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ABSTRACT

This paper proposes the modeling and economic analysis of proton exchange membrane type fuel cells. Fuel cells
(FC) are electrochemical devices that convert chemical energy into electrical energy. FC offers clean and effective
energy production and it undergoes rigorous growth by numerous manufacturers with different applications. FC is
a promising new technology for the generation of electrical energy. This technology contains hydrogen and oxygen
to produce electrical energy through the electrochemical process. A mathematical model of an FC is developed
which shows the cathode and anode, output voltage, and economic analysis of the fuel cells. The simulation results
of the fuel cell for a suitable converter controller are proposed in Matlab 2021b software.
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INTRODUCTION

The traditional use of fossil fuels such as coal,
gas, and petroleum, which currently meet more
than 90 percent of the world’s energy needs, is
rapidly running out of fuel [1]. Additionally, the
byproducts of their combustion are contributing
to global issues like the greenhouse effect and
pollution, which constitute an enormous risk to
our ecosystem and ultimately to all life on our
planet. Solar, wind, tidal, geothermal, and vari-
ous other renewable energy sources are becom-
ing more popular as alternative energy sources.
Photovoltaic (PV) and fuel cell energy from re-
newable sources have both been extensively used
in low-power applications. As clean and effec-
tive sources Molten carbonate fuel cell enormous
amount of interest. A fuel cell is an electrochemi-
cal energy translation device that creates electric-
ity through the conversion of the molecules hy-
drogen and oxygen into water. Large quantities
of current may be generated by fuel cells [3]. The
five major types of fuel cell technologies utilized
to create electricity with minimal gas pollution
are phosphoric acid fuel cells (PAFC), alkaline

fuel cells (AFM), solid oxide fuel cells (SOFC),
fuel cells with proton exchange membranes
(PEMFC), and fuel cells made from molten car-
bonate (MFFC). The proton-exchange membranes
(PEM) plays a vital role in facilitating the elec-
trochemical reactions within the fuel cell [15,
17-20], converting chemical energy, typically
from H, and O, , into electrical energy and H,0O
[7]. The PEM consists of a thin, solid polymer
electrolyte that is typically made of a perfluo-
rosulfonic acid-based material, such as Nafion.
This polymer structure provides excellent proton
conductivity while maintaining impermeability
to gases and liquids [9]. PEMFCs have gained
significant attention as clean and efficient energy
conversion devices and automotive vehicles to
stationary power generation [10]. The design and
properties of the PEM directly impact the overall
performance and efficiency of the fuel cell. Re-
searchers continue to explore ways to enhance
PEMs, focusing on factors such as proton con-
ductivity, chemical stability, mechanical strength,
and cost-effectiveness [8]. In addition to fuel
cells, PEM technology finds application in other
electrochemical devices, such as electrolyzes for
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hydrogen production and various types of sen-
sors [21]. As renewable energy sources and clean
technologies become increasingly important in
addressing environmental and energy challenges,
the development and optimization of proton ex-
change membranes continue to be a crucial area
of research and innovation. The future of FC’s
holds significant promise and potential, as these
clean energy technologies continue to advance
and find broader applications.

Overall, the forthcoming FCs are likely to be
characterized by improved efficiency, reduced
costs, increased durability, and expanded appli-
cations in various sectors, contributing to a more
sustainable and cleaner energy landscape [17].
However, challenges such as materials devel-
opment, infrastructure deployment, and market
adoption will need to be addressed for these tech-
nologies to reach their full potential [11].

Modern fuel cells encompass a range of ad-
vanced technologies that change chemical energy
to electricity through electrochemical reactions.
These technologies are being developed and ap-
plied in various sectors to provide clean and effi-
cient power generation. Modern fuel cell technolo-
gies are part of the growing movement towards
cleaner and more sustainable energy sources [12].
As research and development continue, advance-
ments in materials, efficiency, and cost reduction
are expected to drive their widespread adoption
across various industries and applications. The his-
tory of fuel cells, its various varieties, and their uses
in distributed power generation, home electricity,
and portable power are covered in the literature re-
view [1]. The basic concepts and specifications of
the fuel cell were examined, demonstrating its sen-
sitivity [2]. Reviewing the benefits and drawbacks,
advancements, and many uses of FC, as well as
some of the most recent studies on the application
of FC to actual systems, were the main objectives
of the review [1-14].Advances have been made by
researchers in comprehending and alleviating cata-
lyst and other component degradation problems.

Fuel cells have well-documented environmen-
tal benefits, including reduced greenhouse gas
emissions. The scientific and engineering com-
munities are aware of known obstacles, such as
the high cost of materials like platinum, scaling
problems, and the requirement for infrastructure
development. It is still difficult to comprehend and
enhance fuel cells’ long-term durability. To im-
prove the lifespan of fuel cell systems and address
degradation causes, research is required. Although
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there has been progress, more study is required to
resolve intermittency and grid integration issues
and enhance the hybrid system’s combination of
fuel cells and renewable energy sources. Fuel cell
knowledge is constantly evolving as new research
tackles long-standing problems and pushes the en-
velope of what is already known Addala [1], the
article gives clarity of fuel cell integrated system
and a detail modelling is proposed Kalaiarasi [2],
in order to generate electricity, PEMFC uses air as
a catalyst for oxidation and hydrogen gas as fuel.
Rather than utilizing a separate battery, the fuel
cell-powered car in the illustration gets its power
from hydrogen Zhai [3], in order to take make use
of of the supporting features offered by SOFC and
PEMFC, this paper suggests integrating an [ES
development for hydrogen energy storage with
both fuel cells Cheng [4], This article’s main focus
is on a backup battery system that consists of lith-
ium-ion and two fuel cells. Model predictive con-
trol is the basis for the energy management plan
that is suggested Agila [5], this work covers the
development and execution of a series of special-
ized procedures for the dynamic regulation of the
polymeric membrane’s humidification, which are
based on approximate reason approaches Correa
[6], for the sensitivity research on PEMFC elec-
trochemical models is presented in this paper in
order to figure out the relative impact of every pa-
rameter on the model outputs Correa [7], In a bid
to depict, simulate, and assess the performance of
tiny generating systems — with a focus on PEMFC
stack Naderi [8], A optimization strategy based on
application is introduced to obtain the optimum
operational state of a fuel cell with a proton-ex-
change membrane Sohani [9], a polymer fuel cell
electrolyte membrane approach is proposed and
put into practice as a case study.

El-Shafie [10], this document discusses the hy-
drogen method of production from both fossil and
non-fossil fuels Rau [11], the long-term behavior
of the innovative nickel-based catalyst is the inves-
tigation’s main focus in this work. This includes
testing how the start-up process affects reforming
efficiency following the catalyst’s required activa-
tion Rashid [12], the current breakthroughs in the
PEM electrolysis of water including powerful yet
low cost HER and OER electro catalysis and their
problems new and old linked to electro catalysts
and PEM cell components also discussed. Senath
[13], this research examines how electrolysis pro-
cess could be improved by altering the electrodes’
Dufour.C. [14], the simulation results of a FC
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hybrid electric vehicle based on PEM are presented
in this study in real time and at a high speed Mann
[15], This article describes a generic model of FC
parameters Baschuck [16], a mathematical frame-
work has been developed for this study Chu [17],
Instead of focusing just on the performance of a
single cell, the fuel PEMFC stack’s performance
was assessed in a variety of environmental settings
Correa [18], the dynamic electrochemical model
presented in this study can be used to simulate,
depict, and assess the performance of small-scale
generation systems that use PEM fuel cells. The
fuel cell’s output voltage, efficiency, and power are
predicted using the model’s results Wang [20], Dy-
namic models of PEM fuel cells built in MATLAB/
SIMULINK. Experimental data is used to validate
the model responses that are collected under both
steady-state and transient situations.

The state of knowledge in the field of fuel cells
is dynamic, with ongoing research addressing ex-
isting challenges and pushing the boundaries of
current understanding. While there is progress,
further research is needed to optimize the com-
bination of FC with renewable energy sources in
hybrid-systems, addressing intermittency and grid
integration challenges. A new controller designed
is too implemented to increase the voltage from
output of the fuel cell for integration tenacity. So
that the efficiency, durability, and cost-effective-
ness of fuel cells will be improved which is the
most significant changes of fuel cell technology.

MODELLING OF PEMFC SYSTEM

A PEMFC’s basic parts are two electrodes,
or the anode and cathode that are divided by a
thin layer of membrane. The anode port receives
the hydrogen fuel, whereas the cathode port gets

the oxygen. The electrode membrane assembly,
which includes an anode, an electrolyte membrane
(PEM), and a cathode, is the main component of a
fuel cell [4-9]. These parts are enclosed between
two bipolar current collection plates and two gas
diffusion backings [16]. A mutual interface be-
tween the fuel and electrolyte must be supplied by
the anode (fuel electrode), which must also cata-
lyze the oxidation reaction and electrons conduct
from this reaction site to other. In order to catalyze
the oxygen reduction process, carry ¢ from the ex-
ternal means to the oxygen electrode, and deliver
a common boundary for oxygen and electrolyte, a
cathode (oxygen electrode) is required [1-6].

The diffusion gas supports FC’s to offer re-
actants to electrodes and start an electrical inter-
action between electrodes and plates. They also
allow the reaction’s product water to exit the
electrode surface and water to pass between the
electrode surfaces and the flow channels. Bipolar
plates, also known as separator plates, in a fuel cell
stack serve as a structural support the electrically
link the cells. Materials for bipolar plates need to
be very conductive and gas-impermeable [10—13].

In order to compensate for the effect of these
voltage drops, a capacitor is placed in parallel with
the V, .. and V_, voltages on the corresponding
circuit of Figure 1. Similarly, Figure 2 represents
electrochemical processes in PEM fuel cells [14].
The voltage across the fuel cell V. is,

V.. =E V. -V, -V

FC~ “Nemst " con et " Ohmic (1)
If n cells coupled the voltage is

Vi=n-V, )

S

where: E| - represents thermodynamic poten-
tial, V. Vo Veon — TPresents actu-
al, Ohmic voltage drop and reduction in

voltage.

Al
2l

nernst

vd

Ifc

LOAD

Figure 1. Equivalent diagram of PEMFC

189



Advances in Science and Technology Research Journal 2024, 18(2), 187-195

o>< n

Catalytic

2H +2e+1/20,—»H,0 H,—>2H +2e”

Figure 2. Flow diagram of electro-chemical processes

ENernst=[1.229 + 0.85 x 103 (T — 298.15) +
4.3085 x 10° T'[In (P, )+ 0.5In (P, )]l (3)

where: 7'— temperature in Kelvin.

The activation loss [2] can be written math-
ematical as

Viep =16, & T+ -T-In(Cp) +
¢ T-in(l,.)
where: ¢, {,, ¢ and ¢, — parametric constants.

(4)

The voltage drop at concentration is provided by

V., =BMm(@J )-1) (5)

where: B — parametric coefficient, J — denotes
current density.

The Ohmic loss is given by
Vowmie = Lec Ry + RO

Ohmic

(6)

Similarly, the mathematical formula for volt-
age efficiency is
Voltage efficiency =
(Actual voltage/Theoretical voltage) (7)
In the Figure 3 shows the FC’s used to inserts
energy into the grid [8]. The power from the FC’s
is given by:

The FC efficiency
n=(uf- VFC)/1.48

where: pf — the utilization coefficient.

)

The economics of fuel cell is given by

Cost of electricity ($/kWh) =
. . $
(Annuallzed capital cost (y_r) + Annual fuel cost ($/yr)) (10)

(Annual electricity production (kWh/yr)

Fuel cost per annum is cost of hydrogen cost -
(Annual electricity production (KkWh/yr)

(11)

(Annual fuel cell ef ficiency)

The FC in the proposed system’s block lay-
out, as seen in Figure 3, acts as a source that con-
tinuously provides electricity to the load. The FC
controller senses the voltage at the bus bar and
draws power from the FC to make up for the drop
in available power when the load demands it. En-
ergy conservation means that the power delivers
to the load should match the fuel cell’s power. Not
all of the power generated is given to the load be-
cause of nonlinear components and power loss in
converters switches, chokes resistances at trans-
mission line etc. For the sake of simplicity, these
losses can be neglected because the suggested
model has a basically pure resistive demand and
has very low power device losses [4—6].

SIMULATION DIAGRAM

The Simulink model is shown in Figure 4.
A single-phase load is fed by FC in this scenario.
An inverter (DC-AC) is used to convert DC to AC
voltage, while a DC boost converter is used to send
the maximum amount of power to the load. A PIS
controller-based boost converter is necessary in
a fuel cell system to control the fuel cell’s power
output to the bus bar and improve the fuel cell’s
voltage to the correspondingly higher voltage at
the DC bus-bar. Figure 5 shows the proportional

Pre=Vie Irc (8) integral speed (PIS) controller based fuel cell
PH, Vs | lload
—>
DC-DC DC-AC o
FUEL CELL CONVERTER [ ”] CONVERTER | ] LOAP >
>
PO , Is I'fc

Figure 3. Block diagram of FC connected to grid
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Figure 4. Fuel cell model simulink diagram with DC-DC converter
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Figure 5. Simulink diagram of PISC based DC-DC converter

controller model. Where, the voltage at DC bus bar
is measured and compares with the reference DC
voltage; if the two values vary, the fuel cell boost
converter’s duty cycle is adjusted step-by-step to
lessen the discrepancy between the voltage at the
bus bar and the voltage at the fuel cell boost con-
verter’s output. By changing the reference voltage,
the power offered to the load may be changed. This
lessens load-related power fluctuations. It is evi-
dent that power profile and voltage variation across
load are both enhanced by keeping bus bar voltage
constant. Fuel cell efficiency varies according on
the amount of electricity needed.

RESULTS AND ANALYSIS

The voltage, currents, power at load, and fuel
cell have been taken into consideration while
simulating the proposed model for a non-linear

load. Fuel cell duty cycle is controlled by mea-
suring bus-bar voltage source and compare with
reference value, in order to guarantee that the load
receives power consistently. The working voltage
of the PEMFC has an intimate connection to its
efficiency. The cell efficiency and hydrogen’s ef-
ficiency in converting energy are both at their low-
est at the point of maximum electricity production.
The Figure 6a shows that the modelling of fuel
cell by taking all the parameters assigned in Table
1, the output voltage of fuel cell is about 400V;
which is quite enough to supply power to low grid
application. But when we connect to Grid applica-
tion the voltage is not enough to satisfy the power
application. Therefore, A PIS controller tuned
DC-DC Converter is used which is used to boost
the incoming voltage to high and desired voltage
which is shown in Figure 6b. An voltage of around
700v is produced from the DC-DC converter.
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Table 1. Parameters of fuel cell model

No Parameters Specification
1 Standard potential [V] E0=1.23
2 Constant gas [(J/(mol*K))] R=8.3
3 Faradays constant [(C/mol)] F = 96485
4 Temperature [K] T=298
5 Nernst voltage correction factor lambda = 1.5
6 Electrode area [cm?] A=50
7 Exchange current density [A/cm?] i0 =0.01
8 Number of electrons transferred n=2
9 Time step [s] t=0.001
10 Simulation time [s] tf=1
11 Initial voltage [V] Vcell =0
12 Hydrogen flow rate [mol/s] m_dot H2 =0.1
13 Oxygen flow rate [mol/s] m_dot_02=0.2
]
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Figure 6. The result of the simulation voltage of the FC (a) before the time
and DC-DC conversion, (b) after DC-DC conversion and time

The simulation results shown in Figure 7a,
7b and 8 describes about the current, voltage
and power response across the nonlinear load.
Similarly, when we use the LPF-PWM control-
ler-based DC-DC converter, the responses the
responses of the voltage, current and power are
shown in the below Figures 9, 10 and 11.
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Therefore, by comparing the responses of
voltage, current and power for PIS controller and
LPF-PWM controller based DC-DC converter
which is shown from the Figures 6a, 6b, 7a, 7b
and 8 and Figures 9, 10 and 11. It is to be ob-
served that the output of the PIS controller tuned
DC-DC converter is giving the better response for
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Figure 7. Simulation output (a) current across the load and time, (b) voltage across the load and time
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Figure 8. Simulation output power across the load and time
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Figure 9. Simulation output current across the load and time
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Figure 10. Simulation output voltage across the load and time
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Figure 11. Simulation output power across the load and time

the fuel cell when it compared with LPF-PWM
controller-based DC-DC converter.

CONCLUSIONS

In this work, the modelling and analysis as
well as the economic analysis of PEMFC system
are presented. A modified PIS controller based
DC-DC converter is used, which is the best solu-
tion for obtaining the V-I characteristics of the fuel
cell. The proposed strategy PIS controller pro-
vides an effective performance across the single
phase load when it is compared with LPF-PWM
controller based DC-DC converter. On comparing
the two control strategy the LPF-PWM controller
attains the voltage across the load 92 V and cur-
rent as 3.2 A, whereas the PIS controller attains
the voltage value as 1000 V and 42 A .The simu-
lation results of fuel cell have been conducted, to
test the output voltage on a nonlinear load, which
helps in obtaining the effectiveness of the FC. The
proposed strategy ensures continuous power sup-
ply to load and demonstrates that fuel cells are a
good substitute for other energy sources that re-
quire a consistent voltage and power profile, even
in the event of load change. In the modern power
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generation, the development of fuel cell technol-
ogy has enormous potential for the production of
clean and sustainable energy.

Acknowledgements

The authors acknowledge the management,
principal, head of the department-EECE and to
my guide for their continuous support in doing
this research Work in Gitam (Deemed to be a
University)-Vizag Campus.

REFERENCE

1. Addala S., Naidu L.E.S. Power quality enrichment
in fuel cell distribution generation integrated with
CPD’s. International Conference on Breakthrough
in Heuristics And Reciprocation of Advanced Tech-
nologies (BHARAT), Visakhapatnam, India, 2022,
1-4. doi: 10.1109/BHARAT53139.2022.00016.

2. Prasad K.R., Prasath S.R. Performance analy-
sis of fuel cell powered electric vehicle using
MATLAB. International Conference on Com-
puter Communication and Informatics (ICCCI),
Coimbatore, India, 2022, 1-8. doi: 10.1109/
ICCCI154379.2022.9741060.

3. ZhaiD.,ZhangJ., ShenJ., Y Li. Optimal scheduling



Advances in Science and Technology Research Journal 2024, 18(2), 187-195

10.

of hydrogen energy storage ies with dual-fuel
cells. International Conference on Power and Re-
newable Energy (ICPRE), Shanghai, China, 2022,
960-966. doi: 10.1109/ICPRES5555.2022.9960655.

Cheng Y., Zhang L., Chen Q., Shen X. Energy
Management Strategy of Fuel Cell Backup Power
Systems Based on Model Predictive Control. 12th
International Conference on Power, Energy and
Electrical Engineering (CPEEE), Shiga, Japan, 2022,
86-90. doi: 10.1109/CPEEE54404.2022.9738674.

. Agila W., Rubio G., Aviles-Cedeno J., Gonzalez L.

Approximate reasoning techniques in the control
of states of operation of the PEM fuel cell. 11th
International Conference on Smart Grid (icSmart-
Grid), Paris, France, 2023, 1-6. doi: 10.1109/
icSmartGrid58556.2023.10170778.

Correa J.M., Farret F.A., Popov V.A., Simoes
M.G. Sensitivity analysis of the modeling param-
eters used in Simulation of proton exchange mem-
brane fuel cells. In IEEE Transactions on Energy
Conversion 2005; 20(1): 211-218. doi: 10.1109/
TEC.2004.842382.

Correa J.M., Farret F.A., Canha L.N., Simoes
M.G. An electrochemical-based fuel-cell model
suitable for electrical engineering automation ap-
proach. In IEEE Transactions on Industrial Elec-
tronics Oct. 2004, 51(5): 1103—1112. doi: 10.1109/
TIE.2004.834972.

Sohani S., Naderi, F. Torabi. Application based mul-
tiobjective performance optimization of a proton
exchange membrane fuel cell. Journal of Cleaner
Production 2020; 252: 119567.

Sohani, S. Naderi, and F. Torabi. Comprehensive
comparative evaluation of different possible optimi-
zation scenarios for a polymer electrolyte membrane
fuel cell. Energy Conversion and Management
2019; 191: 247-260.

El-Shafie M., Kambara S., Hayakawa Y. Hydrogen
production technologies overview. Journal of Power
and Energy Engineering 2019; 7(1): 107-154.

11.Rau F., Herrmann A., Krause H., Fino D., Trimis D.
Production of hydrogen by autothermal reforming
of biogas. Energy Procedia 2017; 120: 294-301.

12. Rashid M.M., Al Mesfer M.K., Naseem H., Danish
M. Hydrogen production by water electrolysis. a
review of alkaline water electrolysis, PEM water
electrolysis and high temperature water electrolysis.
International Journal of Engineering and Advanced
Technology 2015; 4(3): 80-93.

13. Sanath Y., De Silva K., Middleton P.H., Kolhe M.
Performance analysis of single cell alkaline elec-
trolyser using mathematical model. Material Sci-
ence and Engineering 2019; 605: 012002.

14. Dufour C., Das T.K., Akella S. Real time simula-
tion of proton exchange membrane fuel cell hybrid
vehicle. Proc of the CPC-05, Global powertrain
congress, Ann Harbor, USA, Sept 2003.

15.Mann R.F., Amphlett J.C., Hooper M.A L., Jensen
H.M., Peppley B.A., Roberge P.R. Development
and application of a generalised steady-state elec-
trochemical model for a PEM fuel cell. Journal of
Power Sources 2000; 86: 173—-180.

16. Baschuck J.J., Li X. Modelling of polymer electrolyte
membrane fuel cells with variable degrees of water
flooding. Journal of Power Sources 2000; 86:181-196.

17. ChuD., Jiang R. Performance of polymer electrolyte
membrane fuel cell (PEMFC) stacks - Part I. Evalu-
ation and simulation of an air-breathing PEMFC
stack. Journal of Power Sources 1999; 83: 128—133.

18. Corréa J.M., Farret F.A., Canha L.N. An analysis of
the dynamic performance of proton exchange mem-
brane fuel cells using an electromechanical model in
Proc. IEEE Ind. Electronics Conf., 2001, 141-146.

19. Narain G. Hingorani., Laszlo Gyugyi. Understanding
FACTS- Concepts and Technology of Flexible AC
Transmission Systems, New York, 2000 IEEE Press.

20. Wang C., Nehrir M.H., Shaw S.R. Dynamic mod-
els and model validation for PEM fuel cells using

electrical circuits. IEEE Transactions on Energy
Conversion 2005; 20(2): 442-451.

195



