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Since the publication of the thesis, the following errors have been found:  

  

Page 10 Figures and Table has been modified, URL Removed and  number of table has 

changed as follows: 

Figures 

Figure 1. PEM Electrolyzer system (photograph by the author, taken at University of 

Hannover). 

Figure 2. Green hydrogen production (Adapt from Brise Chemicals, 2024). 

Figure 3. Hydrogen production pathways (adapted from Nnabuife et al., 2023). 

Figure 4. Schematic diagram of a PEMEC (adapted from Guo, 2023). 

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

approaches (Adapted from U.S. Department of Energy, 2025). 

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 Plug Power, 2023). 

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. 

Figure 10. Relationship between cell voltage and current density. 

Figure 11. Hydrogen production rate vs. current density. 

Figure 12. Energy efficiency and exergy of PEME systems compared to current density. 

 

Tables 

Table 1. Comparison of hydrogen production methods 



Table 2. Modeling parameters 

Table 3. Input values 

Table 4. Current density 

Table 5 Calculated cell voltage based on current density 

Table 6. Hydrogen gas production rate 

Table 7. Energy efficiency 

Table 8. Exergy efficiency 

  



 

Chapter 1. Overview of Power-to-Hydrogen and PEM Electrolysis. 

  

Page 12 text removed: Energy storage system: such as lithium batteries or hydrogen storage 

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

  

Page 13 incorrect text: Energy and Exergy Efficiency Analysis: To compare the differences in 

HHV and exergy utilization. 

 

Page 13 corrected text: Energy and Exergy Efficiency Analysis: To compare the differences 

in higher heating value (HHV) and exergy utilization. 

 

Page 14 incorrect text: Figure 1. PEM Electrolyzer system. (University of Hannover, 

Kanokporn Pornbunditwong) 

 

Page 14 corrected text: Figure 1. PEM Electrolyzer system (photograph by the author, taken 

at University of Hannover). 

 

Page 14 added text, figure mentioned: The experimental system of the PEM Electrolyzer cell 

illustrated in Figure 1, showing the main components 

  



Chapter 2. Literature review 

 

Page 15 incorrect text: Figure 2. Green hydrogen production. (Adapt from Brise Chemicals). 

 

Page 15 corrected text: Figure 2. Green hydrogen production (Adapt from Brise Chemicals, 

2024). URL removed 

 

Page 15 added text, figure mentioned: From Figure 2, 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. 

 

Page 16 added text, figure mentioned: Hydrogen production can be achieved in several ways 

depending on the raw materials as illustrated in Figure 3, energy source and intended use. 

 

Page 17 added citation to the text: 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. (Nnabuife et al., 2023.) 

 

Page 17 added citation to the text: 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. (Zhang et al., 2022.) 

 

Page 17 added citation to the text: 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. (Carmo et al., 2013.) 

 

Page 17 added citation to the text: 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. (Barbir, 2005; Zhang et al., 2022.) 

 

Page 18 incorrect text: Table 1. Comparison of hydrogen production methods. (Table1_1, 

Table1_2) 

 

Page 18 corrected text: Table 1. Comparison of hydrogen production methods (adapted from 

Chaurasia, 2021; Velazquez Abad, 2017). URL removed 

 

Page 18 added text, table mentioned: From Table 1, 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. 

 

Page 19 incorrect text: Figure 4. Schematic diagram of a PEMEC. (adapted from Guo 

LinkedIn, 2025) 

 

Page 19 corrected text: Figure 4. Schematic diagram of a PEMEC (adapted from Guo, 2023). 

 

Page 20 added figure mention: The PEM Electrolysis process works by feeding water into an 

electrolyzer cell as illustrated in Figure 4, where the anode undergoes an oxidation reaction, 

splitting the water into oxygen, electrons, and protons. 

 

Page 21 added citation to the text: 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. (U.S. DOE, 2025.) 

 

Page 21 added citation to the text: 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. 

(U.S. DOE, 2025.) 



 

 

Page 21 added citation to the text: 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. (Carmo et al., 2013; 

Nnabuife et al., 2023.) 

 

Page 22 URL removed from the text: Figure 5. Hydrogen storage methods categorized into 

physical-based and material-based approaches. (Adapted from U.S. Department of Energy 

Hydrogen Storage overview) 

 

Page 22 added text, figure mentioned: Furthermore, Figure 5 illustrated how hydrogen is 

being stored, transportation are key challenges due to its low energy density per volume. 

 

Page 22 added citation to the text: Furthermore, Figure 5 illustrated how hydrogen is being 

stored, 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. 

(U.S. DOE, 2025.) 

 

Page 22 added citation to the text: 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. (Sayed-Ahmed et al., 2024; Carmo et 

al., 2013.) 

 

Page 23 added citation to the text: 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. (Barbir, 2005; Carmo et al., 2013.) 

 



Page 23 added citation to the text: 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. (Carmo et al., 2013.) 

 

Page 23 added citation to the text: 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. (Sayed-Ahmed et al., 2024; Yu et al., 2025.) 

 

Page 23 added citation to the text: 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. (Carmo et al., 2013.) 

 

 

 

  



Chapter 3. Methodology 

 

Page 25 incorrect text: 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.) 

 

Page 25 corrected text: 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 Plug Power, 2023). URL removed 

 

Page 25 added text below Figure 6 as follows: The electrochemical operation of the PEME 

system, as illustrated in Figure 6, demonstrates the fundamental water-splitting mechanism 

used in this study as the basis for model development. 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. 

 

Page 26 added citation to the text: The polarization curve shows the behavior of the cell 

under changing current density values, and is generally divided into three phases (Carmo et 

al. 2013): 

 

Page 27 added citation to the text: The semi-empirical equation used to calculate the PEME 

cell voltage in this research is as follows (Barbir 2005; Carmo et al. 2013):  



Page 28 below the first paragraph, added modeling parameters and description as follows: 

 

Table 2. Modeling parameters 

Symbol Description Unit 

𝑉𝑐𝑒𝑙𝑙 Total cell voltage V 

𝐸𝑟𝑒𝑣 Reversible voltage at given T and p V 

R Universal gas constant J/molK 

T Operating temperature K 

𝛼 Charge transfer coefficient – 

n Number of electrons per mole of H₂ – 

F Faraday constant C/mol 

j Current density A/cm2 

𝑗0 Exchange current density A/cm2 

𝑅𝑜ℎ𝑚  Area-specific ohmic resistance Ω/cm2 

𝑗𝐿 Limiting current density A/cm2 

 

The modelling parameters used in this equation are summarized in Table 2. 

 

The calculation of the cell voltage of a PEME system begins with the determination of basic 

system parameters which are the theoretical backpressure (𝐸𝑟𝑒𝑣) at a given temperature and 

pressure, the universal gas constant (𝑅), the operating temperature (𝑇), the charge transfer 

coefficient ∝, the number of electrons consumed per mole of hydrogen (𝑛), Faraday's constant 

(𝐹), the exchange current density (𝑗0), Cell spatial resistance (𝑅𝑜ℎ𝑚), and limiting current 

density (𝑗𝐿). 

 

Page 29 added text, figure mentioned: From Figure 7, it is clear that the semi-empirical 

model used accurately describes the behavior of the PEME cell and is consistent with theory. 

 

Page 31 added text, figure mentioned: From Figure 9, it can be concluded that high 

temperature reduces activation overpotential losses, resulting in a lower initial voltage 

requirement for the cell. 

 

Page 32 text removed: 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.   

 

Page 32 section 3.2 second paragraph added text as follows: The synthesized approach 

therefore focuses on evaluating the technical efficiency enhancement of the PEM 

electrolyzer, including polarization curve analysis, hydrogen production rate, and 

energy/exergy efficiency. These results provide useful insights for future economic feasibility 

and sustainability assessments of Power-to-Hydrogen systems. 

  



Chapter 4. Calculations and Data Analysis 

 

Page 35 added text, table mentioned: Input values from Table 3 such as current density range, 

voltage, and efficiency are derived from technical sources. 

 

Page 35 incorrect text: Table 2. Input values 

 

Page 35 corrected text: Table 3. Input values 

 

Page 35 added text, table mentioned: In Table 4, current density values were determined in 

the range of 0.2 to 1.0 A/cm², which is the range found in PEM Electrolyzer research, and 

five values were used for analysis as follows: 

 

Page 35 incorrect text: Table 3. Current density 

 

Page 35 corrected text: Table 4. Current density 

 

Page 36 incorrect text: Table 4 Calculated cell voltage based on current density 

 

Page 36 corrected text: Table 5 Calculated cell voltage based on current density 

 

Page 36 incorrect text: 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. 

 

Page 36 corrected text: From Table 5 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. 

 

Page 37 incorrect text: Table 5. Hydrogen gas production rate 

 

Page 37 corrected text: Table 6. Hydrogen gas production rate 

 



Page 37 incorrect text: 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. 

 

Page 37 corrected text: From Table 6, 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. 

 

Page 38 incorrect text: Table 6. Energy efficiency 

 

Page 38 corrected text: Table 7. Energy efficiency 

 

Page 38 incorrect text: from the table 6, it can be seen that the energy efficiency tends to 

decrease with increasing current density. 

 

Page 38 corrected text: from the table 7, it can be seen that the energy efficiency tends to 

decrease with increasing current density. 

 

Page 38 incorrect text: Table 7. Exergy efficiency 

 

Page 38 corrected text: Table 8. Exergy efficiency 

 

Page 38-39 incorrect text: 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 39 is required to produce hydrogen at a higher rate. 

 

Page 38-39 corrected text: From Table 8, 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 is required to produce hydrogen at a higher rate. 

 

Page 39-40 added text, figure mentioned: According to the semi-empirical model calculations 

of the PEM electrolyzer system in Figure 10, at low current, the voltage is close to the 

reversible voltage. 



 

Page 40 added text, figure mentioned: In terms of hydrogen production rate that was 

illustrated in Figure 11, 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. 

 

Page 41 added text, figure mentioned: From Figure 12, 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/𝑐𝑚² to approximately 70% at 𝑗=0.8 𝐴/𝑐𝑚², 

while exergy decreased slightly from 68% at low currents to 64–66% at high currents. 

  



Appendix 1. 

 

Text removed:  

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. 

 

Appendix 2. 

 

Text and tables removed: 

Input/selected parameters  

Table 6. Energy efficiency 

Table 7. Exergy efficiency 

 

 

 

 

 


