]
P+
Pump Waork
h1
h2 > -
@O L
h3 La
T h_calc
ha Boiler Heat In
Enthalpy Calculator N »
q » <
-
Power Output
Turbine work done | Mass e e
|
! )
- Lall
Condensor Heat Rejection
Figure 15. ORC block diagram.

Figures 16 and 17 show the parent assembly for a dynamic and steady-state model,
respectively. The parent assembly is the main assembly under which all the subsystems
are performing.
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Figure 16. Dynamic model parent assembly.
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Figure 17. Steady state parent assembly.

4. Discussion

The modeling of the fuel cell was done on MATLAB/ Simulink R2016a. The models
created for the simulation were all based on the equations given in this paper. The parameters
of the fuel cell are based on the Horizon H-500 fuel cell, as described in Table 1 [33].

Table 1. Horizon H-500 parameters.

Parameter Value
No. of cells 100
Area of the cell 475 cm?
Rated current performance 24 A
External temperature 303.15K
Pressure at anode 1.45 atm
Pressure at cathode 1 atm
Concentration loss coefficient 0.016
Limiting current 251 A
Total thermal capacitance 10J/K
Total heat transfer coefficient 10 W/K
Maximum stack temperature 63 °C

4.1. Performance of a Single PEMFC Cell

Figure 18 shows the polarization curve of the PEMFC under the given parameters.
The curve starts at the maximum value, i.e., the ideal voltage. The three potential losses
cause the voltage to drop. At low current densities, the activation losses dominate and
the graph decreases. The linear portion in the middle represents the losses due to the
ohmic losses. The significant drop in the end shows the concentration losses. It can be
noticed from the polarization curve that the overall voltage of the fuel cell decreases with
increasing current density.
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Figure 18. Polarization curve of Horizon H-500 fuel cell.

Figure 19 shows the ideal cell voltage. The graph shows a straight line, i.e., a constant
output voltage that remains constant, regardless of the current density. If the cell were to
operate under conditions where no losses occur, then this graph will be achieved.
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Figure 19. Ideal cell voltage.

Figure 20 shows the steady-state activation losses against current density. It can be noticed
that at lower current density, the activation losses dominate, and a steep drop can be noticed in
the beginning. This is because of the slow start of the reaction. Additionally, the initial voltage
output is used to overcome the activation energy of the reaction. Furthermore, the reaction
at the cathode, i.e., the reduction of oxygen and formation of water, is a slow process,
and this is why the activation losses depend on the concentration of oxygen.
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Figure 20. Steady-state activation losses.
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Figure 21 shows the graph of ohmic losses against current density. The graph of ohmic
losses is linear. As the reaction proceeds and the current density increases, the resistance
being offered by the fuel cell components increases. This is mainly due to the resistances of
the wire, the bipolar plate, and the proton exchange membrane, etc.
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Figure 21. Ohmic losses.

Figure 22 shows the concentration losses that occur towards the end of the polarization
curve. It can be observed that these losses rise as current density increases. They drop
drastically at a point where the limiting current occurs. At this point, the concentration
of reactants at the electrode become equal to zero. As the current being drawn from the
fuel cell increases above the limiting current, the reactants being consumed become greater
than the reactant being supplied. The fuel cell stops working when this occurs, hence the
steep drop in the voltage.
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Figure 22. Concentration losses.

4.2. Performance of PEMFC Stack

Figure 23 shows the steady power output of the PEMFC. The power is obtained by
taking the product of the input current and the output voltage. Stack power output shows
an increasing trend up to a specific value. At this value of rated current, the maximum
power output occurs. Increasing the current beyond this point results in a fall in power
output. This is because the value of the current approaches the limiting current and starts
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to decrease as concentration losses dominate. The maximum power of 1198 W is achieved
at the current of around 24 A, after which the power starts to fall.

1200 i i —
1000
800 - 7
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Power output (W)

400

200 - =

O Il 1 1
0 5) 10 15 20 25 30

Current (A)

Figure 23. Steady-state power output.

Figure 24 shows the comparison between the graphs of steady-state power and dy-
namic power. For the dynamic model, the thermodynamic subsystem was modeled,
and the output value of temperature was input into the system. For the steady-state model,
a constant temperature value of 336 K was obtained. For the steady-state system, the power
output is 1198 W, while for the dynamic system, the power output is 1110 W. There is
difference of 7.35% between the two. The dynamic power output is lower due to the
dynamic activation losses and the temperature differences.
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) o | pdynamic
1000 - \ 1000
S 800 — 800
=
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o 'l
0 400 - £ 400
/
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0 S 10 s 20 25 30
Current (A)

Figure 24. Steady-state vs. dynamic power output.

Figure 25 shows how the ideal cell voltage varies with the actual cell voltage.
Ideally, the output voltage should be constant, but due to losses in the fuel cell during the
three stages, the voltage drops.
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Figure 25. Ideal voltage vs. actual voltage.

4.3. ORC Working on Recovered Heat

Since the efficiency of the PEMFC is taken as 50%, the amount of power produced is
equal to the amount of heat generated. Hence, the power output can be taken as the heat
input into the ORC system. For this system, the steady output power is taken. So, the heat
input is 1198 W. The zeotropic mixture used in the ORC is also used as a coolant for the
fuel cell. The mixture extracts heat from the fuel cell and vaporizes in what can be modeled
as the evaporator. The zeotropic mixture used is R-404a. The maximum power produced
by the ORC is 428 W. Hence the overall power output of the combined system is 1626 W
for a steady-state condition. The power output from the system is shown in Figure 26.

450 T T

ORC power output (W)
- — N N w w H
o o o (4] o a o
o =] o o o o o
| I

o
o

S

|
10 15 20 25 30
Current (A)

o
o

Figure 26. ORC power output.

4.4. Model Verification

The model is verified against the given paper [13]. The model given by Azri et al.
operates on similar parameters. By setting the parameters for this simulation similar to
those given in the reference, the values can be compared to validate the model. For this
comparison, a stacking of 36 cells is used. Table 2 compares the values of this simulation
against the one given in [13] and shows the percentage difference between the simulation
and the reference paper.

Table 2. Model comparison.

Parameter Simulation Azri et al. % Age Difference
Power output (W) 410 435 6.1%
Rated current density (A) 0.052 0.053 1.92%

Stack voltage (V) 45 45 0%
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5. Conclusions

This paper discusses the steady-state and dynamic models of a proton exchange
membrane fuel cell developed on Simulink. It was concluded that the highest power that
the fuel cell can produce was 1198 W at a current of 24 A under steady-state conditions.
These values are for the Horizon H-500 fuel cell with fixed input parameters. These values
give us an idea of how the system will perform under actual conditions and at what pa-
rameters the maximum power can be achieved. By running a simulation, the performance
of the fuel cell can be analyzed before fabrication, which reduces the chances of failure and
defects. The model in this paper is applicable for both steady-state and dynamic systems.
Since the parameters can be varied easily, this model can be used with a wide range of
fuel cells.

The ORC system given in this paper produces a power output of 428 W with a
given waste heat input of 1198 W from the fuel cell. This gives the system an efficiency
of around 35%. The output voltage follows the typical behavior of a PEMFC voltage
curve. It decreases as the current rises due to various losses, as discussed in the paper.
However, the limitations of proposed study are the issues that are related to storage and
transport of hydrogen for PEMFC and the high cost of PEMFC that results in an overall
increase in the system cost. Moreover, use of ORC in the proposed study produces less
power as compared to the steam cycle. In addition, the fluid used in ORC is a combustible
fluid— therefore, issues related to fuel combustibility do exist. Additionally, many of the
practical considerations of an ORC (physical integration with current system, cost, etc.)
remain to be explored. Solutions to these issues will be proposed in future studies.
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