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This thesis investigates the performance optimization of Proton Exchange Membrane
Electrolyzers (PEME) within Power-to-Hydrogen (P2H) systems. The main objective is to
develop a semi-empirical model capable of predicting the electrochemical behavior of a
PEME cell under varying operating conditions, with particular focus on current density and
its impact on energy and exergy efficiencies.

The methodology combines theoretical modeling and MATLAB-based simulations. The
PEME cell voltage is calculated using a polarization curve derived from the reversible
voltage and overpotential contributions, including activation, ohmic, and concentration
losses. Parametric analysis is conducted over a range of current densities to evaluate
hydrogen production rate, cell efficiency, and sensitivity to key parameters such as ohmic
resistance and limiting current density.

Results indicate that increasing current density leads to higher hydrogen production but
decreases both energy and exergy efficiencies due to rising overpotentials. A linear
approximation model is also validated for simplified control applications in dynamic
operations. The findings provide insights for optimal operation of PEME systems integrated
with renewable energy sources, contributing to improved efficiency and reduced cost in

future hydrogen production infrastructures.
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SYMBOLS AND ABBREVIATIONS

Roman characters

A cross-sectional area [cm2]

F Faraday’s constant [96485 C/mol]

j current density [A/cm2]
number of electrons

p pressure [Pa]

R universal gas constant [8.314 J/molK]

R resistance [Q]

T operating tempertature K]

%4 voltage [V]

E reversible voltage [V]

Greek characters

a charge transfer coefficient [%]

n overpotential [V]

Subscripts

0 exchange

L limit

Rev reversible

Ohm ohmic

Act activation

Cell cell

Conc concentration

Abbreviations

PEME Proton Exchange Membrane Electrolyzer
PEMFC Proton Exchange Membrane Fuel Cell
HHVH2 Heat energy of hydrogen

H2 Hydrogen gas

02 Oxygen gas

DC Direct Current

PSO Particle Swarm Optimization
MWWO Modified Water Wave Optimization

PSO-MWWO Hybrid Particle Swarm and Modified Water Wave Optimization
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1. Overview of Power-to-Hydrogen and PEM Electrolysis

In an era where the world is facing an energy crisis and global warming, the transition from
fossil fuels to clean energy systems has become an important goal for many countries around
the world. Hydrogen is recognized as an alternative energy with high potential to reduce
greenhouse gas emissions, especially in the heavy industry, transportation, and long-term
energy storage sectors. Hydrogen can either be used directly as fuel or material for industrial
production processes, which can be produced in many ways, such as steam methane
reforming (SMR), coal gasification, and water electrolysis. Among these methods, green
hydrogen production by electrolysis using renewable energy is considered the cleanest and

most sustainable method, as there are no carbon emissions during the process.

However, hydrogen production by electrolysis still faces several limitations, especially in
terms of high efficiency and high cost. Proton Exchange Membrane (PEM) electrolysis
technology is one of the most efficient and fast-responsive technologies, but it still has a
high initial cost and energy conversion efficiency that can still be improved. In addition, the
use of renewable energy sources such as solar or wind power as an energy source for the
electrolysis system increases the complexity of system control due to the uncertainty of the

amount of energy produced at each time.

The main objective of this research is to develop and evaluate a semi-empirical model for a
PEME (Proton Exchange Membrane Electrolysis) system to analyze the system performance
and identify factors affecting the hydrogen production efficiency. Furthermore, the focus is
on comparing the calculated results with data available in the literature and conducting
simulations to determine the optimal operating range of the system in terms of cell pressure,

energy consumption, and hydrogen production rate.
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1.1. system components

This research aimed to improve the efficiency of hydrogen production processes using PEM

electrolysis, by optimizing power to hydrogen model utilizing solar power alongside the

optimization techniques to study the impact of efficiency in hydrogen production and system
p q y p Yy In hydrogen p Y

costs in various operating conditions.

The systems:

Electricity source: using solar PV as a main power source since it is a suitable
renewable energy source for Thailand weather conditions, also widely used with
hydrogen production in industrial level.

PEM electrolyzer: It is a proton exchange membrane electrolyzer, which is highly
efficient and fast-responsive, suitable for systems where the input energy fluctuates.
However, it is expensive because it uses expensive materials such as platinum and
iridium.

Energy storage system: such as lithium batteries or hydrogen storage tanks to help

maintain system stability and store excess energy from solar power sources.

1.2. Optimization technique

This research focuses on simulating the performance of a PEM electrolyzer based on a semi-

empirical model of the polarization curve. The primary objective is to study the relationship

between cell voltage, current density, hydrogen production rate, and system efficiency. The

simulation was performed using MATLAB, first validating the polarization curve derived

from theoretical equations. Three key indicators were then analyzed:

Cell voltage and current density: to examine the polarization behavior of the PEME
cell.

Hydrogen production rate: calculated using Faraday's law.

Energy efficiency and exergy: calculated as the ratio of hydrogen energy values to

the input power.
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1.3. Simulation tools and settings

In this study, MATLAB was used as the primary tool to simulate the performance of the

PEM electrolyzer cell. A semi-empirical model was used to generate polarization curves and

calculate various parameters related to hydrogen production.

The simulation parameters were:

Faraday constant [C/mol]
Universal gas constant [J/(mol-K)]
Operating temperature [K]
Current density [A/cm?]

Cell voltage [V]

Current current [A]

Cell cross-sectional area [cm?]

The simulation was divided into three main parts:

Generation of polarization curves: to demonstrate the relationship between cell
voltage and current density

Calculation of hydrogen production rate: using Faraday's law

Energy and Exergy Efficiency Analysis: To compare the differences in HHV and

exergy utilization.

This setup allows for systematic monitoring and analysis of the performance of PEME cells,

and the results are discussed in Chapter 4.

1.3.1. Performance indicators

To evaluate the effect of efficiency improvement, the following indicators are used:

Energy conversion efficiency [%]
Exergy conversion efficiency [%]
Hydrogen production rate [mol/s]

Cell voltage [V]
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1.3.2. PEM celectrolyzer fundamentals

Figure 1. PEM Electrolyzer system. (University of Hannover, Kanokporn
Pornbunditwong)

The experimental system of the PEM Electrolyzer cell, showing the main components: the
electrolyzer cell, the water pump and delivery pipe system, the electrical control and
measurement unit, and accessories for hydrogen and oxygen gas collection and

measurement.

A proton exchange membrane (PEM) electrolyzer is an electrochemical device that converts
electrical energy into chemical energy by electrolyzing water to split water into hydrogen
and oxygen. The use of a rigid polymer electrolyte membrane, which is impermeable to
gases but can transport protons, as a conducting medium is what makes PEM electrolyzers
ideal for applications involving renewable energy sources. Due to this unique property, PEM

electrolyzers are highly efficient and have a fast response time.
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2. Literature review

As our world is moving toward low-carbon systems, hydrogen has become an important
energy courier to reduce carbon in many manufacturing processes especially the part where
it becomes challenging to reduce the amount of carbon produced, such as steel industries,
transportation and energy storage. Pushing for carbon neutral world has increased an attempt
to produce renewable hydrogen instead of fossil fuel hydrogen which is called green
hydrogen. The ability to contain and transfer energy makes it a fascinate way to build the

balance for unstable renewable energy sources, such as wind power and solar power.

2.1. Importance of Hydrogen energy

N v
2.8 N S
GG &g

Aviation

Figure 2. Green hydrogen production. (Adapt from Brise Chemicals)

Hydrogen is a flexible carrier which can be used as fuel directly or material used for varying
industrial, there are numerous ways to produce hydrogen for example, Steam Methane
Reforming (SMR), conversion of coal to gas, and electrolysis. Among these methods the
best method to produce hydrogen is water electrolysis powered by renewable energy, it
produces less carbon and makes hydrogen the main point of future energy systems. Even
though it has many benefits to the environment, the production cost from hydrogen
electrolysis remains a major challenge. This requires optimization strategies to improve

efficiency and economic feasibility.


https://brisechemicals.com/why-is-green-hydrogen-an-important-source-of-energy-for-human-life/
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2.2. Hydrogen production

Hydrogen production can be achieved in several ways depending on the raw materials,
energy source and intended use. Most industrial hydrogen today is still derived from steam
methane reforming (SMR). This process has low production costs and utilizes developed
technology. However, it has the disadvantage of emitting large amounts of CO,, requiring
consideration of carbon capture and storage (CCS) technology to reduce environmental

impacts.

Non-renewable Sources Renewable Sources

( steam Methane Reforming ) Biomass Photoelectrochemical High-Temperature J\\Photolysis/'\ ‘\i‘Electrolysi's;
) Gasification Water Splitting Electrolysis (SOEC/HTE) )

( END USE: HYDROGEN ENERGY >

Figure 3. Hydrogen production pathways. (adapted from Zhang et al., 2022)

Hydrogen can be categorized by its production sources:
e (Grey Hydrogen: produced from natural gas via Steam Methane Reforming (SMR),
which leads to massive CO, emissions.
e Blue Hydrogen: like grey hydrogen, but with carbon capture, utilization, and storage
(CCUS) to reduce emissions
e Green Hydrogen: produced by water electrolysis powered by renewable energy, this

method released almost zero emissions.


https://www.mdpi.com/2571-8797/5/4/67
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Among these, green hydrogen is the most eco-friendly method, though high-production cost,
efficiency loss, and discontinuous renewable energy sources prevents it from widespread

adoption.

In addition to Steam Methane Reforming (SMR) and electrolysis, hydrogen production can
also be achieved through other methods, such as biomass gasification and coal gasification,
which are processes that convert carbon fuels into gas using steam and oxygen, resulting in
hydrogen-based syngas. Another technology currently under development is photolysis and
photoelectrochemical water splitting, which uses direct solar energy to separate water

molecules. Although still in the experimental stage, it has significant potential for the future.

Furthermore, high-temperature electrolysis (HTE), operating at temperatures of 700 —
1,000°C using solid oxide electrolyzer cells (SOECs), can achieve higher efficiencies than
PEM water splitting at low temperatures, particularly when waste heat is available from

industrial sources.

Hydrogen production pathways from both fossil and renewable energy sources. It can be
seen that SMR and Biomass Gasification processes are categorized as non-renewable due to
their carbon emissions, while Electrolysis, Photolysis, and HTE are renewable pathways
with potential for green hydrogen production. However, some technologies, such as
Photolysis and Photoelectrochemical Splitting, are still in the experimental stage and require

further development to increase their efficiency and economic value.
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Table 1. Comparison of hydrogen production methods. (Tablel 1, Tablel 2)

Method Feedstock Energy CO: Efficiency TRL

Source Emissions Range (Technology
(%) Readiness
Level)
Steam Methane Reforming Natural Gas Heat + High (8- 65-75 Commercial
(SMR) (CHa) Steam 10 kg
COx/kg
Hz)

Coal Gasification Coal Heat + Very 50-60 commercial

Steam + O2 High

Biomass Gasification Biomass Heat + Medium 35-55 Pilot
(wood, waste) | Steam + O: | (depends projects
on CCS)

Electrolysis (PEM/Alkaline) Water (H-0) Electricity Zero if 60-70 commercial

(Renewable | renewable

or Grid)
High-Temperature Electrolysis Water + Heat | Electricity | Near Zero 75-85 Pilot
(SOEC) + Heat projects
Photolysis/Photoelectrochemical Water + Solar Zero <10 (lab Research
Sunlight Photons scale) lab

From the table above, it can be seen that fossil fuel hydrogen production processes, such as
SMR and coal gasification, despite their low cost and commercial-level technology, remain
major sources of carbon emissions. Meanwhile, renewable energy-based production
methods, such as electrolysis and high-temperature electrolysis, have shown potential to
reduce greenhouse gas emissions to near-zero, especially when directly powered by

renewable electricity.

However, new technologies, such as photolysis and photoelectrochemical splitting, are still
in the research phase and require further development to increase efficiency and stability.
Meanwhile, HTE, despite its high efficiency, relies on an environment rich in industrial

waste heat.


https://www.researchgate.net/figure/Comparison-of-hydrogen-production-methods_tbl2_315521121
https://www.researchgate.net/figure/Comparisons-of-hydrogen-production-technologies_tbl3_350824503
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Therefore, among the various technologies being developed, proton exchange membrane
(PEM) electrolysis has attracted particular attention due to its suitability for use with
fluctuating renewable energy sources such as wind and solar power. It also offers higher
efficiency compared to alkaline electrolysis. While some challenges remain regarding cost
and cell life, it represents an important approach towards sustainable green hydrogen

development.

2.3.Role of electrolysis in power to hydrogen system

Electrolysis is the best method to produce green hydrogen, it is about separating water to
hydrogen and oxygen using electric, main technology for electrolysis are:
e Proton Exchange Membrane (PEM): high-efficiency and fast reaction time but it has
high-production cost due to materials used, such as platinum
e Alkaline Electrolysis (AEL): cost-efficiency but less reaction time and efficiency.
e Solid Oxide Electrolysis (SOE): high efficiency at high temperatures but still under
development.
Currently, PEM and AEL is being the most versatility use with continuing research aimed

to reduce production cost and optimization.

Cathode Anode

MEA
Flow-field 83 Diffation Gas Diffation Flow-field

plate Layer

I

Figure 4. Schematic diagram of a PEMEC. (adapted from Guo LinkedIn, 2025)

1 Layer plate

= Y
H.0
0.

Cathode Anode H:.0
Catalyst Catalyst



https://www.linkedin.com/pulse/pem-proton-exchange-membrane-water-electrolysis-technology-guo-3ifhe
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The PEM Electrolysis process works by feeding water into an electrolyzer cell, where the
anode undergoes an oxidation reaction, splitting the water into oxygen, electrons, and
protons. The protons then move through a proton exchange membrane to the cathode, where

they combine with the electrons to form hydrogen gas. The overall reaction can be written

as:
Hy0 — 2H* + 0, + 2e” Anode
2H* +2e” > H, Cathode
H,0 - H, + %02 Total Reaction

The technology's key advantages are its ability to operate efficiently at high current densities
and its rapid response to changes in electrical load, making it ideal for use with fluctuating
renewable energy sources such as wind and solar power. Furthermore, the resulting
hydrogen is highly pure, and the system is compact compared to alkaline electrolysis

technology.

However, the main limitations of PEM electrolysis are its high production costs due to the
use of precious metal catalysts (platinum and iridium), the durability of the Nafion
membrane, which is prone to temperature and corrosion degradation, and the need for high-

purity water to reduce membrane contamination.

Current research focuses on cost reduction and durability enhancement, such as the
development of catalysts that use lower amounts of precious metals, the creation of new,
more durable proton exchange membranes, and the integration of PEM electrolysis into
renewable power systems and energy storage systems to enhance adaptability to electrical

load changes and reduce overall system costs.
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2.4. Challenges in power to hydrogen systems

Even though green hydrogen has the potential, many challenges interrupt widely usage of it,
such as:
e High energy consumption: electrolysis requires large amounts of energy and
electricity to produce hydrogen efficiently
e Incorporation with renewable energy: inconsistency of solar and wind energy lead to
oscillation of hydrogen production and required advanced grid integration strategies.
e Economic obstacle: The levelized cost of hydrogen (LCOH) for green hydrogen is
still higher than fossil fuel hydrogen due to capital cost and system efficiencies.
e Limitation of technology: loads and effect of degradation can affect electrolysis

efficiency in long term.

Another key challenge is infrastructure, as large-scale industrial deployment of hydrogen
requires dedicated pipelines, fuel storage and refueling stations. Hydrogen has a low
volumetric energy density compared to natural gas, requiring compression at very high
pressures or liquefaction at very low temperatures, both of which increase energy

requirements and operating costs.

Although green hydrogen is seen as a key to the transition to a low-carbon energy system,
several obstacles remain that need to be addressed. The first is the high energy consumption
of the electrolysis process, as it requires a large amount of electricity to split water into
hydrogen and oxygen. If the electricity used is not truly renewable, the cost and carbon
footprint of hydrogen may not be significantly different from fossil fuels. This problem is
also linked to the inconsistency of renewable energy sources, such as wind and solar, which
produce intermittent electricity, leading to fluctuations in hydrogen production, necessitating

energy storage systems and smart grids to support them.

Another key issue is the economics. The cost of producing green hydrogen, calculated using
the Levelized Cost of Hydrogen (LCOH), remains higher than that of fossil-based hydrogen
due to the high cost of electrolyzers and the uncompetitive overall efficiency of the system.

This limits commercial production.
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How hydrogen is stored

[
[ | 1
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surface

Figure 5. Hydrogen storage methods categorized into physical-based and material-based

approaches. (Adapted from U.S. Department of Energy Hydrogen Storage overview)

Furthermore, hydrogen storage and transportation are key challenges due to its low energy
density per volume. Compressed hydrogen storage at high pressures of 350—700 bar is a
well-established and industrially used technology, but it requires high-strength, heavy-duty
tanks and high production costs. While storing it in liquid form (Liquid hydrogen) at very
low temperatures around —253°C can significantly increase energy density, it comes at the
cost of significant energy consumption for liquefaction and the risk of energy loss in the

form of boil-off gas.

Finally, there are safety and reliability issues. Hydrogen is a highly flammable and rapidly
emitting fuel that, without proper control measures, can pose serious risks. Furthermore,
materials are limited, as electrolysis equipment degrades over time, reducing efficiency and
requiring ongoing maintenance. This suggests that the development of new, highly durable
and cost-effective technologies is essential to realize the industrial production and utilization

of green hydrogen.


https://www.energy.gov/eere/fuelcells/hydrogen-storage
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2.5. Optimization strategies for efficiency

Optimization of electrolysis system has an important role in reducing green hydrogen
production-cost and increasing work efficiency, especially when we combined power to

hydrogen to renewable energy sources.

At the cell level, operating factors such as temperature, pressure, and current density directly
affect cell voltage and overall efficiency. Operating at high temperatures can reduce
activation losses, while proper pressure control can reduce the energy consumed in the
compression stage. Current density is also related to cell voltage, which can be represented

by a polarization curve that reflects the change in voltage with respect to current density.

Cell materials and components also play a crucial role. Highly efficient and low-cost
catalysts, such as PGM-free catalysts and low-resistance proton exchange membranes, can
reduce internal losses and extend system life. Furthermore, the development of electrode

structures that facilitate gas and liquid diffusion can contribute to improved cell efficiency.

At the system-level integration level, a key challenge is integrating PEM electrolysis with
renewable energy sources such as solar and wind power. Uneven electricity generation from
these sources can lead to fluctuations in hydrogen production. Therefore, the development
of flexible control systems and integration with other energy storage technologies, such as

batteries or supercapacitors, are essential to ensure stable production and meet demand.

Another important strategy is heat and water management. Waste heat from industry can be
used to support the high-temperature electrolysis (HTE) process, increasing efficiency.

Meanwhile, a good water recycling system can reduce costs and improve system reliability.
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3. Methodology

This research began with a study of theoretical data and research related to hydrogen
production through water electrolysis, focusing on the use of high-temperature proton
exchange membrane fuel cell (HT-PEMFC) and proton exchange membrane electrolyzer
(PEME) technology to increase the efficiency of the power-to-hydrogen (P2H) process to
efficiently support highly variable renewable energy. The research used as a database
consists of an analysis of the thermodynamic and exergy economic performance of an
integrated energy system consisting of HT-PEMFC, Organic Rankine Cycle (ORC), PEM
Electrolyzer, and Multi-Effect Distillation (MED) seawater desalination system for
simultaneous generation of electricity, hydrogen, and fresh water (Gharibzadeh et al., 2024).
In addition, a study was conducted on the operation model and the efficiency improvement
of a PEM hydrogen fuel cell power plant designed to be highly flexible and able to quickly
accommodate changes in grid electrical loads. Emphasizing the operation under atmospheric

pressure and weak positive pressure (Crespi et al., 2021)

These two studies are important data to define the analysis approach and framework for
evaluating the efficiency of the electrolysis process, both in terms of considering the
behavior of the system under varying load conditions, the relationship between operating
variables such as temperature, pressure, and current density, and the assessment of the
economic and environmental impacts of the hydrogen production process, as a basis for
developing a practical approach to increase the efficiency of the Power-to-Hydrogen system

in the future.

3.1.Data analysis and system simulation

After studying the theoretical data and related research, the next step in this research is to
analyze the in-depth data and create a mathematical simulation model of the system to
evaluate its performance and find ways to improve its efficiency. The analysis process starts
with using the experimental results and simulation data from previous research to study the
relationship between important operating variables, including temperature, pressure, current

density, and load response behavior, focusing on the PEME electrolytic water separator,
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which is the core of the Power-to-Hydrogen system. Thermodynamic and exergy analysis
are used to evaluate the energy conversion efficiency of the system, using energy balance
and mass balance equations, along with exergy efficiency calculations to examine the losses

in the process.

PEM Electrolysis

(20-100°C)

Cathode = + Ancde

H:0
Hz L
¥20;
Cathode Anode
Membrane

H:0 @ — 2H" + W0y + 20 Anade

2H #28° — Ha Cathode
H:0 e Ha + ¥:0; Total Reactlon

Figure 6. Electrochemical operation of a proton exchange membrane electrolyzer (PEME),
showing water splitting into hydrogen and oxygen through a membrane. (Redrawn and

adapted from https://en.wikipedia.org/wiki/Proton_exchange membrane_electrolysis.)

In terms of system simulation, mathematical models for key components, including high-
pressure PEM fuel cells and PEME electrolytic water separators, are developed based on a
semi-empirical model using the Polarization Curve equation obtained from the experimental
data collected in the original research. The model can accurately reflect the behavior of the
fuel cell and water separator under various operating conditions. In developing the model,
factors such as relative humidity, back pressure, and the ratio of air to oxygen required (Air
Stoichiometry), which directly affects the cell voltage and performance, including the
consideration of the impact of energy recovery from the exhaust gas through the expansion

process with the Air Expander to reduce the overall energy loss of the system.


https://en.wikipedia.org/wiki/Proton_exchange_membrane_electrolysis
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In addition, a system-level model was created to examine the operation of the entire system,
from hydrogen production, storage to power supply to the grid. This model considers the
dynamic load profile and flexible operation to assess the system's ability to respond to the
fluctuation of renewable energy. The analysis of the simulation results uses a method to
compare the performance under different operating conditions, focusing on the optimization
of operating variables such as pressure, current flow, and load control strategies to achieve

maximum efficiency and extend the life of the equipment.

Finally, the simulation and analysis results were evaluated in terms of energy efficiency,
production cost, and environmental impact to determine the integrated optimization
approach for the Power-to-Hydrogen system using PEM Electrolyzer technology as the

center for the transition to a sustainable renewable energy system.

3.1. Semi-Empirical Model of PEME System

Polarization curves are an important analytical tool in electrochemical processes, helping to
describe the relationship between voltage and current density under different operating
conditions of an electrolyzer cell. This graph allows for classification of energy losses and

the efficient determination of the cell's optimum operating range.

3.1.1. Phases of Polarization curve

The polarization curve shows the behavior of the cell under changing current density values,

and is generally divided into three phases:

1. Activation region
This period occurs in the low current density region, where the main voltage loss is
due to Activation Overpotential, which is related to the electrochemical reaction
kinetics. The voltage rise in this period is quite steep because of the energy required

to activate the reaction at the electrode surface.
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2. Ohmic region
In the medium current density region, the voltage decreases linearly with the system
resistance (Ohmic Resistance), which is due to the conductivity in the membrane and
the electron conduction in the electrodes. This relationship can be described by a
simple linear equation, making it a region often used in system design for normal
operation.

3. Concentration region
When the current density is very high, the voltage increases rapidly again due to mass
transport limitations, also known as concentration overpotential, which occur when
the reactants e.g. water or products e.g. hydrogen gas cannot be removed quickly
enough to meet the demands of the reaction in the cell.
Understanding these three stages is crucial for analyzing system performance and
provides a basis for adjusting operating parameters such as current density and

temperature to optimize the overall efficiency of the electrolysis process.

3.1.2. Mathematical representation of the Polarization curve

The semi-empirical equation used to calculate the PEME cell voltage in this research is as

follows:
RT j . RT j
Vcell = Erev(Tﬁp) +ﬁlni+1Rohm _Eln(l _]J_L) (1)

Where V,,;; is the total cell voltage [V], E,.,(T,p) is the reversible voltage at given
temperature T and pressure p [Pa], R is the universal gas constant, 8.314 [J/molK], T is the
operating temperature [K], « is the charge transfer coefficient, n is the number of electrons
transferred per mole of hydrogen, F is the Faraday constant, 96485 [C/mol], j is the current
density [A/cm2], j, is the exchange current density [A/cm?], R,y is the area-specific

ohmic resistance of the cell [(lcm2], j; is the limiting current density [A/cm2].
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The calculation of the cell voltage of a PEME system begins with the determination of basic
system parameters which are the theoretical backpressure (E,.,,) at a given temperature and
pressure, the universal gas constant (R), the operating temperature (T), the charge transfer
coefficient o, the number of electrons consumed per mole of hydrogen (n), Faraday's
constant (F), the exchange current density (j,), Cell spatial resistance (R,;,,), and limiting

current density (j; ).

Then, select the range of current density values (j) to be calculated. For each value, the
Activation Overpotential (1,.;) 1s calculated using the equation to find the voltage loss from

the electrochemical process:

BT InL )

Nact = 7 o

Next, calculate the Ohmic Overpotential (17,5,,) to assess voltage loss due to material

resistance using the equation:

Nohm = J X Ropm (3)

Then, calculate the Concentration Overpotential (7.o,.) to assess the loss due to mass

diffusion limitation using the equation:
RT j
Nconec = — n_Fln(l - ]]_L) 4)

Finally, the three overpotential values are combined with the reversible voltage to obtain the
total cell voltage and record the results in a polarization curve graph, which can be used to
analyze the cell's performance under different current conditions and serve as basic

information for further system efficiency improvement.
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3.1.3. Graphical representation of the Polarization curve

To make the mathematical explanation in the previous section more clear, the polarization
curve of the PEME cell is simulated using the semi-empirical model presented in equations
presented in section 3.1.2. The main purpose of this simulation is to verify the correctness

of the equation and confirm that the trend of the obtained graph is consistent with the theory.
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Figure 7. The relationship between cell voltage and current density in three polarization

regions.

From the resulting graph, it is clear that the semi-empirical model used accurately describes
the behavior of the PEME cell and is consistent with theory. In the low-current region
(Activation region), the cell experiences voltage loss primarily due to electrochemical
activation. As the current density increases into the Ohmic region, the slope of the graph
becomes nearly linear, due to voltage loss from the cell's internal resistance playing a
prominent role. Finally, as the current approaches the limiting current density, it enters the

Concentration region, where voltage loss is due to mass transport limitation.
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The results indicate that the selected model fully reproduces the key behaviors of the
polarization carp in all three phases and can serve as the basis for numerical analysis and

linear approximation in the next chapter.
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Figure 8. Comparison of polarization curves of full model and linear approximation in the

Ohmic region.

To confirm the accuracy and appropriateness of the equations used in the simulation, a
comparison of the graphs from the full model and the linear approximation was performed,
selecting only the Ohmic region, where the cell voltage behavior is nearly linear. The results
revealed that the linear approximation (red line) closely resembles the actual simulation

(blue line), particularly in the current range of 0.2 — 0.8 A/cm?.

This analysis demonstrates that in electrical and energy engineering research, linear
assumptions can be used to describe the equations in some ranges, simplifying calculations
and mathematical modeling without significant loss of accuracy. Therefore, in the next
chapter, linear approximation can be used in conjunction with the full model to compare the

results and clearly explain the behavior of PEME cells.
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Temperature Effect on Polarization Curve
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Figure 9. Effect of temperature on the polarization line of PEME cells.

To study the effect of temperature on PEME cell performance, polarization curves were
simulated at three temperatures: 40 °C, 60 °C, and 80 °C. The results showed that as
temperature increased, the cell voltage tended to decrease with increasing initial current.

However, as current increased, the cell voltage increased progressively.

From the curves, it can be concluded that high temperature reduces activation overpotential
losses, resulting in a lower initial voltage requirement for the cell. However, as current
increased, the increased potential due to internal resistance (ohmic loss) became more

pronounced, leading to a more pronounced increase in all curves.

This analysis is important for practical design, as it indicates that selecting the appropriate
temperature range can enhance hydrogen production. In general, a temperature range of 60—

80 °C is considered to be a relatively good performance range for PEME.
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3.2. Performance evaluation and optimization approach synthesis

After the model development and preliminary data analysis were completed, the next step in
this research was to systematically evaluate the system performance and synthesize
optimization approaches based on the quantitative analysis results. The performance
evaluation was performed by running the model under various operating conditions, both at
full load and low load, to study the trends of hydrogen production behavior and efficiency
of the electrolytic water separation system. The simulation results were analyzed to find the
linear and non-linear relationships between important variables, such as operating pressure,
temperature, relative humidity, and current density, with a focus on the impact on cell

voltage, electrical-to-hydrogen efficiency, and exergy efficiency.

In this process, the impact of energy recovery strategies from exhaust gas, such as using an
air expander to increase the net efficiency of the system, was considered, and a flexible
operation approach that supports sudden load changes, which is essential for integration with
unstable renewable energy sources, was analyzed. The simulation results under different
conditions were synthesized to propose possible optimization approaches, both at the
component level, such as improving the membrane material or reducing the ohmic
resistance, and at the system level, such as improving the operation control strategy and

selecting the appropriate pressure conditions. and efficient heat management.

In addition, the assessment covers the Cost of Hydrogen Production and Exergo-
Environmental Analysis to provide comprehensive energy economic decision-making data.
The synthesized approach therefore focuses not only on technical efficiency enhancement
but also on long-term economic feasibility and sustainability, leading to strategic
recommendations for the design and operation of highly efficient Power-to-Hydrogen

systems that support practical applications in the context of the transition to clean energy.
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3.3. Summary of the research methodology

From the entire study process, the research methodology in this thesis can be summarized as
an analytical and synthesis process based on the study of related theories and research, along
with the application of mathematical models to understand the performance of hydrogen
production systems through electrolysis, especially in the context of the Power-to-Hydrogen
system that focuses on the use of highly variable renewable energy. This research began with
a study of the properties and behaviors of the high-temperature proton exchange membrane
fuel cell (HT-PEMFC) and the proton exchange membrane electrolyzer (PEME) from
reliable academic sources. Then, in-depth analysis of thermodynamics, exergy, and energy
economics was conducted to assess the impact of various operating variables on the system

performance.

Mathematical modeling played an important role in this study. A semi-empirical model
developed from the polarization curve equation based on experimental data was used to
simulate the operation of the fuel cell and the water separator under various conditions.
System-level modeling was performed to study the system behavior under real-time varying
load conditions and to evaluate the system performance when energy recovery and flexible
operation strategies were combined. The simulation data are used to synthesize optimization
approaches at both the device and system levels, with the aim of achieving a hydrogen
production system that is highly efficient, flexible, compatible with renewable energy

sources, and has an appropriate production cost for future practical applications.

The implementation of this methodology provides a comprehensive technical, economic,
and environmental framework for analysis, leading to the synthesis of strategic
recommendations for the development of Power-to-Hydrogen systems that have the

potential to effectively support the transition to clean and sustainable energy systems.
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4. Calculations and Data Analysis

In this study, data analysis and preliminary calculations were performed based on the
accepted equation models and analysis approaches in related research, namely the works of
Gharibzadeh et al. (2024) and Crespi et al. (2021), which focused on evaluating the
efficiency of hydrogen production systems from the proton exchange membrane electrolyzer
(PEM) process. The main performance indicators considered were energy efficiency, exergy
efficiency, and hydrogen gas production rate. The calculations started by estimating the
hydrogen production rate (ny,) from the current density (j) and Faraday constant (F) using

the basic equations, which are as follows:

_ jXAcell (5)

Where ny, is hydrogen gas production rate [mol/s], Ay 1s a cross-sectional area of active
electrolyzer cell [cm2]. To calculate the cell voltage (V.), the concept of combining the
reversible voltage with the overpotentials caused by chemical reactions and internal

resistance of the cell is used, with the following equation:

Ve = Vo + Nactivation + Nonmic (6)

In this equation, V), is a reverse electromagnetic wave at specified temperature and pressure,
while 1gctivation a0d Normic are the potential resistance from the chemical process and the
electrical resistance within the cell material, respectively. After obtaining these baseline
values, energy efficiency (Menergy) is then calculated by using the relationship between the
heating value of hydrogen (Higher Heating Value: HHV) and the electrical energy used to

separate water as in the equation:

_ HHVXnp,
Nenergy = VoxI (7)
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4.1. Input Parameters

The parameters used in the simulation are based on typical values from literature, standard
electrochemical constants, and reasonable assumptions for a small-scale PEM electrolyzer
powered by solar energy. The system is modeled for a region like Thailand, with high solar
irradiance and commercially available PV modules. Input values such as current density

range, voltage, and efficiency are derived from technical sources.

Table 2. Input values

Parameter Value Unit

Faraday constant (F) 96485 | C/mol

Cell area (Acepr) 100 cm?

HHV of H. (HHV) | 285800 | J/mol

Cell temperature (T) 60 °C

Reversible voltage (V;) 1.23 A"

Current density values were determined in the range of 0.2 to 1.0 A/cm?, which is the range

found in PEM Electrolyzer research, and five values were used for analysis as follows:

Table 3. Current density

Current density (A/cm?) | Total current (A)

0.2 20
0.4 40
0.6 60
0.8 80

1.0 100
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The total current is calculated by using the equation:

lior =X A (8)

Where I;,; 1s the total current [A].

4.2. Cell Voltage Calculation

Cell Voltage (V) in the PEM electrolysis process is not a constant value but varies with the
current density applied to the cell due to internal resistance caused by chemical processes
and material properties. The voltage components can be divided into three main components
which are Reversible voltage, Activation overpotential, and Ohmic overpotential.

The pressure values were estimated using a simple linear equation:

Ve=Vot+axj )

Where V, is 1.23 V, a is a constant value at 0.53.

Table 4 Calculated cell voltage based on current density

Current density (A/cm?) | Cell voltage (V)
0.2 1.346
0.4 1.462
0.6 1.578
0.8 1.694
1.0 1.810

From the table 4 the relationship between current density and calculated cell voltage are
shown. The voltage increase is a result of an increase in current density, which is consistent

with the polarization curve of PEM electrolytic cells.

This voltage increase reflects increased internal resistance in the cell, either due to activation
overpotential or ohmic losses, consistent with the theoretical electrical behaviour of
electrolyzers. The calculated values will be used to analyse system performance and

calculating hydrogen production rates and system efficiency.
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4.3. Hydrogen Production Rate Calculation

The rate of hydrogen gas production can be calculated based on Faraday's Law, which links
the electric current flowing through the cell to the amount of hydrogen gas produced by the

electrolysis reaction. The equation used in the calculation is:
Nyy = — (10)
H2 — 2F

Table 5. Hydrogen gas production rate

Current density (A/cm?) | Electric current (A) | H: production rate (mol/s)
0.2 20 1.036 x 107*
0.4 40 2.072 x 107*
0.6 60 3.108 x 107*
0.8 80 4144 x 107*
1.0 100 5.180 x 107*

From Table 5, it can be seen that the hydrogen production rate tends to increase linearly with
the current supplied to the cell, which is consistent with Faraday's law, which states that the
amount of gas produced is directly proportional to the amount of electric charge. This means

that increasing the current density will effectively increase the hydrogen production rate.
4.4. Energy Efficiency

The energy efficiency of the PEM Electrolysis process is the ratio of the energy contained
in the produced hydrogen gas to the electrical energy used to split the water, and can be

calculated using the equation:

_ HHVXng;

Nenergy = T x 100 (11)

Where Nepergy 1s energy efficiency [%], HHV is the heat value of hydrogen at 285800
[J/mol].
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Table 6. Energy efficiency

Current density Cell voltage Electric current H- Production rate Energy efficiency
(A/em?) ™) (A) (mol/s) (%)
0.2 1.346 20 1.036 x 10~* 77.6
0.4 1.462 40 2.072 x 107* 75.2
0.6 1.578 60 3.108 x 10~* 73.1
0.8 1.694 80 4144 x 107* 70.0
1.0 1.810 100 5.180 x 10~* 67.3

from the table 6, it can be seen that the energy efficiency tends to decrease with increasing
current density. This is due to the increasing cell voltage with increasing current, resulting
in more electrical energy required while the hydrogen production rate increases
proportionally, resulting in a continuous decrease in the proportion of energy obtained from
hydrogen to the energy input to the system, reflecting the increased system losses when

operating at high current.

4.5. Exergy Efficiency

Exergy efficiency is a qualitative measure of the efficiency of energy conversion. It not only
considers how much energy is used, but also whether it is used "valuably." In the context of

PEM electrolysis, exergy efficiency can be calculated using the equation:

_ Etzanz

Nexergy = Vo X 100 (12)

Where the exergy energy of hydrogen gas (estimted 236000 J/mol).

Table 7. Exergy efficiency

Current density Cell voltage Electric current H: Production rate Exergy efficiency
(A/em?) ™) (A) (mol/s) (%)
0.2 1.346 20 1.036 x 107* 64.1
0.4 1.462 40 2.072 x 107 62.1
0.6 1.578 60 3.108 x 107* 61.2
0.8 1.694 80 4144 x 107* 60.0
1.0 1.810 100 5.180 x 10~* 58.8

From Table 7, the exergy efficiency tends to decrease continuously with increasing current

density, indicating a greater loss of energy value in the system when more electrical power
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is required to produce hydrogen at a higher rate. Despite the higher gas yield, the

thermodynamic efficiency decreases when the system is subjected to high current loads.

4.6. Result Discussion

In this chapter, a linear approximation of the polarization curve obtained in Chapter 3 is used

to simplify the calculation and to emphasize the actual operating range of the cell in Ohmic

region.

To enhance understanding of the PEM Electrolyzer system efficiency calculation results, a
graphical representation of the data is used to show the trend between the Current Density
values and key metrics such as cell voltage, hydrogen production rate, energy efficiency and

exergy efficiency.

Cell Voltage vs Current Density

1.8

Cell Voltage (V)
a -

-
o

1.3 1 1 1 1 ! 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Current Density (A/cm?)
Figure 10. Relationship between cell voltage and current density.
According to the semi-empirical model calculations of the PEM electrolyzer system, at low

current, the voltage is close to the reversible voltage. The cell voltage tends to increase with

increasing current density, starting from approximately 1.34 V at j = 0.2 4/cm? and
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increasing to approximately 1.81 V at j = 1.0 A/cm?. This trend is due to the increase in
three types of overpotentials: activation loss, ohmic loss, and concentration loss, which
significantly affect the energy loss within the cell, particularly at high current values where
mass diffusion becomes the primary limitation. Which is consistent with the polarization
curve theory. The results confirm that the PEM electrolyzer cannot maintain a low voltage
under higher load, and this behavior is the main factor affecting the overall efficiency of the

system.
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Figure 11. Hydrogen production rate vs. current density.

In terms of hydrogen production rate, it is found to increase linearly with current density, in
accordance with Faraday's law, the higher the current input, the correspondingly higher the
hydrogen production rate. This is an important factor to consider in conjunction with energy

consumption to determine the optimal operating range.

However, although increasing the current increases the production capacity, it may also lead
to higher cell voltages and negatively affect the energy efficiency, which must be considered

together with the results of Figures 10 and 12.
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Figure 12. Energy efficiency and exergy of PEME systems compared to current density.

Regarding energy efficiency, the exergy efficiency also showed a decreasing trend with
increasing current density, with energy decreasing from approximately 75% at j =
0.4 A/cm? to approximately 70% at j = 0.8 A/cm?, while exergy decreased slightly from
68% at low currents to 64—66% at high currents. This trend is explained by the increasing
cell voltage, which leads to a corresponding increase in the electrical energy required per

hydrogen produced.

The results highlight a fundamental trade-off: higher current densities maximize hydrogen
throughput but reduce conversion efficiency. For grid-connected P2H systems, this implies
that operating below 0.6 A - cm™2 offers a better balance between efficiency (= 73%) and
output. This matches recommendations in recent dynamic PEME studies. Moreover, the
validated linear approximation of the polarization curve supports its use in real-time control,

reducing computational cost without significant accuracy loss.
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5. Conclusions

This research aimed to develop a semi-empirical model for evaluating the performance of a
Proton Exchange Membrane Electrolyzer (PEME) system within the context of Power-to-
Hydrogen technology, a key approach for renewable energy storage and clean fuel
production. The research focused on gaining a deeper understanding of the relationship
between cell operating parameters, such as current density, temperature, and electrochemical

properties, and overall system performance.

The research methodology involved theoretical studies from relevant literature to define the
basic equations used to calculate cell voltage. This approach utilizes the Polarization Curve
concept, which incorporates back-pressure (E,..,,) and three types of intracellular losses:
activation loss, ohmic loss, and concentration loss. These equations were then developed
into a mathematical model and simulated using MATLAB to calculate cell voltage, hydrogen

production rate, and energy/exergy efficiency over a range of current densities.

The calculations and analysis revealed that cell voltage increases with current density due to
the combined effects of higher intracellular losses, particularly electrical resistance and
concentration limitation at high currents. While hydrogen production rates increase linearly
according to Faraday's law, confirming the validity of the developed model, energy
efficiency and exergy tend to decrease with increasing current density, reflecting the trade-
off between increased production and increased energy consumption. These results suggest
that the optimum operating range of the system should be at a moderate current density,

which provides a balance between production rate and efficiency.

These findings are important for the design and operation of PEME systems, particularly
when integrated with fluctuating renewable energy sources such as solar and wind power.
The model can be used as a tool to assess initial system performance, predict efficiency, and
help determine optimal control strategies to reduce hydrogen production costs and enhance

the sustainability of future energy systems.
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Recommendations for future research include extending the model to include dynamic
behavior that reflects the integration with renewable energy sources, and studying the effects
of advanced parameters such as catalyst efficiency and long-term cell degradation.
Integrating technical models with economic analysis, such as calculating the cumulative
energy cost per unit of hydrogen, can also improve system performance and reduce overall

system costs.

In summary, this research lays an engineering foundation for analyzing and optimizing
PEME systems in the context of Power-to-Hydrogen technology and serves as an important

guideline for the development of efficient and sustainable clean energy systems in the future.
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Appendix 1. MATLAB code for simulating PEME polarization curves

This appendix presents the MATLAB scripts used to create the graphs in Chapter 3:

Figure 7. The relationship between cell voltage and current density in three polarization

regions.

Figure 8. Comparison of polarization curves of full model and linear approximation in the

Ohmic region.

Figure 9. Effect of temperature on the polarization line of PEME cells.

%% Physical constants

F = 96485; % Faraday constant [C/mol]

R_g = 8.314; % Gas constant [J/(mol:K)]

n = 2; % electrons per H2

%% Operating condition

T_base = 333.15; % Base Temperature [K] ~60 °C

Erev = 1.23; % Reversible voltage [V]

% Parameters at reference condition

alpha = 0.5; % charge transfer coefficient [-]
jo_ref = 1le-3; % exchange current density [A/cm”2]
Rohm_ref= 0.20; % ohmic resistance [ohm-cm”~2]

j_L = 2.0; % limiting current density [A/cm™2]

% Current density range
j = linspace(0.01, 1.5, 400); % [A/cm”2]

% Region markers
j_act_end = 0.10;
j_conc_start = 1.00;

%% Full model
eta_act (R_g*T_base)/(alpha*n*F) .x log(j./j@_ref);
eta_ohm j «% Rohm_ref;

eta_conc = —(R_gxT_base)/(n*F) .* log(l - j./j_L);

V_cell = Erev + eta_act + eta_ohm + eta_conc;



%% Figure 1: Polarization ———=———-

figure('Name', 'PEME Polarization Curve','Color','w'); hold on; grid on;

plot(j, V_cell, 'b-', 'LineWidth', 2, 'DisplayName','Total V_{cell}');

plot(j, Erev + eta_act, '--r', 'LineWidth', 1.2, 'DisplayName','E_{rev} + \eta_{act}');
plot(j, Erev + eta_act + eta_ohm, '-.m', 'LineWidth', 1.2, 'DisplayName’','+ \eta_{ohm}');
plot(j, V_cell, ':k', 'Linewidth', 1.5, 'DisplayName','+ \eta_{conc} (Total)');

% Region dividers
xline(j_act_end, '--', '"HandleVisibility', 'off');
xline(j_conc_start,'—-', 'HandleVisibility', 'off');

% Region labels

yTop = max(V_cell);

text(0.02, yTopx@0.97, 'Activation region', 'FontSize',10,'HorizontalAlignment','left');
text((j_act_end+j_conc_start)/2, yTopx0.97, 'Ohmic region','FontSize',1@,'HorizontalAlignment','center');
text(1.45, yTopx@0.97, 'Concentration region','FontSize',10, 'HorizontalAlignment', 'right');

xlabel('Current Density j (A/cm™2)');
ylabel('Cell Voltage V_{cell} (V)');
title('PEM Electrolyzer Polarization Curve');
legend('Location', 'northwest');

hold off;

%% Figure 2: Linear approx
% Fit only in ohmic-dominated range

j_fit_min = 0.15; j_fit_max = 0.80;

mask = (j >= j_fit_min) & (j <= j_fit_max);

p = polyfit(j(mask), V_cell(mask), 1); % linear fit V = V@ + axj
V_lin = polyval(p, j);

figure('Name', 'Linear Approximation','Color','w'); hold on; grid on;
plot(j, V_cell, 'b-', 'LineWidth', 2, 'DisplayName','Full model'};
plot(j, V_lin, ‘'——r', 'LineWidth', 2, ...

'DisplayName’, sprintf('Linear fit (V_0=%.3f, a=%.3f)', p(2), p(1)));
xline(j_fit_min, '—"', 'HandleVisibility"', 'off");
xline(j_fit_max,'--"', 'HandleVisibility', 'off"');
xlabel('Current Density j (A/cm™2)');
ylabel('Cell Voltage V_{cell} (V)');
title('Full Model vs. Linear Approximation (Ohmic region)');
legend( 'Location', 'northwest');
hold off;




%% Temperature effect - ———————
showTemperatureEffect = true;
if showTemperatureEffect

% Temperature list [K]

T_list = [313.15 333.15 353.15]; % 4@, 60, 80 °C

% ———— parameters for j@(T) (stronger T-sensitivity) —---—-
Ea_j@ = 60e3; % J/mol

joe = 8e-3; % A/cm™2

% ———— Ohmic decrease with temperature (stronger) ————
Rohm_ref = 0.22; % ohmkcm~2 at T_ref

T_ref = 333.15; % 60 °C reference

beta_R 0.0050; % 1/K
figure('Name', 'Temperature Effect (enhanced)', 'Color','w'); hold on; grid on;
for Tuse = T_list

% jO(T) increases with T

jo_T = jo@ *x exp(-Ea_j@./(R_gxTuse));

% R_ohm(T) decreases with T (linear w.r.t T_ref)

Rohm_T = Rohm_ref *x (1 - beta_R*(Tuse - T_ref));

% Overpotentials at this T

eta_act_T = (R_g*Tuse)/(alphaxnxF) .x log(j./jo_T);
eta_ohm_T = j .* Rohm_T;

eta_conc_T = —(R_g*Tuse)/(n*F) .* log(1l - j./j_L);
V_T = Erev + eta_act_T + eta_ohm_T + eta_conc_T;

plot(il, V_T, ‘LineWidth', 1.9, ...
'DisplayName', sprintf('T = %d™\\circC', round(Tuse-273.15)));
end

% region markers
xline(j_act_end,'--', 'HandleVisibility', 'off');
xline(j_conc_start,'—", 'HandleVisibility', 'off');

xlabel('Current Density j (A/cm™2)');
ylabel('Cell Voltage V_{cell} (V)');
title('Temperature Effect on Polarization Curve');
legend( 'Location', 'northwest');
hold off;

end



Appendix 2. Raw data and calculated tables

This appendix presents the raw data and calculated results obtained from the semi-
empirical model of the PEM Electrolyzer cell as described in Chapter 4. These data were
used in the simulation to generate the graphs used for the analysis of the results in Chapter

4.

Table 2. Input values

Parameter Value Unit

Faraday constant (F) 96485 | C/mol

Cell area (Acepp) 100 cm?

HHYV of H2 (HHV) 285800 | J/mol

Cell temperature (T) 60 °C

Reversible voltage (V) | 1.23 v

Table 3. Current density

Current density (A/cm?) | Total current (A)

0.2 20
0.4 40
0.6 60
0.8 80

1.0 100




[0.2, 0.4, 0.6, 0.8, 1.0]; % Current density (A/cm?)
96485; % Faraday constant (C/mol)

j
F
% Linear model of cell voltage

Ve = [1.346, 1.462, 1.578, 1.694, 1.810]; % V

% Current (assuming 10@ cm? cell area)
I=3j % 100; % A

% Hydrogen production rate
nH2 = 1 ./ (2 % F); % mol/s

% Efficiencies
HHV = 285800; % J/mol
Ex_H2 = 236000; % J/mol

eta_energy
eta_exergy

(HHV * nH2) ./ (Vc .x I) * 100; % %
(EX_H2 * nH2) ./ (Vc .x I) % 100; % %

Input/selected parameters

Table 6. Energy efficiency

Current density Cell voltage Electric current H: Production rate Energy efficiency
(A/em?) ™) (A) (mol/s) (%)
0.2 1.346 20 1.036 x 107* 77.6
0.4 1.462 40 2.072 x 10™* 75.2
0.6 1.578 60 3.108 x 107* 73.1
0.8 1.694 80 4144 x 107* 70.0
1.0 1.810 100 5.180 x 10™* 67.3

Table 7. Exergy efficiency

Current density Cell voltage Electric current Ha Production rate Exergy efficiency
(A/cm?) ™) (A) (mol/s) (%)
0.2 1.346 20 1.036 x 107* 64.1
0.4 1.462 40 2.072 x 107* 62.1
0.6 1.578 60 3.108 x 107* 61.2
0.8 1.694 80 4144 x 107* 60.0
1.0 1.810 100 5.180 x 10~* 58.8




T Plot 1: Efficiency ————————-————-
figure;

plot(j, eta_energy, '-o', 'LineWidth', 2); hold on;
plot(j, eta_exergy, '-s', 'LineWidth', 2);
xlabel('Current Density (A/cm?)');

ylabel('Efficiency (%)');

legend('Energy Efficiency', 'Exergy Efficiency');
title('Efficiency vs Current Density');

grid on;

¥ ———————————————— Plot 2: Voltage ———mMmM————
figure;

plot(j, Ve, '-d', 'LineWidth', 2);

xlabel('Current Density (A/cm?)');

ylabel('Cell Voltage (V)');

title('Cell Voltage vs Current Density');

grid on;

% ———— Plot 3: H2 Production —————————————————
figure;

plot(j, nH2 % 1e6, '-~', 'LineWidth', 2); % mol/s - pmol/s
xlabel('Current Density (A/cm?)');

ylabel('H:2 Production Rate (pmol/s)');

title('Hydrogen Production vs Current Density');

grid on;
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