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Abstract 

This dissertation presents comprehensive theoretical, experimental, and modeling research of 

electrochemical hydrogen compressors. Hydrogen has higher specific energy than conventional 

fuels, but its volumetric energy density  under standard conditions is significantly lower, 

necessitating compression. Electrochemical hydrogen compressors have been gaining more 

attention as exceptional alternatives to mechanical compressors in hydrogen systems due to 

various advantages such as higher efficiency, modularity, and the absence of moving parts for 

noiseless and vibration-free operation. Hydrogen purification and its extraction from gaseous 

mixtures are additional benefits that give electrochemical compression another advantage. 

However, further research is still needed to mitigate their limitations affecting the output 

pressure and efficiency.  

 

Results of the research show that its main disadvantages are the mechanical deformation of the 

membrane electrode assembly and molecular hydrogen crossover due to the high-pressure 

differences between the anode and cathode volumes. The mitigation method derived from the 

literature research is a novel electrochemical hydrogen compressor design, incorporating a 

modified proton exchange membrane with graphene and a metal foam flow field. To lower 

molecular hydrogen crossover and heighten the mechanical strength of the membrane, a single-

layer graphene with magnetically oriented platelets is proposed to be added to the Nafion 

dispersion. The method of creating a novel membrane is described in detail. Another material 

proposed for the enhancement of the mechanical durability of the membrane electrode 

assembly, lower molecular hydrogen crossover, as well as a more uniform distribution of 

hydrogen and temperature, is metal foam. 

 

In that regard, for experimental research, an electrochemical hydrogen compressor was built 

with different configurations of the hydrogen flow field in which a metal foam was embedded, 

and with a modified proton-conducting membrane and electrode assembly with graphene (0.5 

mg and 1 mg of graphene) to verify their influence on the compressor efficiency. A comparative 

analysis was performed to investigate in detail the effect of new and conventional compressor 

designs on their characteristics. The results show that, with respect to the hydrogen flow field 

configuration, the highest compressor efficiency and the highest hydrogen outlet pressure are 

achieved with Ti foam in the channels. Furthermore, with respect to the proton-conducting 
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membrane and electrode assembly, the highest compressor efficiency and the highest hydrogen 

outlet pressure are achieved with the addition of 0.5 mg of graphene. 

 

A mathematical model of the electrochemical hydrogen compressor is made in 

MATLAB/Simulink and validated with experimental results. Additionally, the model is 

compared with previous models and also verified with published experimental results. The 

equations used are based on laws of physics and electrochemical relations for different input 

voltages. The model provides a better understanding of the electrochemical hydrogen 

compressorôs operating mechanism and enables a multi-criteria optimization process to be 

defined that leads to an optimized electrochemical hydrogen compressorôs performance, 

ensuring the desired parameter values. 

 

The collective results of the dissertation contribute to the further development of hydrogen 

compression technology, which presents an inevitable link in the industrial process chain for 

hydrogen widespread usage. 

 

 

Keywords: 

Hydrogen compression, Electrochemical hydrogen compressor, Proton exchange membrane, 

Hydrogen flow field, Metal foam, Graphene, MATLAB/Simulink math 
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Saģetak 

Ova disertacija obuhvaļa teorijsko i eksperimentalno istraģivanje elektrokemijskoga 

kompresora vodika, te izradu njegovoga matematiļkoga modela. Vodik ima veĺu specifiļnu 

energiju od konvencionalnih goriva, ali u usporedbi po jedinici volumena u normalnim 

uvjetima, njegova energetska gustoĺa je niģa, ġto zahtijeva kompresiju. Elektrokemijski 

kompresori vodika dobivaju sve viġe paģnje kao iznimna alternativa mehaniļkim 

kompresorima u vodikovim sustavima zbog raznih prednosti kao ġto su veĺa uļinkovitost, 

modularnost i odsutnost pokretnih dijelova za beġuman rad bez vibracija. Proļiġĺavanje vodika 

i njegovo izdvajanje iz plinovitih smjesa dodatne su moguĺnosti koje elektrokemijskoj 

kompresiji daju joġ jednu prednost. MeĽutim, potrebna su daljnja istraģivanja kako bi se 

odstranila tehnoloġka ograniļenja koja utjeļu na izlazni tlak vodika i uļinkovitost ureĽaja. 

 

Rezultati istraģivanja pokazuju da su glavni nedostaci elektrokemijskoga kompresora vodika 

mehaniļka deformacija sklopa membrane i elektrode, te povratna difuzija molekularnoga 

vodika zbog visoke razlike tlaka izmeĽu volumena anode i katode. Metoda rjeġavanja uoļenih 

nedostataka, proizaġla iz teorijskog istraģivanja, novi je dizajn elektrokemijskoga kompresora 

vodika, koji ukljuļuje modificirani sklop protonski vodljive membrane i elektroda s grafenom 

i poljem strujanja vodika od metalne pjene. Kako bi se smanjila povratna difuzija 

molekularnoga vodika i poveĺala mehaniļka ļvrstoĺa membrane, predlaģe se dodavanje 

jednoslojnoga grafena s magnetski orijentiranim flekicama u Nafion disperziju. U radu je 

detaljno opisana metoda izrade nove membrane. Drugi materijal predloģen za poveĺanje 

mehaniļke izdrģljivosti sklopa membrane i elektrode, smanjenje povratna difuzija 

molekularnoga vodika, kao i ravnomjernije raspodjele vodika i temperature, je metalna pjena 

(Ni ili Ti) koja moģe sama tvoriti polje struja ili se moģe inkorporirati unutar polja kanala. 

 

U tom smislu, za eksperimentalna istraģivanja, elektrokemijski kompresor vodika izraĽen je s 

razliļitim konfiguracijama polja strujanja vodika u koje je ugraĽena metalna pjena, te s 

modificiranim sklopom protonski vodljive membrane i elektroda s grafenom (0,5 mg i 1 mg 

grafena) kako bi se provjerio njihov utjecaj na uļinkovitost kompresora. Provedena je 

komparativna analiza kako bi se detaljno istraģio uļinak novih i konvencionalnih konstrukcija 

kompresora na njegove znaļajke. Rezultati pokazuju da se s obzirom na konfiguraciju polja  
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strujanja vodika, najveĺa uļinkovitost kompresora i najveĺi izlazni tlak vodika postiģe s Ti 

pjenom u kanalima. Nadalje, s obzirom na sklop protonski vodljive membrane i elektroda, 

najveĺa uļinkovitost kompresora i najveĺi izlazni tlak vodika postiģe se s dodatkom 0,5 mg 

grafena. 

 

Matematiļki model elektrokemijskoga kompresora vodika izraĽen je u MATLAB/Simulinku i 

validiran rezultatima eksperimenta. Jednadģbe koje se koriste osnovane su na temeljnim 

zakonima fizike i elektrokemijskim odnosima za razliļite ulazne napone. Model pruģa bolje 

razumijevanje mehanizma rada elektrokemijskoga kompresora vodika i omoguĺuje definiranje 

procesa optimizacije s viġe kriterija koji dovodi do optimizirane izvedbe elektrokemijskoga 

kompresora vodika, osiguravajuĺi ģeljene vrijednosti parametara. 

 

Skupni rezultati disertacije doprinose daljnjem razvoju tehnologije kompresije vodika, koja 

predstavlja neizbjeģnu kariku u industrijskom procesnom lancu za ġiroku primjenu vodika. 

 

 

Kljuļne rijeļi: 

Kompresija vodika, Elektrokemijski kompresor vodika, Protonski vodljiva membrana, Polje 

strujanja vodika, Metalna pjena, Grafen, MATLAB/Simulink matematiļki model 
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1.  Introduction 

1.1 Research Motivation 

The majority of this dissertationôs Chapter 1.1 Research Motivation research content is 

published in the following articles:  

¶ Kovaļ A, Paranos M, Marciuġ D. Hydrogen in energy transition: A review. Int J 

Hydrogen Energy 2021;46:10016ï35. https://doi.org/10.1016/j.ijhydene.2020.11.256 

[1], and 

¶ Genovese M, Piraino F, Kovaļ A, Marciuġ D, Pagnotta L, Fragiacomo P. Integration of 

hydrogen compressors and turbines into current and future hydrogen infrastructure. 

Journal of Power Sources 2025;629:235965. 

https://doi.org/10.1016/j.jpowsour.2024.235965 [2]. 

 

1.1.1 Hydrogen's Role in the Energy Transition 

The energy transition from fossil fuels to renewable energy sources (RES) is affecting all 

regions of the world as people strive for energy independence, decarbonization, and clean 

energy solutions. In order to utilize the full potential of RES, incorporating hydrogen as an 

energy carrier in energy transition strategies is becoming a key factor for achieving a carbon-

neutral society. Hydrogen can be produced through water electrolysis powered by RES, a 

method that does not generate CO2 emissions. Similarly, when used in hydrogen fuel cells for 

electricity generation, the process remains emission-free, enabling a sustainable hydrogen cycle 

without harmful environmental impacts [1]. However, over 90% of hydrogen is produced from 

fossil fuels and industrial by-products via processes such as steam methane reforming (SMR), 

which require additional purification before use [3]. During off-peak hours, hydrogen stored in 

vessels as an energy vector preserves RES-generated electricity, enabling energy flexibility and 

system flexibility and resilience. Due to hydrogenôs low volumetric energy density, its 

compression is an inevitable process for the most commonly used and efficient storage method 

ï pressurized vessels. 

 

Alongside energy storage, another advantage of hydrogen is that it can be distributed by 

injection into existing natural gas pipelines. Around 5,000 km of hydrogen pipelines are present 

https://doi.org/10.1016/j.ijhydene.2020.11.256
https://doi.org/10.1016/j.jpowsour.2024.235965
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in the world compared to 2.91 million km of natural gas pipelines. Blending hydrogen into the 

existing infrastructure of the global natural gas piping network offers extensive transport and 

storage capacities (>100 GWh), as well as significantly lower investment compared to the 

construction of new hydrogen pipelines [1]. However, various modifications of the system 

network, investigations of possible risks, safety measures, blending, extraction of hydrogen, 

and purification are all additional costs that have to be considered. The maximum hydrogen 

blend level in the natural gas grid is usually 5 ï 20 vol.%, potentially even 25% depending on 

the gas grid infrastructure [4]. If more than 10 vol.% of hydrogen should be injected, the 

measuring instruments, control stations, and compressors have to be replaced or modified [5].  

 

When distributed, hydrogen can be separated at the user site for use in different applications 

such as energy storage, transport applications (urban buses, heavy-duty vehicles, hydrogen 

refueling station (HRS), etc.), power generation and cogeneration, heat production, cement 

industry, or other applications. The energy transition progress is perhaps publicly most visible 

in the transport sector, where hydrogen is beginning to take a significant role in fuel cell electric 

vehicles (FCEVs). FCEVs utilize hydrogen in proton exchange membrane fuel cells (PEMFCs) 

that have specific requirements. High-purity hydrogen of 99.97% is needed, as hydrogen quality 

will directly impact the PEMFC operational lifetime in the process of electrochemical energy 

conversion under catalysis [6]. 

 

To sum up, hydrogen purification and compression are essential processes for hydrogen 

utilization. However, current purification and compression technology limitations considerably 

raise the cost of hydrogen supply and make hydrogen application challenging. Reducing the 

cost and difficulties associated with hydrogen compression and purification technology requires 

new research and development for more efficient compressors and purifiers. 

 

1.1.2 Hydrogen Compression Technology 

The expanding role of hydrogen in the energy market, along with its wider and more varied 

applications necessitating storage and transportation, has driven research toward challenges like 

compression. When comparing the net calorific value at standard pressure and temperature 

conditions of conventional fuels such as methane, propane, gasoline, diesel, and methanol, 

hydrogen has the highest gravimetric energy density, but the lowest volumetric energy density. 
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Table 1 shows the comparative values of lower heating value (LHV) energy densities of 

hydrogen and its comparative fuels.  

Table 1. Volumetric energy density of various fuels (Data from [7]) 

Fuel Volumetric energy density (kWh/m3) 

Hydrogen (gas at 1 atm and 15 ÁC) 2.79 

Methane (gas at 1 atm and 15 ÁC) 9.04 

Propane (gas at 1 atm and 15 ÁC) 24.08 

Methanol (liquid) 4389 

Gasoline (liquid) 8653 

Diesel (liquid) 8732 

 

To put this info into perspective, 1 kg of hydrogen contains approximately 120 MJ/kg of energy, 

while 1 kg of gasoline has 43.4 MJ/kg, and 1 kg of natural gas has 47.1 MJ/kg. However, 

gaseous hydrogen in a 460 L tank at 350 bar or hydrogen in a 340 L tank at 700 bar is 

energetically equivalent to gasoline in a 50 L tank. Therefore, gaseous hydrogenôs low 

volumetric energy density (0.01079 MJ/L at 1 bar and 15 ÁC) makes it challenging to store and 

transfer, as for the same amount of energy, significantly larger volumes of hydrogen need to be 

handled or transported [8].  

 

Hydrogen compression methods are categorized into mechanical and non-mechanical types, 

with the selection depending on factors like pressure levels, maintenance demands, flow rates, 

efficiency, and application-specific requirements. Mechanical compressors are the most widely 

used technology that comes in different configurations, including single-stage and multi-stage 

systems, based on the desired discharge pressure. The state of the art of hydrogen compression 

technologies includes mechanical compressors, i.e., reciprocating, diaphragm, rotary screw, 

centrifugal, hydraulic piston, linear, and ionic liquid compressors, as well as innovative non-

mechanical hydrogen technologies, such as cryogenic, metal hydride, electrochemical, and 

adsorption compressors [9]. Each compression technology has its advantages and limitations, 

and the selection is often based on a trade-off between factors like capital cost, operational cost, 

and efficiency.  
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Presently, the most used compressors in hydrogen systems are centrifugal compressors that are 

seen to become their most efficient in large-scale hydrogen production of hydrogen and allow 

compression ratios up to 30:1 with isentropic efficiencies between 70 and 90 %. Among them, 

reciprocating piston and diaphragm compressors, both of which are conventional mechanical 

compressors, are the most common [2]. Even though reciprocating compressors present a 

mature solution, the extensive use of moving parts results in increased manufacturing of 

increasingly complex designs, high maintenance costs due to the higher frequency of 

movement, and higher noise and vibration. Furthermore, reciprocating compressors are not 

efficient at high flow rates as mechanical stresses limit the use of higher speeds, restricting the 

flow rates. On the other hand, the diaphragm compressor's main disadvantage is a potential 

diaphragm failure due to radial stress related to diaphragm deflection [10]. Among mechanical 

compressors, the liquid compressor is generally considered to be the most suitable for high-

pressure requirements, as its performance is often approximated as an isothermal process [11]. 

In general, mechanical compressors are more suitable for high-power applications (nominally 

above 100 kW), but for low-power applications, non-mechanical compressors are more 

efficient.  

 

The most commonly used non-mechanical compression technologies for hydrogen applications 

are electrochemical hydrogen compressors (EHCs), metal hydride compressors, and 

adsorption-based compressors. However, the technology is not yet fully mature, the initial cost 

is high, and its specific drawbacks limit its widespread adoption in high-demand hydrogen 

applications. Absorption/Adsorption compressorôs limitations include low thermal conductivity 

of adsorbents, difficulty in thermal management, and required low-temperature operation [12], 

while the metal hydride compressorôs limitations are high weight, low compression speed, high 

heat management requirements, and low efficiency [13]. 

 

To conclude, mechanical compressors' limitations often include corrosion, hydrogen impurity, 

low theoretical efficiency, hydrogen leakage, and frequent high-cost maintenance due to 

moving parts, which cause mechanical friction, noise, and vibrations [14]. Hence, non-

mechanical compressors are currently the focus of ongoing research in hydrogen compression 

studies. EHCs stand out among all non-mechanical compression technologies due to various 

advantages, such as isothermal process, noiseless and vibration-free operation, modularity to 
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combine cells in a stack with either high hydrogen pressure or high flow rate, non-existence of 

moving parts, high purity hydrogen output, and high efficiency (usually over 60%) [8]. 

However, as the technology is not yet mature, further progress in development and research is 

still needed. 

 

1.2 Research Methodology and Materials 

This dissertation encompasses theoretical and experimental research on the EHC, as well as the 

development of the mathematical model that describes its performance. The research is 

conducted at the University of Zagreb, Faculty of Mechanical Engineering and Naval 

Architecture, in the Power Engineering Laboratory, and partially at the University of Zagreb, 

Faculty of Chemical Engineering and Technology, in the Electrochemistry Laboratory. All 

constructions required for the experimental part of the research are designed in the Laboratory 

and delivered to external associations for production with personal supervision and 

consultations.  

 

Materials used in this research are various due to the diversity and complexity of experimental 

setup, ranging from durable stainless steel (SS316L, SS316, and SS304), titanium (Ti), copper 

(Cu), polyetheretherketone (PEEK), plastic polypropylene (PP), and poly(methyl methacrylate) 

(PMMA, Plexiglass), to malleable elastomers such as Viton (fluoropolymer) and silicone 

(polysiloxane). Elastomers are primarily used for gaskets, metals, and PEEK for high-pressure 

applications, as well as piping and instrumentation, while silicone and plexiglass are used for 

low-pressure applications. All specified materials are carefully selected to prevent hydrogen 

embrittlement, permeability, and reactivity to ensure safe operation with equipment. They are 

corrosion resistant, have low hydrogen adsorption and absorption, ensure chemical stability 

with hydrogen, have high resistance to hydrogen embrittlement, and have low hydrogen 

permeability. Chemically reactive materials with hydrogen include platinum (Pt), which is used 

as a catalyst in the EHC to ensure fast kinetics of hydrogen oxidation and reduction reactions. 

Composite materials that are used as a gas diffusion layer (GDL) in the experiment are carbon 

cloths, made from woven carbon fibers that are thermally treated to enhance electrical 

conductivity, porosity, and durability. Closely positioned to GDL and of the highest importance 

for EHC proper operation is the proton exchange membrane (PEM). The selected membrane is 

composed of a single-phase perfluorosulfonic acid (PFSA) polymer made of a 



 

6 

 

polytetrafluoroethylene (PTFE) backbone with sulfonic acid (-SO H) side groups, which are 

called Nafion [15]. 

 

The theoretical approach in this dissertation consists of deductive methods to derive the 

required objectives by studying published research papers regarding EHCs and correlated 

technology, their research trends, recent advances, and emerging challenges. The main 

objectives are defining the EHC operating mechanism in detail, literature aspects not studied 

sufficiently, EHC technology limitations, methods and materials for the mitigation of deduced 

limitations, and future research directions. Additionally, the theoretical research provides a 

necessary knowledge basis for experimental research and a mathematical modeling approach.  

 

Following the theoretical baseline, an experimental part of this dissertation implies laboratory 

construction and design of EHC that incorporates derived methods and materials for the 

mitigation of deduced limitations. In order to collect the required numerical and operational 

data from the EHC measurements, an experimental setup and EHCôs corresponding system are 

constructed. The EHC's successful operation requires a water management system, while 

successful data acquisition requires the incorporation of multiple sensors into the EHC system 

as well as a separate data acquisition and management system. A comparative performance 

analysis is conducted to investigate the effect of incorporated materials on the EHCôs output 

parameters and construction durability. The results of the conducted experiments present a 

validation framework for the mathematical model.  

 

A mathematical model of the EHC is made in MATLAB/Simulink, which is validated with 

experimental results. For further analysis, the results of the mathematical model are discussed 

with regard to comparison to the results of previous research published and relevant 

mathematical models. The model presents a comprehensive outlook of the compressorôs 

operating mechanism, which is described through equations based on fundamental laws of 

physics and electrochemical relations. Model simulation analysis provides valuable insight into 

the dynamics of remaining parameters that influence the EHCôs performance based on different 

values of input voltage, applied potential difference, operating temperature, initial membrane 

water content, and membrane thickness. 
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1.3 Objective and Hypotheses of Research 

The objectives of the research are: 

1. Development of a method for introducing new materials in the design of bipolar plates and 

proton exchange membrane of the electrochemical hydrogen compressor to increase its 

efficiency. 

2. Development and experimental verification of a mathematical model for the 

electrochemical hydrogen compressorôs operating mechanism. 

The research hypothesis is: 

The introduction of metal foam for bipolar plate material in combination with a proton exchange 

membrane filler/Nafion mixture, instead of pure Nafion and a bipolar plate with channels, will 

improve the efficiency of the electrochemical hydrogen compressor. 

 

1.4 Expected Scientific Contribution 

Expected scientific contributions are: 

1. A method of introducing new materials for the design of proton exchange membranes and 

bipolar plates of an electrochemical hydrogen compressor. 

2. Mathematical model of an electrochemical hydrogen compressorôs operation, applicable in 

the development and research of future electrochemical hydrogen compressors. 
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2.  Design and Material Optimization of the 

Electrochemical Hydrogen Compressor 

The majority of this dissertationôs Chapter 2. Design and Material Optimization of the 

Electrochemical Hydrogen Compressor content is published in the following:  

¶ Marciuġ D, Kovaļ A, Firak M. Electrochemical hydrogen compressor: Recent progress 

and challenges. International Journal of Hydrogen Energy 2022;47:24179ï93. 

https://doi.org/10.1016/j.ijhydene.2022.04.134 [8], and 

¶ Marciuġ D. The Concept of Electrochemical Hydrogen Compression and Purification 

Technology. In: Kovaļ A, editor. Challenges and Solutions in the Hydrogen Value 

Chain: State of the Art Perspectives on Decarbonization and the Green Energy 

Transition, Cham: Springer Nature Switzerland; 2024. https://doi.org/10.1007/978-3-

031-69051-8 [16]. 

 

2.1 Overview of Research Conducted Hitherto 

In order to bypass expensive subsequent mechanical hydrogen compression, there have been 

attempts to modify proton exchange membrane electrolyzers (PEMEs) with thicker membranes 

to withstand high pressures. The incorporation of such membranes would allow PEME to 

simultaneously produce hydrogen and compress it [16]. In that regard, Scheepers et al. [17] 

discussed whether hydrogen should be compressed in subsequent gas compressors or by the 

accordingly modified PEME. They concluded that implementing a thicker membrane causes 

the Nernst potential at high pressures to reach the same order of magnitude as the ohmic 

overpotential, thus resulting in a substantial electrolyzer efficiency decrease. On the other hand, 

the use of supported thinner membranes results in lower resistances but presents a critical safety 

issue [18]. When increasing the operating pressure, thin membranes consequently allow 

permeation of hydrogen through the membrane to the oxygen side, and vice versa, resulting in 

a hydrogen/oxygen mix - an explosive gas if a lower flammability limit (LFL) is exceeded [19].  

Moreover, the crossover flow causes notable losses in hydrogen production, which can be 

reduced by thickening the membrane [20], thus forming an opposing strategy as well as a 

requirement for compressors in hydrogen systems. It is important to note that hydrogen gas is 

https://doi.org/10.1016/j.ijhydene.2022.04.134
https://doi.org/10.1007/978-3-031-69051-8
https://doi.org/10.1007/978-3-031-69051-8
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highly flammable with an LFL of 4.1% and an upper flammability limit (UFL) of 74.8% in air 

at 25 ÁC and 1 atm [1]. To conclude, neither thick nor thin membranes present a solution for 

hydrogen compression via PEME, and therefore, there is a requirement for other ways of 

electrochemical hydrogen compression ï EHC technology. 

 

Subject to achieved pressure, power consumption, noise level, sustainability, and overall 

efficiency, different compression technologies were compared in various studies, as explained 

in Chapter 1.1.2 Hydrogen Compression Technology. Compared to mechanical compressors, 

Zou et al. [21] pointed out that the isothermal compression of EHC is almost two times higher 

than that of the adiabatic process of the mechanical compressor with the same compression 

ratio of 300. This adiabatic compression process is divided into stages to reduce temperature 

increases and improve energy efficiency. Typically, the friction of seals and valves adds up to 

20% to the energy requirement, resulting in approximately 6 kWh/kg of required energy for 

compression of 10 to 400 bar. To the best of the authorôs knowledge, presently, the highest 

achieved EHC stack output pressure amounts to 1,000 bar [22], while for single-cell EHC, the 

highest reached value is 168 bar [23]. The EHC compression process is isothermal and single-

stage, having the potential to reduce this energy requirement for the same pressure increase 

down to 3 kWh/kg [23]. The difference between adiabatic and isothermal ideal and practical 

hydrogen gas compression is presented in Figure 1.  

 

  
Figure 1. The energy required for hydrogen compression for isothermal and adiabatic processes [24] 
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The diagram shows that for a final pressure of 800 bar, the compression energy requirements 

for isothermal compression (– = 50%) would amount to about 11.5% of the energy content of 

hydrogen (higher heating value (HHV)), while for the ideal adiabatic compression would 

amount to 15%. The average efficiency of mechanical compressors is around 45%, while EHCs 

tend to be over 60% [9].  In addition, EHC usage, such as hydrogen purification and extraction 

of hydrogen from gaseous mixtures, gives electrochemical compression another advantage [25]. 

Rhandi et al. [24] also addressed the strengths and weaknesses of the most widespread 

compression and purification technologies relevant to the hydrogen application, perceiving 

EHC as evidently the most promising option for both processes. Due to the absence of 

mechanical losses, EHC is a solid-state compressor, ensuring compatibility and a longer service 

life, which reduces the operation and maintenance costs. Moreover, the EHC stack with 

multiple cells is more advantageous than a multistage mechanical compressor, as it can reach 

the same pressure level using fewer stages without noise and a simpler design [20]. Also, the 

required hydrogen output flow rate and output pressure can be regulated by arranging cells in 

different configurations - serial, parallel, or a combination of both. 

 

A well-designed EHC system is capable of operating for 10 to 20 years [26], with a mean time 

between failures (MTBF) exceeding 40,000 hours  [27]. The capital expenditure (CAPEX) for 

EHC is estimated at approximately $3,850 per kg/day, which is significantly lower than the 

$6,050 per kg/day required for a mechanical compressor. Additionally, the total cost of 

ownership (TCO) for EHC is $3.44 per kg, compared to $4.77 per kg for mechanical 

compression [27]. The operating expenditure (OPEX) for EHC is also more cost-effective, 

remaining below $1 per kg, whereas mechanical compressors require between $1.75 and $2.3 

per kg due to higher specific energy consumption, typically less than 4 kWh/kg as mentioned 

before [9]. Recent advancementsðincluding catalyst optimization, improved thermal and water 

management, and the use of lower-cost membranesðsuggest that OPEX of $3,400 per year 

and a total cost of $0.503 per kg could be achievable. Regarding CAPEX distribution, 79.8% 

is attributed to the EHC stack, while 20.2% covers the balance of plant (BOP). The primary 

expenses within the stack include: 

¶ MEAs: 40.2% of total CAPEX, 

¶ cell frames: 14.1%, 

¶ end plates: 9.5%, 
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¶ MEA support structures: 7.1%  [26], [16]. 

 

There have been scientific publications on the subject of hydrogen pumping using ion exchange 

membranes in the 1980s. However, there was no significant profit seen in it or other economic 

interests at the time, until the development and progress in fuel cell and electrolyzer technology. 

Figure 2 represents the upward trend of EHC technology potential discovery. This can be seen 

in the increased number of published articles regarding EHC per year. The total number of 

research papers reached 218 by the end of 2024. Furthermore, the number of patents related to 

the EHC technology in cell or stack configuration reached 60 by the end of 2021 [8]. 

 

   

Figure 2. History of published EHC scientific articles (Ò2024)  

The most prominent rise in published EHC research began in 2020, after which the trend kept 

rising to this date (the beginning of 2025). The evident rise in the last several years is 

presumably due to hydrogen getting more attention as climate change mitigation became more 

urgent. Following increased hydrogen usage, the requirement for compression to pressures up 

to 700 bar has also risen. High pressures are mostly needed for the fast-developing market of 

PEMFC technology and its implementation in FCEVs. Consequently, the growth of hydrogen 

road maps necessitates the expansion of HRSs infrastructure that uses hydrogen compressors. 

The upcoming EHC research trend is expected to experience an even more increase in the 

following years due to hydrogenôs rising role in the energy transition to renewable energy. 

Following the research trend, this dissertation's focus is to contribute to the development of 

EHC technology via various methods. 
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2.2 Electrochemical Hydrogen Compressor 

2.2.1 The Electrochemical Hydrogen Compressorôs Design 

Industrial EHC systems are composed of multiple EHC cells arranged in a stack configuration 

to enhance hydrogen throughput and achieve higher gas pressures. Since a single cell's 

efficiency can be impacted by the back-diffusion of hydrogen molecules through the membrane 

(an issue that becomes more pronounced at elevated pressures), stacking multiple cells 

mitigates this effect. Various stack designs exist, differing in whether the hydrogen flow 

channels are arranged in series or parallel [16]. However, all cells within the stack are 

electrically connected in series, ensuring that the total applied voltage is evenly distributed 

across each cell (Figure 3).  

 

     

Figure 3. Different EHC stack configurations: left ïparallel flow; right ï flow in series [28] 

In an EHC system, a parallel flow configuration is well-suited for applications requiring higher 

hydrogen throughput at moderate pressures, whereas a series flow configuration is capable of 

achieving greater pressures but with lower gas flow rates. If a balance between delivered 

pressure and flow rate is necessary, a hybrid design incorporating both parallel and series flow 

elements can be implemented based on specific application requirements [16]. For a given 

number of cells and identical operating conditions, parallel flow stacks exhibit greater 

efficiency compared to series or hybrid configurations. However, the parallel arrangement is 
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more prone to system failure, as each PEM experiences a high-pressure differential, meaning a 

single membrane failure would immediately depressurize and deactivate the entire stack. 

Conversely, in a series flow configuration, membrane failure is less probable, since the total 

pressure difference is distributed across all PEMs in the stack, reducing the stress on individual 

membranes [28].  

 

An individual EHC cell is generally composed of end plates, electric insulators, current 

collectors, flow field plates, gaskets, GDLs, and a three-layered MEA. Three-layered MEA 

consists of anode and cathode catalyst layers (CL) and PEM, while five-layered MEA also 

includes anode and cathode side GDLs. Figure 4 shows an example of an EHC design in which 

all main single-cell components are labeled. 

 

  

Figure 4. Single-cell EHC components [16] 

The PEM is the core component of EHC technology, serving as both a separator and a solid 

electrolyte. The most commonly utilized PEM material in EHC applications is Nafion, which 

is particularly suitable for low-temperature operations with thicknesses ranging from 51 to 254 

Õm. For high-temperature operations, the most commonly used material is the acid-loaded 
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polybenzimidazole membrane [29]. Typically, EHC experiments are conducted with hydrogen 

at room temperature or at a maximum of approximately 80 ÁC, as higher temperatures lead to 

greater membrane moisture loss, which significantly impacts proton conductivity. Additionally, 

at current densities exceeding 0.5 A/cmĮ, PEMs require increased hydration, as elevated 

resistance results in higher heat generation. Studies have demonstrated that when testing EHC 

at 80 ÁC, a higher voltage was required to sustain a given current density, compared to 

experiments conducted at 30 ÁC. Moreover, under identical temperature conditions, PEMs 

operating at 100 % relative humidity (RH) exhibited superior performance, highlighting the 

importance of maintaining adequate membrane hydration [30].  

 

Proton exchange membrane 

Another crucial aspect in optimizing PEM performance is hydrogen molecule back-diffusion. 

This phenomenon occurs when hydrogen migrates from the cathodic to the anodic compartment 

due to the high pressure present on the cathode side, ultimately restricting the maximum 

achievable hydrogen output pressure. Among the key factors influencing the rate of hydrogen 

back-diffusion, cathode pressure is the most significant, followed by temperature and relative 

humidity. As temperature increases, the back-diffusion rate rises considerably, primarily due to 

the enhanced solubility and diffusion coefficient of hydrogen within the membrane. 

Additionally, increasing the PEM's water content alters the polymer chain's intermolecular 

spacing and introduces new pathways for hydrogen molecules to migrate from the cathode to 

the anode compartment [31]. In summary, the optimal PEM characteristics (for EHC) include: 

¶ high proton conductivity to facilitate efficient hydrogen ion transport while minimizing 

resistance, 

¶ low conductivity for impurities to maintain system purity and performance, 

¶ high mechanical strength, ensuring durability under significant pressure differentials 

between the anode and cathode, 

¶ low gas permeability to reduce hydrogen back-diffusion and maximize compression 

efficiency, and 

¶ integration of additional high-strength, durable support materials, enhancing both 

structural integrity and long-term reliability to prevent PEM deformation [16]. 
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Catalyst layers 

CL plays an important role in enhancing the electrochemical kinetics of the hydrogen oxidation 

reaction (HOR) and hydrogen reduction reaction (HER), significantly lowering the required 

activation energy. A study by Hao et al. [32] revealed that the HER rate in EHC is slower than 

the HOR, leading to a higher overpotential at the cathode. To address this, platinum (Pt) - based 

catalysts are the most commonly used in EHC catalyst layer designs due to Pt's high adsorption 

strength and its ability to facilitate a rapid reaction rate. Wu et al. [33] conducted a comparative 

study on Pt and palladium (Pd) catalysts for hydrogen separation from a CO /H  reformate 

mixture, aiming to reduce costs. However, their findings indicated that the electrochemically 

active surface area of the Pd/C catalyst was smaller than that of the Pt/C catalyst, leading to 

lower EHC energy efficiency. Similarly, Zou et al. [21] observed that when the supplied 

hydrogen was insufficient compared to the theoretical hydrogen demand for a given current, 

the anode and cathode catalyst layers developed a more porous structure. This occurred due to 

particle detachment, which exposed the catalyst support, ultimately compromising the MEA 

and causing system failure. The most recent finding by Aykut and Yurtcan [34] highlights the 

PtPd/C catalyst as a suitable option for the EHPC system. 

 

Gas diffusion layers 

To support metal catalyst particles, which tend to aggregate during electrochemical reactions, 

and to ensure a uniform distribution of reactants across the active area, GDLs are incorporated 

into both the anode and cathode catalyst layers. The most commonly used GDLs are carbon-

based materials (such as carbon paper or carbon cloth) that consist of both macroporous and 

microporous layers, though metallic GDLs are also an option. The selection of GDL material 

is crucial, with thicknesses typically ranging between 100ï400 Õm. Ideal GDL properties 

include: 

¶ high electrical conductivity to ensure efficient charge transfer, 

¶ robust mechanical strength to withstand pressure differentials, 

¶ optimized surface area and porosity for effective gas transport, 

¶ good chemical stability and water management, 

¶ durability and flexibility under high-pressure conditions [8]. 
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To mitigate the risk of anode flooding, which can occur due to water diffusion back to the anode 

when EHC is idle for extended periods or when PEM humidity is too high, carbon-based GDLs 

can be treated with a hydrophobic PTFE dispersion [35]. However, metallic GDLs present 

additional challenges, as PTFE treatment is ineffective due to pore blockage (porosity <40%) 

and poor adherence to the surface, making them more susceptible to flooding [36]. Electrode 

flooding is a critical issue, as it reduces the active area, leading to a decline in performance [37]. 

Unlike PEMFC, these studies have investigated alternative GDL materials for EHC 

applications. However, Lee and Huang [38] introduced two low-cost, waterproof-modified 

metallic GDLs that enhanced EHC water management performance. These included: a silver- 

and heptadecafluoro-1-decanethiol (HDFT)-modified GDL, and a GDL with a 

NafionÊ/oxidized carbon nanotube (O-CNT) composite coating [39]. Additionally, Hoa et al. 

[32] explored the use of double GDLs on both the anode and cathode sides, consisting of a 

sintered stainless steel sheet combined with a hydrophobic carbon cloth. In this configuration, 

the sintered stainless steel sheet provides mechanical support, maintaining structural integrity 

under high pressure, while the hydrophobic carbon cloth serves multiple functions, including 

preventing anode flooding, reducing the contact resistance between the catalyst-coated 

membrane and the stainless steel sheet, and protecting the catalyst-coated membrane from 

damage caused by the rigid fibers of the stainless steel sheet. 

 

Membrane electrode assembly 

As previously mentioned, the MEA consists of PEM, CLs, and GDLs in a layered structure. 

The MEA is the most critical component influencing EHC performance, yet it is also the most 

expensive and delicate part. Therefore, ensuring proper gasketing is essential to maintain its 

structural integrity and operational efficiency. There are various methods to establish an 

effective sealing structure for the MEA. One such approach is depicted in Figure 5, which 

illustrates a five-layered MEA gasket. This configuration includes: an elastic seal that ensures 

proper contact between the flow field plates, a resin frame that provides structural support, and 

an adhesive bonding securing the PEM within the assembly. Additionally, the figure highlights 

key assembly regions that are crucial for gasket integration, ensuring optimal sealing and 

durability of the MEA. In that regard, the MEA can be divided into three distinct regions: the 

functional region, the transition region, and the structural region [16]. 
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Figure 5. Schematic diagram of the primary structure of an MEA: a - anode, c - cathode [40] 

Functional Region (Active Area): 

This area contains the electrodes and membrane where the electrochemical reactions take place, 

directly influencing the EHC performance. 

 

Transition Region: 

Located between the active area and the structural region, this zone contains elements from 

both regions as well as the gap that separates them. It is crucial that this region is designed to 

prevent hydrogen leakage. To enhance the lifetime and performance of the MEA, the gap in the 

transition region can be overlapped, breached, or glued; however, it should never cause 

mechanical deformation of the MEA [40]. Additionally, this region must be sealed effectively 

to prevent hydrogen leakage, particularly from the high-pressure cathode compartment. 

 

Structural Region: 

The structural region provides the mechanical stability and durability of the MEA, ensuring 

protection for the PEM. It also plays a role in sealing and acts as an electrical insulator. The 

thickness of the gasket in this region can function as a distance keeper, controlling the extent 

of contact between the flow field plates and the MEA (as shown in Figure 6). This contact 

determines the contact resistance, which has a significant impact on EHC performance. For this 

reason, proper control of it is essential for maintaining optimal efficiency [16]. 
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Figure 6. Schematic diagram of a half-cell configuration: (a) optimum, (b) with a thinner gasket, and (c) with a 

thicker gasket [41] 

The potential mismatches in gasket thickness, as shown in Figure 6, can lead to several issues: 

(b) A thinner gasket causes sealing issues, which can lead to hydrogen leakage and increased 

mass transport losses. 

(c) A thicker gasket creates a gap between the flow field plate/bipolar plate and the GDL, 

resulting in higher contact resistance, which negatively impacts the ohmic overvoltage [41]. 

For these reasons, it is essential to achieve the optimal contact between the gasket and the GDL, 

as depicted in configuration (a), to ensure the best performance for the EHC system. 

 

Flow field plates 

Flow field plates play a significant role in large cell-numbered stacks, physically comprising a 

substantial portion of the assembly. The most commonly used materials for flow field plates 

include alloys and metals such as stainless steel or Ti. Consequently, the materials used for their 

construction must possess good electrical conductivity, corrosion resistance, and be 

lightweight. In PEMFCs, flow field plates account for more than 60% of the weight and 30% 

of the total cost in a stack. Additionally, optimizing the design of the bipolar plate in PEMFCs 

can enhance the overall stack performance by up to 50%. There are various channel 

configurations for designing flow fields, including pin-type, parallel, crisscross, single 

serpentine, multiple serpentine (parallel serpentine), mixed serpentine, serially linked 

serpentine, mirror serpentine, interdigitated, biomimetic (fractal) interdigitated, spiral 

interdigitated, metal mesh (screen), metal foam (porous media), porous plate, tapered, 

constricted, stepped (asymmetric channels), radial, structural-based, and integrated. These 

designs influence several factors such as hydrogen flow direction, pressure drop, water removal, 

mechanical stability, heat and mass transfer, and electrical conductivity [42]. Given the 

technology's similarities, a parallel between the design of flow field plates in EHC stacks and 
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that of PEMFCs could be drawn. The primary function of the flow field in EHC is to distribute 

hydrogen to the electrochemically active areas while also evenly distributing gas and current 

and removing excess heat. Furthermore, the flow field shape must offer strong mechanical 

support to the MEA under high-pressure differences while ensuring a low-pressure drop.  

 

End plates 

End plates in EHC systems facilitate the flow of reactants and products throughout both the 

individual cells and the entire stack. They provide structural support and sealing. Acting as 

clamping parts, they are positioned on the outer sides of the assembly, offering mechanical 

strength and applying compressive force to ensure proper electrical contact between the internal 

layers. The optimal clamping pressure must be tested to guarantee the best system performance. 

Stainless steel is typically the material of choice for end plates, as it can withstand high cathode 

pressures and temperatures. However, excessive pressure can cause deformation, particularly 

at the centerline of the stack, if the plates are not properly sealed and the stress is not evenly 

distributed [8]. In addition to providing structural support, end plates also help form seals at 

various interfaces within the system that prevent hydrogen leakage, which is critical to the 

efficiency and safety of the EHC system. Also, end plates serve to keep the individual cells in 

the EHC stack properly aligned, compressed, and mechanically intact, which helps maximize 

the stack's performance. In many designs, the end plates include flow fields to distribute 

hydrogen gas to the anode and cathode electrodes in each cell. Some end plates may also feature 

coolant channels, allowing for the circulation of coolant to regulate the stack's temperature. 

Maintaining an optimal operating temperature is vital for both the efficiency and durability of 

larger systems [16]. Shinde and Koorata [43] noted that enhancing the electrical contact 

resistance - specifically the contact pressure at the interface between the flow field and GDL - 

leads to a reduction in permeability, emphasizing the need to identify the optimal contact 

pressure. Several models developed for PEMFCs have been designed to calculate the optimal 

thickness of end plates, considering factors such as different clamping belt configurations, the 

best placement of intermediate and outer clamping belts [44], and the ideal geometry for contact 

pressure distribution [45]. In their research, Habibnia et al. [46] proposed a geometric structure 

for end plates that ensures uniform pressure distribution while minimizing weight. These 

numerical analyses and findings, originally applied to PEMFC end plates, could be similarly 

relevant and useful for EHC design, particularly when dealing with higher pressures. 
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Thermal management 

In theory, compression in EHC is considered isothermal, but in practice, the cell resistances 

result in losses in the form of displaced excess heat, leading to temperature increases and an 

uneven distribution of heat throughout all components. Resistances cause overvoltages such as 

ohmic, mass-transfer, and activation overpotentials, which are the reason why the total applied 

cell voltage must be increased higher than the theoretically needed Nernst voltage value for 

isothermal compression [47]. The resistance heat is transferred by conduction, convection, and 

radiation, as illustrated in Figure 7. The primary source of heat accumulation is the PEM, due 

to its (ohmic) resistance to proton transport, a phenomenon resulting from the Joule effect [48].  

 

  

Figure 7. Temperature distribution profile through the EHC anode compartment (PEM, GDL, bipolar plate - BP, 

and endplate - EP) with a heat source (Jouleôs heat) in the middle of PEM [8] 

Even in a single-cell EHC, the output pressure rises when the applied potential difference 

increases, which in turn increases ohmic resistance and Joule heating due to the higher electrical 

current. This leads to a temperature rise in the PEM. As the number of cells in the EHC stack 

increases, and without adequate cooling, each cell generates heat, which is transferred to 

adjacent cells connected in series. This heat accumulation significantly raises the operating 

temperature, causing the water content in the PEM to decrease, potentially rendering the 

membrane inoperative. Such temperature variations negatively affect cell performance due to 

changes in the Nernst voltage and the proton conductivity of the membrane, which directly 
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influences hydrogen transfer [49]. When there is an increased need for cooling, the EHC can 

be thermally regulated using a water-circulating system mounted on the anode and cathode 

plates. This system helps generate a homogeneous temperature profile along the channel. The 

MEA and GDL can be sandwiched between two separators that are grooved with channels. 

Constant-temperature water is supplied to these separators to maintain a steady cell 

temperature. Additionally, to prevent water condensation, the hydrogen gas lines can be 

thermostated to higher temperatures [16]. 

 

2.2.2 The Electrochemical Hydrogen Compressorôs Operating Principle 

EHCs can be used for hydrogen compression, hydrogen purification, or a combination of the 

two processes. The main reason for the dual role, located in the middle of an EHC, is a 

hydrogen-selective proton-exchange membrane usually composed of Nafion, a conductive 

polymeric membrane. For this reason, the inert gas components can not cross the membrane, 

enabling EHC to also perform as a hydrogen gas purifier. Figure 8. shows EHCôs 

electrochemical operating principle.  

 

 

 
Figure 8. Schematic representation of the EHC operating principle; pink H2 - hydrogen molecule, pink H - 

hydrogen atom, blue H2O - water molecule, green IM. - impurities, red H+ - hydrogen proton, e- - electron [8] 

The start of the EHC operation is characterized by applying a relatively low potential difference 

at the external circuit and feeding the anode input with a humidified hydrogen or other required 
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hydrogen-containing gas mixture. The operating temperature (the hydrogen input stream 

temperature) is sufficiently high to adequately suppress the mass transfer resistance of hydrogen 

gas through the GDLs and the catalyst layers, as well as to maintain the membrane fully 

hydrated. Hydrogen feed at the anode input is oxidized to protons (hydrogen molecule splits 

into two protons (H+) and two electrons (e-) as presented in Equation (1) (HOR) while remaining 

impurities cannot pass through the selective membrane and are therefore collected at the anode 

outlet. Hydrogen oxidation reaction at the anode: 

 

ὌὕὙȡ  Ὄ ᴼςὌ ςὩ  (1) 

After HOR on the anode, electrons pass through the electrically conductive black carbon 

particles, GDL fibers, and flow field plate or other electrical current conductor to an external 

circuit. From there, electrons travel towards the equal corresponding components of the 

cathode, converging with the hydrogen protons transported through the PEM for HER (two 

hydrogen protons, H+, and two electrons, e- form a hydrogen molecule as presented in Equation 

(2) to form the hydrogen molecule again at the cathode. Hydrogen reduction reaction at the 

cathode: 

 

ὌὉὙȡ ςὌ ςὩ ᴼὌ  (2) 

 

After HER, the reduced hydrogen molecules accumulate in the confined cathode volume 

compartment of the flow field plate at elevated pressure, where they can be discharged at high 

pressure through the hydrogen outlet (Equation (3)). Total hydrogen reaction in the EHC: 

 

Ὄ  ᴼὌ   (3) 

 

The HOR occurs due to the applied potential difference and catalyst influence at the three-phase 

boundary (TPB). TPB is composed of a proton conductor (electrolyte - Nafion) for hydrogen 

protons, an electron conductor (carbon/metal material of GDL) for electron travel, and a virtual 

"porosity" phase for transporting hydrogen and water molecules [16]. The representation of 

TPB is shown in Figure 9. 
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Figure 9. Schematic representation of the TPB [50] 

A already mentioned, the PEM material that is the most used in electrochemical hydrogen 

devices is Nafion. Nafion is a PSFA polymer that consists of a PTFE backbone with ionic side 

chains ending in a sulfonic acid group. The PTFE is hydrophobic and provides mechanical and 

chemical strength, while the sulfonic acid side chain is responsible for good proton transport 

properties [15]. Located alongside PEM, a catalyst is required to increase the rate of the 

catalytic reaction. The most often used catalyst material to catalyze the HOR and HER for both 

anode and cathode, respectively, is platinum (Pt). However, the Pt is not economically feasible 

due to low surface areas, which is why a support material is required to obtain a high dispersion 

and a narrow distribution of catalysts that can also interact and influence the catalytic activity. 

Therefore, as seen in Figure 9 Pt is often used as a catalyst in the form of Pt/C, i.e., Pt 

nanoparticles on an activated black carbon (C) support. This form presents an optimized use of 

Pt to enable a high surface area-to-volume ratio and activity [51].  

 

Water management 

The required humidification of low-temperature PEM is one of the most important aspects of 

EHC operation. The level of membrane hydration affects its conductivity, impacting the EHC 

performance overall. Water is transported across the membrane by several mechanisms: 

electro-osmotic drag accompanying proton transport from anode to cathode ( θcurrent), back-

diffusion from a wetter cathode to a drier anode driven by water-activity gradients [52], and, to 

a lesser extent, under typical conditions, pressure-driven hydraulic permeation and thermo-

osmosis. The in-cell water balance is further influenced by inlet gas humidity and membrane 

sorption, condensation under pressure/temperature gradients, and humid hydrogen crossover 
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under differential pressure. Improved hydration lowers ohmic resistance and raises current up 

to an optimum; higher current, in turn, increases the electro-osmotic drag water flux to the 

cathode, quantified by the electro-osmotic drag coefficient (number of water molecules carried 

per proton) [53], and may promote local accumulation when drainage is limited. Beyond the 

hydration optimum, excess liquid water in the CL/GDL blocks gas pathways and reduces 

current (flooding). In practical terms, cathode water content tends to increase with current 

unless back-diffusion, drainage, or hydrogen crossover compensates. Water transfer 

mechanisms in PEM exhibit complex behavior, which is why further research is required to 

better understand them, especially as water transfer significantly impacts the EHC performance 

[8]. 

 

Having humidified output hydrogen from the EHC can be problematic, depending on the 

subsequent hydrogen application. For example, in Europe, the ISO standard 14687-2 specifies 

that the maximum permissible concentration of water in hydrogen should not exceed 5 

ɛmolH2O/molH2 at the dispenser nozzle for road vehicles with PEMFC [54]. Even though the 

EHCôs output hydrogen is humidified, hydrogen partial dehumidification occurs during 

isothermal compression. This process mimics the óair conditioningô effect, where pressure is 

increased and subsequently released. As a result, while the hydrogen gas is compressed, water 

vapor condensation occurs, since the water vapor pressure is determined by the local dewpoint 

temperature. In the case of a positive pressure differential and isothermal conditions, not all 

water carried into the anode side can evaporate from the (over-)saturated cathode side [49]. 

This leads to less water vapor exiting the EHC after compression, but it is not enough to meet 

the ISO standard or prevent damage to water-sensitive equipment such as sensors and indicators 

(e.g., flow meters, hydrogen purity indicators, pressure sensors). To avoid water condensation 

in these components and ensure compliance with the standard, a dehumidifier (capable of 

withstanding the high pressures involved) should be installed in the EHC system before the 

hydrogen is stored in a high-pressure vessel [16]. 
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2.3 Stainless Steel/Metal Foam Flow Field 

2.3.1 The Electrochemical Hydrogen Compressorôs Flow Field Plate Analysis 

One of the ways to mechanically support the membrane and ensure uniform distribution of 

temperature and pressure is by ensuring adequate hydrogen dispersal via EHCôs flow field 

plates. The influence of flow field plate design on the performance of EHC is not yet described 

in detail in the literature, but could play an important role in EHC development. As explained 

in Chapter 2.2.1 The Electrochemical Hydrogen Compressorôs Design, flow field plates 

uniformly distribute gas, collect current, remove excess heat, and mechanically support EHC. 

Furthermore, they physically form a large part of the EHC assembly, making their cost and 

weight highly important. Commonly used designs of EHC flow field plates include parallel 

channel configurations constructed of graphite, Ti, composite, or stainless steel. The chosen 

material should provide high mechanical strength, good electrical conductivity, and corrosion 

resistance [8].  

 

Caponetto et al. [55] compared three different flow field plate structures for EHC using the 

FEM analysis with Marc software of MSC Software Corporation. The study evaluated square-

square, square-circular, and circular-circular configurations. The results indicated that among 

these, the circular-circular was the optimal configuration for flow field plates, with deformation 

not exceeding 0.1 mm under a high pressure of 700 bar. One of the key findings was that smaller 

channels and holes function as notches, leading to a significant increase in local stress 

triaxiality. When stress triaxiality reaches high peaks, particularly in combination with 

hydrogen embrittlement, the likelihood of material failure and crack initiation at specific points 

increases substantially. This highlights the importance of designing EHC flow field plates with 

a conservative approach to nominal stress levels, ensuring durability and reliability in high-

pressure applications. 

 

Casati et al. [56] experimented with two different designs of the graphite flow field plates 

(parallel channels and a single long zigzag channel) with different gas paths and inner volumes. 

The gas mixture used is Ni-H2, the tests were conducted under tensiostatic and galvanostatic 

conditions for 35 min (there was no water management in the experiment, and the voltages 

applied were relatively high ï 100 and 150 mV), and the comparison of different types of 
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channels was made based on electrochemical yield and hydrogen recovery fraction. They 

concluded that its shape has a small influence on the EHC performance, as long as the hydrogen 

diffusion rate in the gas phase is greater than the transport rate of hydrogen across the MEA. 

The single zigzag channel showed a lower hydrogen recovery fraction from the parallel channel 

configuration, while the electrochemical yield showed similar results for both channel designs. 

 

Lee et al. [57] conducted an FEM-based simulation to predict EHC cell deformation and stress 

distributions in an MEA environment for the conventional flow field plates design (with 

channels and ribs) and different membrane thicknesses, which is a result of cell clamping and 

pressure gradient between the anode and cathode departments. They varied the width of the 

channel and rib in flow field plates, defining thicker and thinner width cases as wchan/wrib = 0.6 

mm/1.4 mm and wchan/wrib = 1.4 mm/0.6 mm, respectively. The results showed that by widening 

the rib, there is a significant reduction in both stress and deformation within the EHC 

components. In the largest rib width case, the length of anode GDL intrusion into the channel 

due to the pressure gradient between the anode and cathode appears to be the least, around 

0.0746 mm. Comparable results in both performance and water transport were observed across 

all three rib/channel width configurations. This suggests that variations in rib and channel 

dimensions have a minimal impact on water transport behavior and the overall efficiency of the 

cell. The illustrated impact of rib/channel widths on cell mechanical behavior with a FEM-

based solid model using the commercial software ANSYS Mechanical is shown in Figure 10. 
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Figure 10. (a) Deformation curves and (b) Von-Mises stress distributions for EHC with varying rib/channel 

widths at a hydrogen discharge pressure of 10 bar, the operating current density of 0.5 A/cm2, and an operating 

temperature of 50 ǓC [57] 

Although there is a literature gap in the influence of flow field plate design on EHC 

performance, the findings of collected research indicate that EHC cell design without 

conventional flow channels could be beneficial in sustaining a high-pressure gradient between 

the anode and cathode. Furthermore, the novel form of structural modification should enhance 

the mechanical stability of MEA and reduce its deformation while maintaining optimal cell 

performance. For these reasons, a metal foam is proposed in this dissertation for incorporation 

into the flow field plate design and tested in the experiment as described in Chapter 3. 

Experimental Research.  

 

2.3.2 Metal Foam Characteristics 

Porous metal foams have gained significant research attention in the 21st century due to their 

unique combination of properties, making them suitable for a wide range of applications, 

including acoustic absorption, heat exchange, vibration control, electrochemical hydrogen 



 

28 

 

devices, and catalyst carriers. These materials exhibit high porosities, low densities, and large 

specific surface areas while maintaining excellent electrical and thermal conductivities [58]. 

Figure 11 shows the optical micrograph of the microstructure of the open-cell metal foam 

components. 

  

  

Figure 11. Morphology of uncompressed open-cell aluminum foam having 10 pores per inch and 90% nominal 

porosity [59] 

One of the key advantages of open-cell metallic foams is their large surface area-to-volume 

ratio, offering high thermal conductivity and permeability. These foams typically achieve 

porosities of up to 95%, with a highly porous, web-like internal interconnected pore structure 

that facilitates fluid flow and enhances mass and heat transfer properties. In open-cell foams, 

no film occurs between adjacent cells, while a larger effective surface area (10ï1000 times) is 

exposed to the surroundings compared to the dense material [60]. 

 

Common materials used in the fabrication of open-cell metallic foams include aluminum, 

titanium, copper, steel, and nickel, each offering specific advantages depending on the 

application. Al foams, as non-flammable materials, provide excellent thermal conductivity and 

low weight, which is why they are most used for thermal and sound insulation, sandwich cores, 

mechanical damping, lightweight panels, and impact resistance in transportation. Ni foams are 

widely used in energy storage and electrochemical applications due to their corrosion resistance 

and electrical conductivity, while Ti foams are particularly interesting for high-performance 

applications where strength, corrosion resistance, and biocompatibility are required [60]. 

 

Given their exceptional properties, porous metallic foams hold great potential for applications 

in EHCs. Their open-cell structure could aid in mechanical support, uniform pressure 

distribution, and enhanced thermal management, thereby improving the overall efficiency and 
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durability of EHC systems. For these reasons, two different types of metal foams (Ni foam and 

Ti foam) are tested in this dissertationôs experimental setup, described in detail in the Chapter 

3. Experimental Research. 

 

2.3.3 Verified Metal Foam Potential  

Recent research regarding PEMFCs has demonstrated good performance by incorporating 

metal foam into their design, creating a reliable foundation for possible EHC application [8]. 

Metal foam's geometry ensures lightweight, high strength, rigidity, increased surface area per 

unit volume, good heat transfer, and fluid distribution [61]. Additionally, the properties of metal 

foam can be accordingly modified during fabrication by manipulating its physical structure, 

such as porosity, reflecting on the permeability and electrical conductivity. Higher porosity 

causes an increase in current density, while pressure drop decreases [62]. However, PTFE 

treatment [63] for water removal could be required due to the complexity of the metal foam 

structure [64]. 

 

Park et al. [65] tested GDL/flow-field unified MEA with graphene foam, which decreased the 

activation and mass transport losses in PEMFC. Wan et al.ôs experiment resulted in a higher 

maximum power density of PEMFC with Ni metal foam in comparison to parallel channels, 

but also showed a bigger risk of cathode flooding [66].  Fly et al. [58] demonstrated a óhybridô 

foam flow field consisting of flow channels pressed into the foam as another possible metal 

foam application due to advantageous flow distribution and reduced pressure drop. 

Furthermore, PEMFC peak power was enhanced by 42% when foam compression was 

increased from 20% to 70% due to a reduction in the interfacial contact resistance between the 

metal foam and GDL [67]. Huo et al.ôs [68] results show that when using metal foam, PEMFCôs 

performance continuously increases as the GDL thickness decreases, which is the opposite of 

the performance of PEMFC with a parallel channel. This research points out that the metal foam 

may be able to play a partial role in the GDL in the gas distribution, reducing ohmic 

overpotential as well as mass transfer loss. Many studies confirmed that metal foam is a 

promising material for flow field plates in PEMFCs as it can boost performance and reduce 

overall cost and weight [69]. 
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To conclude, even though not yet researched in EHC applications, metal foam made of Ni or 

Ti could be incorporated into the flow field plate design for potential benefits similar to 

PEMFC. Using metal foam in EHC has the potential to increase hydrogen concentration and 

current density at the catalyst surface, as well as ensure more uniform gas flow and temperature 

distribution. The pressure drop, as well as the mechanical strength of a metal foam incorporated 

into the flow field plates or the carved channels of flow field plates, could reduce the probability 

of PEM deformation under high pressure differences. It could also be hypothesized that the 

pressure drop at the cathode volume in the metal foam flow field plate could lower the hydrogen 

molecule crossover that occurs due to the high pressure difference between the anode and 

cathode departments, as metal foam can lower this difference without affecting the high-

pressure hydrogen high pressure in the high-pressure output vessel. 

 

2.3.4 Stainless Steel/Metal Foam Flow Field Plate Design 

The proposed metal foam incorporation designs into the flow field plate in this dissertation are 

shown in Figure 12. Filling the stainless steel channels of the flow field plates with metal foam 

could partially obstruct the channels, leading to an increase in pressure drop on the affected side 

that could lead to slower molecular hydrogen flow to the MEA surface, but it would also 

provide improved mechanical support for the membrane. An alternative approach could involve 

increasing the density of the channels, although it remains uncertain whether this would yield 

the same effect. Another possibility is to remove the channels and replace them with metal 

foam, which might allow for greater pressure differentials. 
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Figure 12. Different options for MEA support in terms of pressure difference compensation: a) Without channels 

and foam, b) conventional channels, c) channels filled with metal foam, d) the channels completely replaced with 

metal foam 

As illustrated in Figure 12, although metal foam is mechanically softer than the stainless-steel 

flow field plates of high mechanical strength, it can still contribute to reducing MEA 

deformation, thereby lowering the risk of membrane rupture. The exact impact of these design 

modifications is ultimately determined through experimental research in this dissertation. 

Various strategies can be explored for supporting the MEA to counteract pressure differences. 

The first option (a), having no channels or foam, would leave the MEA highly vulnerable to 

deformation. A second approach (b), using conventional channels, offers better protection, but 

at the cost of increased flow resistance. A third alternative (c) involves filling the channels with 

metal foam, which enhances MEA stability against deformation but further raises flow 

resistance. However, since the flow velocities in an EHC are relatively low, this increase in 

resistance may not pose a significant issue. Finally, the channels could be entirely replaced with 

metal foam (d), which could offer the most robust structural support. In this dissertationôs 

experimental setup, EHC performance is tested with (b) configurations, Ti foam in (c) and (d) 

configuration, and Ni foam in (d) configuration - described in detail in Chapter 3. Experimental 

Research. 
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2.4 Nafion/Graphene Proton Exchange Membrane 

2.4.1 The Electrochemical Hydrogen Compressorôs Proton Exchange Membrane 

Analysis 

As the essential component of EHC, proton-conducting membranes play a crucial role in 

facilitating proton transport while acting as a barrier between the anode and cathode. Their 

performance directly influences compression efficiency, hydrogen purity, and achievable outlet 

pressure. For this reason, PEM must efficiently conduct hydrogen protons, maintain high 

hydrogen purity, possess sufficient mechanical strength to endure significant pressure 

differentials, and minimize gas permeability to prevent hydrogen molecule crossover. 

Furthermore, to avoid electrical short circuits, PEM needs to provide effective electrical 

insulation by preventing electron transmission. However, current low-temperature EHC 

membranes face several challenges, including high production costs, limited mechanical 

strength, ohmic overpotential, necessary water management, and increased hydrogen crossover 

at elevated temperatures [70]. The primary limitations associated with these membranes in an 

EHC system are the hydrogen crossover and membrane deformation under high-pressure 

differentials. 

 

Although limited studies have explored sulfonated poly(ether ether ketone) (SPEEK) 

membranes for EHC applications, findings consistently indicate their potential and the need for 

further investigation. Wu et al. [71] compared the energy efficiency of EHCs using Nafion and 

SPEEK/cross-linked poly(styrene sulfonic acid) (CrPSSA) membranes, finding only a marginal 

advantage of Nafion (40%) over SPEEK/CrPSSA (30%).  Further investigations have examined 

the potential of modified SPEEK membranes under challenging conditions. For instance, 

Trindade and Pereira [72] investigated SPEEK/zeolite/ionic-liquid polymer membranes for 

PEMFCs in high-temperature, anhydrous conditions. Incorporating 1.5% and 2.0% of C4MI 

ionic liquid encapsulated in zeolite improved water uptake, thermal stability, and proton 

conductivity at 80 ÁC under dry conditions. Moreover, Jin et al. [73] further analyzed an 

anhydrous membrane made of SPEEK/polyurethane/Cadmium telluride 

nanocrystals/phosphoric acid molecules, reporting stable proton conductivity alongside 

excellent thermal, chemical, and mechanical properties. Additionally, Rico-Zavala et al. [74] 

tested various SPEEK-based materials, including SPEEK blended with chitosan and Halloysite 
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nanotubes impregnated with phosphotungstic acid. Their results showed that SPEEK 

significantly lowered energy consumption and increased proton conductivity by 88% [75]. 

 

¢elik et al. [76] reviewed advancements in anhydrous proton-conductive membranes, 

highlighting that high conductivity can be achieved in polymeric systems incorporating azoles 

or copolymers with both acid and azole functional groups. Since PFSA membranes require 

humidification for proton transport, they are expensive (manufacturing costs of approximately 

735 ú/mĮ [77]), and suffer from dehydration at high temperatures, anhydrous membrane 

development aims to overcome these limitations. By enabling increased proton conductivity at 

elevated temperatures with low relative humidity, anhydrous membranes could enhance EHC 

performance and efficiency. 

 

Recent advancements in filled nanomaterials for PEMs have introduced functionalized fillers 

to enhance both proton transport and mechanical stability in EHCs. Grigorev et al. [78] 

developed NafionÈ/zirconium phosphate (ZP) mixed matrix PEMs by impregnating NafionÈ 

117 membranes with zirconium oxychloride and phosphoric acid, introducing ZP in situ. The 

high water absorption capacity of ZP replaced unbound water and ensured uniform water 

distribution within the membrane, stabilizing hydration. While ZP increased membrane 

resistance slightly, it significantly reduced hydrogen crossover, improving EHC efficiency. 

Wang et al. [79] synthesized phosphorylated chitosan (PCS) via a dehydration condensation 

reaction between 2-phosphonate butane-1,2,4-tricarboxylic acid and chitosan, incorporating 

PCS into perfluorosulfonic acid ionomers to form mixed matrix PEMs. The introduction of PCS 

facilitated proton transport due to its abundant proton carriers (phosphate and carboxyl groups) 

and hydrophilic properties. Additionally, the strong electrostatic interactions within the 

membrane restricted polymer segment mobility, effectively reducing hydrogen crossover. This 

novel membrane enabled hydrogen compression to 10 bar at 100% RH in just 137 seconds. 

 

Beyond conventional fillers, two-dimensional (2D) nanomaterials have emerged as a promising 

platform for proton-conducting membranes due to their long-range interlayer transfer channels. 

Xing et al. [80] co-assembled 2D nanosheets of sulfonic covalent organic frameworks (iCOFs) 

with polydopamine-modified graphene oxide (DGO) to fabricate mixed matrix PEMs for 

EHCs. This strategy formed ordered 2D proton transfer channels within the membrane, while 
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the through-plane nanochannels in iCOFs further shortened the proton transport pathway. Acid-

base interactions between the amino groups of DGO and sulfonic groups of iCOFs reduced the 

energy barrier for proton transfer, significantly improving conductivity. Additionally, DGOôs 

dense structure effectively suppressed hydrogen permeation, while -́́ , hydrogen-bonding, and 

electrostatic interactions between iCOFs and DGOs enhanced mechanical stability. The 

optimized iCOF/DGO membrane with 15% DGO content exhibited excellent performance, 

achieving a proton conductivity of 0.916 S/cm and a mechanical strength of 87.8 MPa. An EHC 

system utilizing this membrane reached an output pressure of 0.26 MPa. 

 

To conclude, membrane separators should offer both efficient hydrogen proton transport and 

minimal hydrogen gas permeability. However, achieving this balance is challenging, as most 

modifications that enhance proton conductivity also tend to increase gas crossover. To develop 

PEMs that facilitate rapid proton transfer while effectively limiting hydrogen gas diffusion, a 

novel approach is required. The literature research of membranes used in EHC shows that 

successful attempts have been made by adding fillers to Nafion membranes, which resulted in 

enhanced PEM properties. Furthermore, a few have successfully explored 2D materials as a 

new platform for the fabrication of proton-conducting membranes owing to their unique 

structure. For this reason, one of the promising 2D materials (graphene) is proposed in this 

dissertation as a Nafion filler for EHC application to potentially enable membranes with both 

good proton conductivity and reduced hydrogen crossover, enhancing EHV efficiency. Further 

chapters outline the results of several published experiments using graphene for EHC, explain 

the graphene characteristics, and describe in detail the proposed method of incorporating 

graphene in the PEM of EHC.   

 

2.4.2 Graphene Characteristics 

Graphene is a one-atom-thick 2D material of an indefinite number of sp2-hybridized carbon 

atoms in a hexagonal arrangement (honeycomb bi-dimensional structure). The thickness of an 

individual graphene sheet measures just 0.34 nm, making it the ultimate limit in the 

miniaturization of 2D materials. Graphene is a structural constitutive unit of graphite, which is 

obtained by strictly ordered stacking in the vertical direction. The crystal structure of graphite 

and the stacking derive from the strong -́́  interactions between the graphene layers [81]. The 

delocalized -́́-electron clouds in the aromatic rings block the penetration of any molecules, 
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making non-defected single-layered graphene impermeable to all atomic and molecular species 

at room temperature. However, ripples, wrinkles, and other defects inducing a local curvature 

are catalytically active and allow non-negligible permeation of hydrogen [82]. The tensile 

strength and elastic modulus of graphene are 130 GPa and 1.1 TPa, respectively, and its strength 

is 100 times that of ordinary steel [83]. One of grapheneôs most remarkable attributes is its 

extensive surface area, which theoretical calculations estimate to be around 2,630 mĮ/g for a 

monolayer sheet. This unique property -  specific surface area, combined with its outstanding 

mechanical strength, exceptional electrical and thermal conductivity, superior stability, a high 

ratio of surface to volume, and superior adsorption capacity, makes graphene an ideal material 

for next-generation technologies across various fields, such as miniaturized devices, photonics, 

optoelectronics, protection coatings, gas barrier films, and advanced nanocomposites [84]. 

Figure 13 shows the illustration of the graphene hexagonal honeycomb chemical structure. 

 

  
Figure 13. The illustration of the graphene hexagonal honeycomb chemical structure with carbon atoms as black 

dots, and its physical properties [81] 

Graphene is often regarded as a groundbreaking material of the 21st century. However, large-

scale, cost-effective production methods for pure graphene remain a challenge. As a result, 

other graphene-derived materials that are more commercially viable have gained attention. For 

example, graphene nanoplatelets (also known as graphite nanoplatelets, GNPs) combine large-

scale production and low costs, while retaining many of grapheneôs remarkable physical 

properties. This graphene nanoflakes powder is normally obtained through liquid-phase 

exfoliation without extensive centrifugation, though other techniques such as ball milling, acid-

intercalated graphite exposure to microwaves, shear exfoliation, and wet-jet milling are also 

used. Depending on the production method, GNPs can vary in thickness, lateral dimensions, 

aspect ratio, and defect levels [85]. Defects can be carbon vacancies in the layer (if several 

continuous carbon atoms are missing, a hole can appear on the graphene sheet), or five or seven-

member rings. These rings can introduce local strains on the sheet and can even generate local 
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curvature. Besides vacancies, holes, and no hexagonal rings, the most common defects in G-

based materials are related to the presence of heteroatoms, especially oxygenated functional 

groups at the boundary of the graphene sheets [86]. The schematic of the manufacture of GnPs 

by liquid phase exfoliation is shown in Figure 14. 

 

   
Figure 14. Left - The schematic of the manufacture of GNPs constituted by a mixture of single-layer and few-

layer graphene and nanostructured graphite[81]. Right - Microscopic images of GNPs under a transmission 

electron microscope [87] 

Structurally, GNPs are composed of single-layer and few-layer graphene mixed with thicker 

graphite, hence they are an intermediate between graphene and graphite. Generally, they 

contain between 10 and 30 graphene sheets while still retaining many of the key properties of 

monolayer graphene. In literature, graphene-based materials are classified according to their 

thickness and lateral size. Graphene-based materials are classified based on their thickness and 

lateral dimensions. Key advantages of GNPs include their lightweight, excellent mechanical 

properties, high electrical and thermal conductivity, and a high aspect ratio with a planar 

structure. Additionally, they are cost-effective and easy to manufacture. Due to these 

characteristics, graphene nanoplatelets are widely used in industries such as aerospace, 

automotive, 3D printing, electronics, and conductive pastes [88]. 
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Given their exceptional properties, GNPs hold great potential for applications in EHCs in the 

development of polymer-based materials. GNPs could be added as a PEM filler for membrane 

effective reinforcement, boosting the electrical, thermal, and mechanical properties of the 

hosting matrix. For these reasons, GNPs could potentially prevent mechanical deformation of 

PEM and lower hydrogen molecule crossover under high-pressure differentials due to graphene 

impermeability to molecules, enhancing the overall efficiency and durability of EHC systems. 

 

2.4.3 Verified Graphene Potential  

Alpaydin et al. [89] investigated the effect of multiwalled carbon nanotube (MWCNT) and 

GNP as catalyst supports on the performance of reformate gas fed polybenzimidazole (PBI)

based PEM in a high temperature PEMFC. The results showed that the MWCNT and GNP

supported Pt Ru catalyst exhibits a larger electrochemical surface area than the conventional 

carbon black (CB)supported Pt Ru. They concluded that MWCNT GNP is a better support 

material than the carbon black and that Pt Ru/MWCNT GNP catalyst is a suitable catalyst for 

a high temperature PEMFC fed with reformate gas, as its performance fell behind that of the 

Pt/C catalyst in the hydrogen environment. 

 

Kumar et al. [90] also used the GNPs as a support material for Pt instead of conventional CB 

in a PEMFC. Monolayer GNP, being conductive to both proton and electron transfer, acts as a 

transport medium, reducing the dependence on Nafion ionomer and thereby enhancing catalyst 

utilization. However, at lower cell temperatures, the performance of GNP-based catalyst layers 

is slightly lower than that of CB-based catalyst layers. However, as the temperature rises, the 

performance of the GNP-based catalyst layer surpasses that of the CB-based layer. The authors 

hypothesized that this improvement is likely due to the increased proton conductivity of GNP 

at elevated temperatures. 

 

Ruhkopf et al. [91] coated NafionÈ membranes with aqueous dispersions of electrochemically 

exfoliated graphene thin films via a facile and scalable spray process (Figure 15). The results 

from scanning transmission electron microscopy (STEM) and electron energy spectroscopy 

(EELS) confirm the formation of a dense percolated graphene flake network that provides a 

diffusion barrier against undesirable fuel crossover in direct methanol fuel cell (DMFC) 

operation.  
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Figure 15. The illustration of the sample fabrication by spray-coating (a), and a cross-sectional schematic of two 

MEAs comparing a reference MEA (top) and a graphene-enhanced MEA (bottom)(b) [91] 

Asmatulu et al. [92] used two interesting, different approaches in their experiments with GNPs 

applied to low-temperature PEMFC membranes. The first one is characterized by a NafionÈ 

membrane sprayed using an air brush with compressed air with the graphene based, thin 

NafionÈ solution (both sides) for the proton conductivity and associated water contact angle 

measurements, and the second one by graphene based solution sprayed over a clean Teflon 

sheet and released when it was completely dry to made Nafion membrane only (a single layer 

membrane). They compared the results of these investigations to a CB  and carbon nanotube 

(CNT) based nanocomposite membrane to better understand the significant enhancement of 

key transport properties related to the unique graphene structure. The study showed that the 

improvement in proton conductivity for Nafion membranes containing CB and CNTs is nearly 

identical. However, the enhancement observed in graphene-based Nafion membranes is nearly 

twice as significant as compared to those incorporating CB or CNTs. They contributed to the 

understanding of a proton transfer through graphene/Nafion membrane, explaining that the high 
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proton conductivity of Nafion is largely driven by the Grotthuss mechanism, where proton 

hopping occurs through the reorganization of hydrogen bonds in the presence of sulfonic acid 

groups. As the graphene concentration in the Nafion membrane increases, key transport 

properties exhibit notable improvements. The electrical conductivity of graphene-infused 

Nafion membranes rises exponentially, whereas thermal conductivity shows a steady linear 

increase. Notably, a sharp rise in proton conductivity is observed between 2 and 3 wt.%, 

suggesting a possible transition in the underlying proton transport mechanism. In contrast, CB- 

and CNT-doped Nafion membranes exhibit a gradual, linear increase in proton conductivity up 

to 3 wt.%, but their enhancements remain only half as effective as those achieved with graphene 

at the same concentration levels. Additionally, incorporating graphene increases the water 

contact angle beyond 90Á, indicating a shift towards hydrophobic-like behavior. This angle 

continues to rise progressively as the graphene content reaches 4 wt.%. 

 

He et al. [93] remarkably enhanced the proton conductivity of Nafion at low relative humidity 

by incorporating multifunctional graphene oxide (GO) nanosheets as multifunctional fillers. At 

a filler concentration of 1 wt.%, the composite membrane achieved a peak proton conductivity 

of 2.98 Ĭ 10 Į S cm ĭ at 80 ÁC and 40% RH, marking a tenfold increase compared to recast 

Nafion. Additionally, the Nafion composite demonstrated a 135.5% enhancement in peak 

power density at 60 ÁC and 50% RH, highlighting its strong potential for practical applications 

in PEMFCs. 

 

Bukola and Creager [94], in their experiment with a water electrolysis cell embedded a 

monolayer of single-layer graphene produced via chemical vapor deposition (CVD) was 

embedded between two Nafion PEMs. Hydrogen crossover rates in Nafion | graphene | Nafion 

PEM sandwich structure were measured by a limiting current method and found to be attenuated 

by more than eight times relative to values in similar membranes without graphene (see Figure 

16).  
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Figure 16. The illustration of Nafion | graphene | Nafion PEM sandwich structure and transmission through the 

membrane [94] 

To summarize, the results show that the Nafion/CVD graphene/Nafion configuration allows for 

high proton transmission rates through the membrane while also restricting the rate of hydrogen 

gas crossover. Bukola and Creager established that protons can pass through graphene at high 

rates and with high selectivity, but the precise mechanism by which protons transmit through 

graphene is not yet fully understood. Their one potential explanation is that protons traverse 

through extremely rare defect sites and remain undetectable by spectroscopy. If such defects 

play a role, they must be of a nature that permits exceptionally high hydrogen ion transport rates 

with notable isotopic selectivity while preventing the passage of other ions. Alternatively, 

protons might be capable of moving directly through graphene without the need for structural 

defects. The research concluded that this possibility warrants further investigation to verify, but 

if proven true, it would substantially alter the current understanding of graphene as a barrier 

material. 

 

Although confirming the vast graphene potential for EHC applications, research regarding 2D 

material-filled PEM did not have an experimental setup needed for EHC with continuous water 

management and high-pressure systems to test membrane characteristics under high pressures 

and long durations. Furthermore, the origin of the transport property enhancements, the 

compatibility between the polymer and filler phases, and the water management of these mixed 

membranes are still not fully understood and explained in detail. Therefore, before employing 

graphene in the conventional EHC design, more experimental research is needed. 

 

To conclude, due to the cause of verified graphene potential recognized in published promising 

performance of these mixed PEMs, as well as the suitable characteristics of GNPs explained in 
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Chapter 2.4.2 Graphene Characteristics, this dissertation proposes the incorporation of GNPs 

into the Nafion membrane. The fact that defect-free single-layered graphene is not permeable 

to gas molecules as it possesses a very high energy barrier for the penetration of atoms and 

molecules, is a reason why the employment of GNPs in EHCôs PEM could lower hydrogen 

molecule crossover under high-pressure differences, enhancing the EHCôs efficiency. 

Furthermore, due to grapheneôs high mechanical strength, GNPs in PEM should improve MEA 

mechanical durability, ensuring its reduced mechanical deformation under high-pressure 

differentials and longer EHC operating lifespan. However, challenges remain regarding the 

orientation of fillers and their concentration within the membrane to ensure the optimal PEM 

characteristics. Hence, the orientation of GNPs in Nafion dispersion via the magnetic field is 

proposed to optimize the filler dispersion, ensuring more uniform proton transport pathways. 

The following chapter provides a proposed method of introducing graphene into the design of 

EHCôs PEM. 

 

2.4.4 Nafion/graphene Membrane Design 

The proposed theoretical method of introducing graphene into the design of EHCôs PEM is 

based on the mixing of various quantities of GNPs in the NafionÊ Dispersion for different 

membrane preparations.  Prior to drying, the nanoplatelets are orientated in the magnetic field, 

whilst the membrane is still in the liquid phase. The uniform orientation of GNPs in membrane 

samples should provide an enhanced property of PEM, compared to PEM samples with non-

oriented GNPs, due to a more similar structure to single-layered graphene, possibly resulting 

in, primarily, better mechanical properties and lower hydrogen molecule crossover. The 

experiment with 9 Nafion/GNP membrane samples is proposed based on the mass fraction of 

graphene from 0.15 wt.% to 1.27 wt.%, respectively. The Nafion/GNP film is sandwiched 

between spray-coated layers of NafionÊ Dispersion to ensure electrical insulation. The GNPs 

and membrane samples of 25 cm2 active area and 127 Õm thickness undergo empirical 

characterization processes to better understand their characteristics. PEM samples are then 

added a CL/GDL layers (0.3 mg/cmĮ 40% Pt on Vulcan carbon cloth) to both sides to form a 5-

layered MEA for testing in the EHC experimental setup. The obtained results are then analyzed 

and compared to commercial 5-layered MEA, correlative in materials and thickness (25 cm2 

active area, thickness 127 Õm + 410 Õm; NafionÊ 115, 0.3 mg/cmĮ Pt on Vulcan carbon cloth). 

This method is elaborated in more detail in the following chapters and will be tested in the 
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experimental setup made in this dissertation for future research. Following the similar principle, 

but to a smaller extent, to primarily examine the GNPs' impact on EHC performance, two 

Nafion/GNP MEAs with 0.5 mg and 1 mg of GNPs are tested in this dissertationôs experimental 

setup and described in detail in Chapter 3. Experimental Research. 

 

2.4.4.1 Materials and safety 

The materials purchased for the future experimental research of the proposed theoretical method 

of introducing graphene into the design of EHCôs PEM are the following: 

¶ 125 mL D2021 NafionÊ Dispersion - Alcohol based 1100 EW at 20 wt%; Brand: 

Chemours,  

¶ 25 mL D521 NafionÊ Dispersion - Alcohol based 1100 EW at 5 wt%; Brand: 

Chemours,  

¶ 5 layered MEA - 25 cm2 active area, thickness 127 Õm + 410 Õm; NafionÊ 115, 0.3 

mg/cmĮ Pt, Carbon Cloth with MPL - W1S1011 for both anode and cathode; Brand: 

FuelCellStore, 

¶ 30 x 30 cm Carbon Cloth Electrode W1S1011, thickness 410 Õm - 0.3 mg/cmĮ 40% 

Platinum on Vulcan; Brand: FuelCellStore, and 

¶ 500 g Graphene platelets CP-0081-HP-055; Brand: IOLITEC nanomaterials Ionic 

Liquids Technologies GmbH. 

The NafionÊ Dispersion and GNPs characteristics are shown in Table 3, and Table 2, 

respectively. However, GNP characteristics have to be empirically verified, and the material 

should be subjected to more characterization processes. 

 

Table 2.  Characteristics of purchased GNPs CP-0081-HP-055 obtained from the manufacturer 

Material  Purity  Thickness Specific surface area 

Graphene platelets 99.5% ~ 2 nm (1 ï 10 layers) 750 m2/g 

 

Further important information about GNP received is that the material is in the grayish-black 

powder form with no characteristic odor or toxicity, and is stable under normal temperature and 

pressure. The handling of material should be in a closed area due to its lightweight, and while 

handling, one should wear protective gloves, protective clothing for the face and body, and 
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protective goggles to avoid breathing in the material and its contact with eyes and skin, as it 

may cause respiratory irritation and eye damage. 

 

Table 3. Characteristics of purchased NafionÊ Dispersion obtained from the manufacturer 

Technical properties D2021  D521 

Base Alcohol Alcohol 

Equivalent Weight (EW) 1,100 1,100 

Polymer Content, wt. % 20.0min./22.0max. 5.0min./5.4max. 

Water Content, wt. % 34 Ñ 2 45 Ñ 3 

VOC Content, wt. % 46 Ñ 2 50 Ñ 3 

VOC Content ï 1-Propanol, wt. % 44 Ñ 2 48 Ñ 3 

VOC Content ï 1-Ethanol, wt. % < 2 < 4 

VOC Content ï Mixed Ethers and Other VOCs, 

wt. % 

< 1 < 1 

Specific Gravity (Density, g/cm3) 1.01 ī 1.03 0.92 ï 0.94 

Available Acid Capacity, meq/g, H+ polymer 

basis 

> 0.92 > 0.92 

Total Acid Capacity, meq/g, H+ polymer basis 0.95 ï 1.03 0.95 ï 1.03 

Viscosity, cP, at 25 ÁC (77 ÁF) and 40 secï1 Shear 

Rate (1 cP = 1 MPaĿs) 

50 ï 500  10 ï 40 

 

Nafion PFSA polymer dispersions are made from chemically stabilized PFSA/PTFE copolymer 

in the acid (H+) form and are available in two different polymer contents in the alcohol base. 

Dispersions are clear, colorless to light yellow with an alcohol-like odor, and chemically stable 

at normal temperatures and storage conditions. More importantly, they are flammable and can 

cause skin burns, eye damage, respiratory irritation, and drowsiness or dizziness. Therefore, 

ventilation should be provided for the safe handling and processing of Nafion dispersion, as 

well as adequate protective wear. More about safety precautions whilst experimenting with the 

proposed method is derived from literature research and safety instructions sheets from the 

manufacturer. 
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Hu and Zhou [95] reviewed the health risks of graphene-based materials (GBMs). They outlined 

that even though research on the biological impact of GBMs is growing, significant data gaps 

remain, making it difficult to predict their toxicity based solely on material properties. GBMs 

vary in terms of the number of graphene layers, lateral dimensions, and carbon-to-oxygen ratio, 

and their functionalization further influences their biological behavior. Some studies suggest 

that certain GBMs, such as GO and few-layered graphene, can be digested by immune cells, 

indicating they may not be bio-persistent. However, reduced GO has shown potential risks, 

particularly in pregnant mice, where high doses led to fetal malformations and miscarriages. 

Without further research, the ability of GBMs to cross the placental barrier remains unclear. 

Early research on GBM exposure suggests minimal acute toxicity in intestinal epithelial cells, 

though long-term effects, including potential microbiota disruption, are still unknown and 

appear to be influenced by their size and physicochemical properties. In vitro studies on neurons 

and glial cells indicate that while chronic exposure to few-layer graphene does not directly 

cause cell death, it significantly affects key physiological processes, potentially leading to 

toxicity over time. To conclude, this research emphasizes the need for further systematic 

investigations into the long-term biological impact of GBMs and the importance of safety 

precautions while handling graphene. 

 

The Nafion Dispersions and GNPs both come with safety instructions and are labeled with the 

following danger pictograms and their explanations.  

 

  

Hazardous warning for both Nafion Dispersions ï 

flammable liquid and vapor, causes severe skin 

burns and eye damage, may cause respiratory 

irritation, may cause drowsiness or dizziness. 

 

  

Hazardous warning for GNPs ï materials with irritation on skin, eyes, and 

respiratory organs that may cause inflammation. 

 

For all the reasons above, to ensure the safest conditions whilst handling the described 

materials, GNPs and Nafion Dispersion, the glovebox use is proposed, as it ensures an isolated 
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and enclosed environment with an inert atmosphere and appropriate ventilation. In the 

glovebox, the manipulation of materials is done via the use of gloves, which allows operation 

without the danger of material contact with skin, eyes, or inhalation. This dissertation also 

provides instructions for glovebox design and construction in case purchase is not affordable 

due to very high prices. The construction drawing made in SolidWorks 2020 is provided in the 

appendix. 

 

For the glovebox design, the following materials and equipment are needed: plexiglass and its 

composition for adhesion, a pair of nitrile gloves, O-rings for glove montage, a wooden base 

with holders, small equipment for door installation, gaskets, antistatic spray, filters, ventilators, 

a power socket, lighting, and bags for disposal. Figure 17 shows the proposed glovebox concept 

constructed in SolidWorks 2020 with all components. 

 

  
Figure 17. The assembly construction of the proposed gloveboxôs isometric view with all included components 

(made in SolidWorks 2020) 

The main characteristics of a proposed glovebox concept include a standing working position 

and the easy montage on the working table due to its small concept with a wooden base and 

side hands for manipulation. The glovebox sides are made of 8 mm plexiglass that is ñweldedò 

with plexiglas composition, with the addition of assembled side doors with gaskets to enable 

the inside reach. To take precautionary measures against static discharge, an antistatic spray is 

purchased for application on the insides of the glovebox. Lighting is mounted at the outside top 
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of the glovebox, which penetrates through plexiglass for a clear handling view, and an outside 

power socket for equipment powering. A ventilation system installed that allows for a slight 

negative pressure environment inside of glovebox is composed of an intake air ventilation from 

a high-efficiency particulate air (HEPA) filter with a non-return mechanism at the front and the 

exhaust air ventilator (e.g., computer housing ventilator for excess heat removal) at the 

backside, which generates negative pressure and expels air from that semi-open space. The 

filter needed for the GNPs handling must be able to capture nanomaterials, so the HEPA filter 

is mounted outside of the glovebox to enable easy changing. Adequate disposal bags (e.g., 

vacuum cleaner bags) can be placed at the exhaust to catch the particles and store them for 

disposal in an approved waste unit as directed in the safety instructions. The assembly 

construction of the proposed gloveboxôs front, side, and top views is shown in Figure 18. 

 

  
Figure 18. The assembly construction of the proposed gloveboxôs front, side, and top views (made in SolidWorks 

2020) 

The proposed glovebox is 600 mm high, 700 mm long, and 400 mm wide. These dimensions 

allow for the easy handling of equipment (laboratory glassware and an analytical scale) required 

for the Nafion/GNPs PEM design. More about the equipment and design methods is written in 

the following chapter. 
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2.4.4.2 Methods and equipment 

The active surface area of the designed membrane sample is 25 cm2 (squared shape 5 cm x 5 

cm), along with a thickness of 0.0127 cm - equal to that of commercial Nafion 115. 

Accordingly, the volume that the membrane should occupy in solid form (without alcohol as a 

dispersion solvent and with/without graphene) is 0.3175 cmį = 0.3175 mL. Since the Nafion 

dispersion also consists of an alcoholic solvent (20 wt.% Nafion in 125 mL of solution) that 

needs to be evaporated, it is necessary to take more than 0.3175 mL to design one membrane. 

By weighing a plastic bottle filled with a 25 mL Nafion dispersion, a mass of approximately 27 

g was established. The density of the Nafion D2021 dispersion according to Table 3 is 1.02 

g/cm3 (the density of the Nafion dispersion should be verified empirically by measuring the 

mass and volume of the liquid). According to the specified density and volume, the mass of the 

Nafion dispersion was determined at 25.5 g. 

 

Solvent (alcohol) + solid (Nafion) = solution (NafionÊ Dispersion) 

 

20% of the mass (20 g) in a solution of Nafion and alcohol (100 g) belongs to Nafion, while 80 

g belongs to alcohol. 

 

20% = (20 g_Nafion / 100 g_dispersion) x 100 

20% = (x g_Nafion / (25.5 g_dispersion)) x 100 

 

It follows from the above that the mass of Nafion in liquid form in the D2021 dispersion of 25 

mL is 0.051 g. The volume occupied by 0.051 g of Nafion, assuming a density of dry Nafion 

in solid form of 1.9 g/cm3 [96], is 0.027 mL. Therefore, the volume of Nafion D2021 dispersion 

required to produce a 25 cm2 membrane remains unknown until experimental testing, as the 

density of Nafion in the liquid state and its change at different processing temperatures, such as 

evaporation, are yet unknown. 

 

According to these calculations, the acquired dimensions of a solid-state membrane are: 

¶ squared active surface of 25 cm2 (5 cm x 5 cm),  

¶ thickness 0.0127 cm, and  
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¶ 0.3175 mL.  

If the entire volume were filled with pure Nafion (without graphene and alcohol), its mass 

would be 0.7 g according to the density of dry Nafion in the solid state of 1.9 g/cm3. According 

to the literature [91], the amount of graphene used is from 0.025 mg/cm2 to 0.150 mg/cm2, with 

the best results obtained with 0.130 mg/cm2. Approximately adopting the mentioned reference, 

the proposed mass of GNPs is from 0.040 mg/cm2 (a total of 1 mg of GNPs in 25 cm2 membrane 

sample) to 0.360 mg/cm2 (a total of 9 mg of GNPs in a 25 cm2 membrane sample) in intervals 

of 0.040 mg/cm2 (1 mg more of GNPs for each membrane sample). It follows that during the 

experiment, nine samples of Nafion/GNP membranes, each with a 25 cm2 active area surface 

(a total area of 225 cm2 (15 cm2 x 15 cm2)), can be made, for which, 30 x 30 cm2 area of carbon 

cloth electrode (0.3 mg/cmĮ 40% Pt on Vulcan carbon cloth) is sufficient for MEA assemble. 

 

With GNP mass adopted as described, the total mass of the Nafion/GNP membrane samples 

would still be approximately the same as without graphene, so the amount of the required 

NafionÊ Dispersion does not change. According to 0.7 g mass of solid Nafion and from 1 mg 

to 9 mg of GNPs, the mass fraction of graphene in Nafion amounts from 0.15 wt.% to 1.27 

wt.%, respectively. Since this is a relatively small percentage, according to [92] (the authors 

used 0.1, 0.5, 1, 2, 3, and 4 wt.% of GNPs added to a 20 mL of Nafion solution), it is necessary 

to consider larger quantities in the future experiment, depending on the available material and 

the first results of testing. 

 

In order to design the described NafionÊ /GNPs PEMs for testing in EHC, specific laboratory 

equipment is needed. The handling of materials is foreseen via gloves in the glovebox. For the 

mixing of NafionÊ Dispersion and GNPs, the following chemical laboratory glassware from 

borosilicate glass and its additions are proposed: 

¶ smart prep antistatic funnel 

- for secure graphene weighing (typical target dose 1 mg - 5 g), 

¶ flasks (volumetric and Erlenmeyer) 

- for mixing solutions with graphene, 

¶ pipettes 

- for transferring and determining the volume of liquid going into the flasks, 

¶ micro powder spatulas 
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- for placing graphene in the funnel, 

¶ measuring cylinders and beakers 

- for determining the volume of liquids, 

¶ laboratory bottles with screw caps, vials with plastic snap-caps, and Petri dishes 

- for performing experiments with solutions in a magnetic field, and transferring 

purposes to outside locations. 

 

       

Figure 19. Examples of some listed chemical laboratory glassware and analytical scale [source: internet] 

The glassware dimensions should be adequately chosen based on previously determined 

membrane sample characteristics and dimensions. For samples weighing, an Analytical 

Balance AS 220.R2 PLUS 220 g/0,0001 g weighing device is chosen due to its relatively small 

dimensions that fit inside of glovebox and its readability of 0,1 mg to precisely measure the 

GNPôs samples mass. Other appliances needed for the design of membrane samples are a spin 

coater or spray coater, a sonicator, and a magnet. However, the temporary use of the listed can 

also be carried out outside the home facility. 

 

Before starting the process of membrane sample design, it is beneficial to conduct an 

experiment with GNP sonification. Even though the product declaration shows GNPs consist 

of 1 to 10 layers (2 nm nominal size in thickness), centrifugation of the GNPs should be 

executed for their dispersion. Prior to the sonification experiment, GNPs undergo the 

characterization procedures to determine the exact state of purchased GNPs (further elaborated 

in Chapter 2.4.4.3 Characterisation procedures). For example, Zhang et al. [97] investigated 

the effect of ultrasonic time, ultrasonic power, solvent temperature, and solvent type (ethyl 

alcohol (EA), isopropyl alcohol (IPA), and tap water) for reducing GNPs nominal sizes 

(declared by manufacturer to 3 ï 10 nm in thickness and 1 ï 3 Õm in diameter) in a dry powder 

form. As treatment time increases to 4 hours, the average thickness and diameter of GNPs 

significantly decrease from 125.87 Õm and 37,925.40 nm to 3.27 Õm and 10.81 nm, 
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approaching the nominal sizes marked by the manufacturer. Initially, dispersion is the dominant 

process, with exfoliation and fragmentation occurring more gradually. However, the Van der 

Waals forces holding GNPs together within agglomerates are expected to be weaker than the 

ḯ́  interactions between the basal planes in graphite. In contrast, the carbon atoms within the 

base planes of GNPs are tightly bound with spĮ-hybridized covalent bonds, making 

fragmentation the most challenging process. After 4 hours, most dispersion and exfoliation are 

complete, while fragmentation continues but weakens over time. Extended sonication enhances 

crystallinity but introduces defects. Among solvents, tap water, due to its high surface tension, 

enhances dispersion and exfoliation, but has drawbacks such as difficulty in drying and 

potential reactions with certain metals in water. EA is identified as the best solvent due to its 

excellent dispersion efficiency, quick drying time, and volatility, with no chemical reactions or 

new vacancies forming during treatment. To sum up, the authors concluded that the optimal 

conditions for GNP processing are 4 hours of ultrasonic treatment at 960 W in EA solvent at 

35ÁC. 

 

As described in Chapter 2.4.2 Graphene Characteristics, the ideal graphene properties 

regarding PEM application preferably correlate to mono-layered graphene (the exact influence 

of various GNP sizes in membrane utilization can be determined only with experiment, as 

described in this dissertation). Therefore, a centrifugation of GNPs should disperse the larger 

GNDP agglomerates, and exfoliate the graphite left in the original GNPs to evolve into GNPs, 

reducing the GNPôs nominal size in thickness. After this process, the characterization of 

processed GNP powder is needed. In order to prepare a sample of GNPs for characterization, 

the following procedure is recommended. About 1 g of graphene powder is taken out of the 

GNPs bottle with a spatula, weighed with a funnel on a scale, and placed in a flask (5 mL) via 

a funnel. The flask is closed, wiped, and then taken outside of the glovebox for characterization 

processes. 

 

 Before preparing membrane samples, the orientation of the tested GNPs must be researched in 

the rotating and stationary magnetic fields available. An example of an adequate electromagnet 

is AGEM 5520 with 2.2 T maximum magnetic flux density and variable air gap, which is in the 

possession of the Power Engineering Laboratory. The idea behind the uniform orientation of 

GNPs in a membrane is for GNPs to further resemble single-layered graphene in terms of 



 

51 

 

required properties, as previously elaborated. Furthermore, it is an approach not yet tested for 

PEM applications, so the experiment could have interesting results regarding the influence of 

GNP orientation on membrane characteristics. Lin et al. [98] experimented with the orientation 

control of graphene flakes by a 150 mT magnetic field. They have shown a high diamagnetism 

of exfoliated graphene and demonstrated its orientational response to a magnetic field, as seen 

in Figure 20.  

 

 

 

 

Figure 20. Induced changes in optical reflectivity and planar alignment of a multilayer graphene suspension 

under stationary and rotating magnetic fields of 0 mT, 100 mT, 150 mT, and 440 mT ([98]- left, and [99]-right) 

Additionally, Lin et al. discovered in their second research [99], using a 440 mT rotating 

magnetic field that GPNs can be further controlled and aligned as seen in Figure 20. 

Furthermore, when graphene flakes are assembled in the same planar direction, they show 

excellent thermal, optical, electrical, and electromagnetic shielding properties. 

 

The detailed procedure proposed for preparing membrane samples inside the glovebox and their 

characterizations outside is as follows: 

1. The initial weighting of all flasks, containers, funnels, beakers, and other relevant 

laboratory glassware. 

2. Weighting Nafion Dispersions D2021 and D521 to empirically confirm their density via 

volume and mass measurements. Measuring the mass of Nafion dispersion is in a beaker 

(0.2 mL scale) - using the TARE option on the balance. The volume of the same measure 

of liquid (2 mL = 2.04 g theoretically) is determined in the beaker by transferring it from 

a plastic bottle with a pipette (1.5 mL scale). 

3. Determining the volume of NafionÊ Dispersions required for one 25 cm2 membrane 

sample by placing a small amount of NafionÊ Dispersion (2 mL) on a glass substrate 
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(Petri dish), weighing it, leaving it to dry in the air for 24 h, and again subjecting the 

solid sample to mass measurement and volume measurement via caliper. 

4. In order to research the magnetic field effect of varying strength on GNPs in water or 

NafionÊ Dispersion solution, the following procedure is proposed. Pipetting 5 mL of 

water into a Petri dish (10 mL), weighing the mass of the water, and adding GNPs in 

the amount of 0.025 g, which represents 50 wt.% of graphene in the solution. Graphene 

can be taken with a powder spatula from its container and placed in an antistatic funnel 

with where it is weighed up to 0.025 g and placed in a Petri dish with water using the 

funnel. The Petri dish is closed, wiped with a cloth, and taken outside the glovebox for 

the magnet field influence experiment and characterization processes. The same 

procedure is repeated with NafionÊ Dispersion, and depending on the results, with 

different amounts of GNPs. 

5. For preparing two Nafion/GNP membrane samples with min and max predicted 

amounts of GNPs (1 mg and 9 mg ï 0.15 wt.% and 1.27 wt.%), the following is 

recommended. Using a pipette (5 mL scale), separate into each flask with a stopper 

approximately 10 mL of NafionÊ Dispersion (the exact amount will be determined in 

step 3), place it on a scale, add graphene in a funnel attached to a flaskôs neck with a 

spatula, and stopper them to prevent alcohol evaporation. Pour the dispersion into a Petri 

dish (diameter 100 x 20 mm), and use a sonicator for at least 90 min (according to [92]) 

for homogenization to achieve a more equal distribution of GNPs in a solution. The 

membrane sample must be around 0.127 mm in thickness. However, this Nafion/GNP 

film should be 0.043 mm thick, which can be achieved via spin coating or spray coating 

processes. Start the drying process for 24h at the ambient temperature or a shorter 

duration via e.g., an infrared heat lamp, to facilitate a solid-state film with a 25 cm2 area. 

After drying, Nafion Dispersion is used to spray-coat both sides of the Nafion/GNP film, 

each in a 0.042 mm thickness, to form a ñsandwichò membrane sample that is an 

electrical insulator with a total thickness of 0.127 mm (GNPs are excellent current 

conductors and therefore, need to be isolated). After the repeated drying process as 

described, the membrane sample is subject to characterization outside the glovebox. If 

small differences between the two membrane samples are shown, it is necessary to 

increase the amount of graphene in the next 7 flasks. 
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6. The dried membrane samplesШare removed from the glass surface and stored in deionized 

water overnight to further remove residual solventsШ[100]. Afterward, the membranes 

are sandwiched between two carbon electrodes via a hot pressing process at 5 MPa at 

110 ÁC for 3 min according to [101] to ensure better strength. Completed MEA samples 

are then subjected to characterization processes and testing in the EHC experimental 

setup. 

The elaborated proposed method of introducing graphene into the design of EHCôs PEM in this 

dissertation will be experimentally conducted for future research with the described materials. 

A more detailed description of the characterization procedures required for determining the 

sampleôs properties, along with an elaboration of their use, is provided in the following chapter. 

 

2.4.4.3 Characterisation procedures 

There are various analytical techniques used to study the physical, chemical, and structural 

properties of materials. Several characterization processes are suggested for samples used in 

the proposed method of introducing graphene into the design of EHCôs PEM in this dissertation. 

 

The samples of purchased GNPs and GNPs after sonic treatment are suggested to be analyzed 

by Raman spectrometry to determine the materialôs chemical composition and structural 

properties, as well as to further verify if the GNP structure is destroyed during the sonication 

dispersion. The Raman spectrum analysis is among the most frequently employed experimental 

methods to quantify the structural defects of graphene during processing, such as the formation 

of bulk defects or topological defects, and fragmentation and exfoliation of GNPs [97]. Also, 

Fourier Transform Infrared Spectroscopy (FT-IR) and X-ray Photoelectron Spectroscopy 

(XPS) analysis should be conducted to confirm that no new vacancies or chemical reactions 

occur during the whole sonication process. Via FT-IR, chemical bonds and functional groups 

in a material can be identified, while XPS determines the elemental composition, chemical state, 

and electronic structure of a materialôs surface. In order to map the sample topography at the 

nanometer scale and get high-resolution images of a materialôs surface morphology, Atomic 

Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) can be used. Alongside 

surface topography, AFM can measure a surface's physical properties, while SEM can measure 

the chemical composition of surface features [91]. 
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Raman spectrometry, AFM, and SEM are also recommended for the characterization of 

Nafion/GNP membrane samples to detect the material defects, and map the surface topography 

and morphology, while obtaining physical properties and chemical composition, respectively. 

The swelling ratio and water content uptake of the membrane can be tested by measuring 

membrane dimensional changes, as well as its weight before and after overnight soaking in 

water. Thermogravimetric analysis (TGA) can be conducted to provide information about 

thermal stability, composition, and degradation of membranes. FT-IR or XPS analysis (or 

Raman spectrometry) can also be applied to check for chemical degradation after long-term 

membrane exposure to EHC application. The performance characteristics of the MEA samples 

are obtained through electrochemical impedance spectroscopy (EIS) and cyclic voltammetry 

(CV) for determining proton conductivity and electrochemical stability, while the galvanic 

method can be applied (applying specific current loads to the measured cell) for recording the 

polarization curve of the EHC with novel membrane samples. 

 

2.5 Results and Discussion 

The results of this Chapter are shown as conclusions deducted from a detailed literature 

overview and study on EHC technology, metal foam, and graphene, as well as the material 

usage in other correlative electrochemical devices. To summarize, the EHC can be used in 

numerous industrial fields, such as fuel cell technologies (to provide high-purity hydrogen), 

home/roadside-refuelers, cooling agents in turbines, hydrogen circulation (pumps, 

refrigeration), the application in nuclear reactors (separation and concentration of hydrogen 

isotopes), and separation of hydrogen from natural gas mixtures. In this dissertation, the EHC's 

role as a compressor (instead of a purifier) is the main focus. The EHCôs main advantages are: 

¶ low OPEX, 

¶ high-purity hydrogen production (up to 99.999%), 

¶ high tolerance to impurities, 

¶ high hydrogen recovery (up to 99%), 

¶ no moving parts,  

¶ no vibration and noise,  

¶ modularity (connecting cells in an EHC stack), 

¶ simultaneous one-stage hydrogen separation and compression, and 



 

55 

 

¶ high compression efficiency, 

 

while its main disadvantages include: 

¶ difficulty in manufacturing cell assembly, 

¶ difficulty in realizing a perfect sealing, 

¶ the need for additional water and thermal management (which also increases the 

CAPEX of a whole EHC system), 

¶ high cell resistance, 

¶ hydrogen crossover, and 

¶ membrane deformation due to high-pressure differences. 

 

Chapter 2.1 Overview of Research Conducted Hitherto summarizes the difficulties of PEME 

high-pressure hydrogen production and the advantages of EHC over mechanical compressors. 

The EHC scientific publication trend from the time EHC technology was at its beginning to the 

present is also shown. Ultimately, via this overview, the EHC technology's significant potential 

for further research is confirmed, as high-pressure hydrogen production is followed by 

hazardous reaction risk, and single-stage isothermic theoretical compression can deliver lower 

energy requirements from adiabatic hydrogen compression. Furthermore, the evident steep rise 

of published research in the last several years confirms the EHC technology potential as well 

as the need for its development. 

  

In order for EHC to be developed into a mature technology, its main limitations need to be 

correctly derived. For this reason, Chapter 2.2 Electrochemical Hydrogen Compressor presents 

the knowledge base needed to bring forward these drawbacks. To summarize, the elevated 

pressure in EHC is achieved via an electric current that continuously pumps more hydrogen 

from the anode to the cathode side, where outlet flow is restricted by a closed volume, with a 

valve or high-pressure vessel. The time needed to compress hydrogen is influenced by the 

supplied current density and the volume of the confined compartment. In theory, the pressure 

can increase as long as the electric current is applied. However, if there is no leakage, the 

achieved hydrogen pressure is limited by the EHC design and materials. It is also important to 

notice that electrochemical hydrogen compression is more efficient at low-pressure operation, 

as high-pressure conditions are not beneficial due to the increase in the hydrogen molecule 



 

56 

 

permeation across the membrane from the high-pressure cathodic compartment to the low-

pressure anodic compartment (hydrogen crossover), with a resulting decrease in the Faradaic 

contribution. Several strategies of mitigation can be considered: adding a molecular hydrogen 

barrier or modifying PEM, avoiding excessive pressure differences on either side of a 

membrane and using instead a stack (several steps of intermediate compression), and 

optimizing current density and water management to partially avoid permeate backflow and 

electrical resistance. Another important issue regarding single-cell EHC high-pressure 

operation is the mechanical deformation of the PEM that can occur due to a lack of membrane 

physical support or inadequate support. In general, the EHCs are economically cost-effective 

compared to mechanical compressors when they operate at high current densities (above 2 

A/cm2 or even higher), low cell voltage (likely below 0.5 V), and high differential pressure per 

cell (likely 5 ï 7 MPa) [102]. In order to achieve these performances, more research on the EHC 

technology is needed in terms of new materials and parameter optimization, which could limit 

hydrogen crossover and PEM deformation, heightening EHCôs output pressure and efficiency. 

To conclude, the main EHC output pressure increase limitations represent the membrane's low 

mechanical strength, which is the reason for deformation under high-pressure differences, and 

its proton conductivity/permeability for hydrogen molecule crossover. The possible solutions 

could be found in the use of new materials addressed in Chapters 2.3 Stainless Steel/Metal 

Foam Flow Field, and 2.4 Nafion/Graphene Proton Exchange Membrane. 

 

Chapter 2.3 Stainless Steel/Metal Foam Flow Field includes the present EHCôs flow field plate 

designs analysis based on collected published research, describes in detail the characteristics of 

metal foam material, elaborates why the incorporation of a metal foam could be beneficial for 

EHC performance, and proposes new designs for EHC flow field plates with Ti and Ni open-

cell metal foam for testing. Although there is a gap in the literature regarding the influence of 

flow field plate design on EHC performance, existing research suggests that EHC cell designs 

without conventional flow channels could offer significant advantages. Given their unique 

properties, such as high porosity, low density, and an excellent surface area-to-volume ratio 

while maintaining superior electrical and thermal conductivity, porous metallic foams are 

widely incorporated into the PEMFC applications and therefore, present a promising solution 

for EHC applications as well. Their open-cell structure could enhance mechanical support, 

ensure uniform pressure distribution, and improve thermal management, ultimately increasing 
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both efficiency and durability in EHC systems. Furthermore, the new form of flow field plate 

structural modification could address the two main EHC limitations. The pressure drop, as well 

as the mechanical strength of a metal foam incorporated into the flow field plates, could reduce 

the probability of PEM deformation under high pressure differences. Additionally, it is 

hypothesized that the pressure drop within the cathode volume, when using a metal foam flow 

field plate, could mitigate hydrogen crossover caused by the substantial pressure difference 

between the anode and cathode compartments. Metal foams may help regulate this pressure 

difference without compromising the high hydrogen pressure needed in the output vessel. For 

these reasons, Ti and Ni metal foams are proposed in this dissertation for incorporation into the 

stainless steel flow field plate design and tested in the experiment as described in Chapter 3. 

Experimental Research. The tested designs are: the stainless steel channels filled with metal 

foam and a metal foam instead of channels. These modified designs are then compared to 

conventional channel-based flow field plates to assess their impact on EHC performance. 

 

Chapter 2.4 Nafion/Graphene Proton Exchange Membrane includes the present EHCôs PEM 

designs analysis based on collected published research, describes in detail the characteristics of 

graphene material, elaborates why the incorporation of graphene could be beneficial for EHC 

performance, and proposes a new design for EHCôs PEM with GNPs. Although there is no 

published research regarding the influence of novel proposed GNPs/Nafion membrane on EHC 

performance, existing research of graphene incorporated into PEMFCôs PEMs suggests that 

EHC cell design with a modified membrane could offer significant advantages. Given their 

unique properties, such as their lightweight, excellent mechanical properties, high electrical and 

thermal conductivity, and a high aspect ratio with a planar structure, GNPs present a promising 

solution for EHC applications. Furthermore, the novel membrane could address the two main 

EHC limitations. Since defect-free single-layer graphene is impermeable to gas molecules due 

to its exceptionally high energy barrier for atomic and molecular penetration, incorporating 

GNPs into the PEM of an EHC could help reduce hydrogen molecule crossover under high-

pressure differentials, improving the efficiency of the EHC. Furthermore, due to grapheneôs 

high mechanical strength, GNPs in PEM should improve MEA mechanical durability, ensuring 

its reduced mechanical deformation under high-pressure differentials and longer EHC operating 

lifespan. For these reasons, GNPs are proposed in this dissertation for incorporation into the 

Nafion PEM design. The proposed design involves blending varying amounts of GNPs into a 
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Nafion dispersion. While still in the liquid phase, GNPs align within a magnetic field, after 

which a drying process facilitates a Nafion/GNP film. Ensuring a uniform orientation of GNPs 

within the membrane is expected to enhance PEM properties compared to membranes with 

randomly distributed GNPs. This improvement is primarily attributed to a structure more 

closely resembling single-layer graphene, potentially leading to superior mechanical strength 

and reduced hydrogen crossover. This Nafion/GNP film is sandwiched between spray-coated 

layers of NafionÊ Dispersion to ensure electrical insulation. After drying, the final result is a 

solid-state membrane of approx. 127 Õm thickness and an active area of 25 cmĮ. Subsequently, 

CL/GDL layers (0.3 mg/cmĮ of 40% Pt on Vulcan carbon cloth) are applied to both sides of 

each PEM to create five-layered MEAs for evaluation in the EHC experimental setup. A 

detailed explanation of this methodology is provided, and the approach will be tested in the 

experimental setup developed in this dissertation for further research. Following a similar 

approach, though on a smaller scale, two Nafion/GNP MEAs containing 0.5 mg and 1 mg of 

GNPs were tested to primarily assess the impact of GNPs on EHC performance. These 

experiments are conducted using the setup described in this dissertation and are detailed in 

Chapter 3. Experimental Research. 
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3.  Experimental Research 

3.1 Overview of Research Conducted Hitherto 

Chouhan et al. [103] carried out experiments using a single cell EHC with an active area of 25 

cm2 with Nafion 115 between Pt catalyst loading of 0.3 mg/cm2 on Vulcan-carbon cloths, and 

bipolar plates (0.6 cm thick) with parallel flow field channels constructed out of Al. A stainless-

steel mesh is positioned between the MEA and the bipolar plates to reinforce the MEA 

structurally and prevent deformation under the extreme differential pressures encountered 

during the experiments. They reported that this feature helped reduce the risk of MEA failure. 

The experiments were only conducted at room temperature, 22 ÁC. 

 

Grigoriev et al. [78] experimented with a single-cell EHC, whose design limits operation at 

pressures less than 50 bar. Their anodic current collector is composed of a hydrophobic porous 

carbon material, while the cathodic current collector of a 0.94 mm thick porous titanium sheet, 

both of which are held against the MEA using titanium cut-out meshes. A fluoroplastic ring 

prevents gasket deformation in the gap between the stainless steel flanges and peripheral 

hydrogen leaks. As a result, the MEA remains mechanically supported by the titanium current 

collectors and the perforated end plates, ensuring it does not become distorted due to pressure 

differentials during operation. They incorporated into their EHC water tanks positioned in the 

lower and upper compartments, which function as a water management system for PEM 

humidification. The bottom tank functions as a gas humidifier, while the top tank supplies water 

to the PEM via gravity during operation. This setup ensures adequate hydration within the SPE 

and also serves as a thermostat for the compression cell. 

 

Hao et al. [32], and Ito et al. [104] used a cell with a serpentine gas flow channel, double GDLs, 

and Nafion 1110 membrane at a low current density of less than 0.08 A/cm2. GDLs consisted 

of a sintered stainless steel sheet and a hydrophobic carbon cloth. In the cathode plate, they 

constructed a small chamber above the catalyst layer, where 10 mL of water was added to 

humidify the membrane. Through-holes were integrated into the middle plate, creating channels 

for water supply to the membrane and for hydrogen gas drainage from the cathode catalyst 

layer. During EHC operation, the cathode pressure exceeded that of the anode, generating a 

pressure gradient that drives water from the cathode to the anode, effectively hydrating the 
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PEM. Their EHC operated at a high operating temperature of 333 K to suppress any mass 

transfer resistance of hydrogen gas through the GDLs and the catalyst layers, as well as to 

maintain the PEM humidified. 

 

Moton et al. [20] designed an EHC system that consisted of four primary sub-systems: hydrogen 

delivery sub-system, humidification sub-system, thermal management sub-system (coolant 

loop), and electrical and controls sub-system. Their EHC is tested at a current density of 1 

A/cm2, a voltage of between 0.22 V and 0.26 V, an operating temperature of 70 ÁC, an inlet 

pressure range of 0.35 to 2 MPa, and an outlet pressure range from 7 to 103 MPa. They used 

porous metal Ti cell supports and stamped stainless steel bipolar plates with a proprietary 

coating. 

 

Nguyen et al. [105] experimented using EHC that contains 7 cm2 of circular shape MEAs with 

Nafion-117 PEM and carbon paper GDLs. They placed a humidifier between the hydrogen 

source (a PEM water electrolyzer) and the measurement EHC. The water vapor content of the 

hydrogen-water gas mixtures entering the measurement cell was not measured but was assumed 

to be close to the saturation partial pressure at the temperature of operation of the humidifier. 

They recorded the best performances (lowest MEA resistances) when the temperatures of the 

cell and gas humidifier were similar and close to 70 ÁC. 

 

Zªngler et al. [106] presented the first tubular EHC featuring an MEA with NafionÈ tubes (2.18 

mm inner diameter and 305 ɛm membrane thickness) supported by a stainless steel 3D-printed 

porous anode. Their EHC achieved a pressure difference of 2 bar at 60 mAcmī2 within the first 

60 min in continuous mode, which demonstrated the proof-of-principle for the first tubular 

EHC. They hypothesized that the possible reason for the limited electrochemical performance 

at current densities above 60 mAcmī2 might be the drying out of PEM due to non-ideal 

humidification of the PEM, due to mass-transport limitations in the porous transport layer of 

the anode. 

 
There is a limited number of innovative EHC designs in the published literature, and to the best 

of the author's knowledge, and almost no published detailed descriptions of the innovative EHC 

system designs, which are required for the EHC's successful operation. For this reason, this 
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dissertation outlines the importance of the constructed EHC experimental setup, which consists 

of the required system and the design of the two versions of EHC. 

 

3.2 Materials and Methods 

Building on the theoretical foundation from Chapter 2. Design and Material Optimization of 

the Electrochemical Hydrogen Compressor, the experimental section of this dissertation 

involves the laboratory development and design of an EHC (including the laboratory 

development and design of two MEAs) and its system, integrating the proposed materials and 

methods to address the identified limitations. The experimental research is conducted at the 

University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, in the Power 

Engineering Laboratory, while all constructions required were designed and modeled in 

SolidWorks 2020 and manufactured by partner companies, with personal supervision and 

consultations from the author. Two MEAs were developed under controlled laboratory 

conditions at the University of Zagreb, Faculty of Chemical Engineering and Technology in the 

Electrochemistry Laboratory. Designed constructions are then preliminary tested and safety-

verified before incorporation into the experimental setup. Figure 21 shows the 3D design of the 

experimental setup made prior to the construction of the same to identify design flaws, 

interferences, and potential assembly issues, and ensure all parts fit together correctly by 

checking alignments, tolerances, and connections before the start of construction. 

 

 

Figure 21. Experimental setup ï design in SolidWorks 2020 
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All materials in experimental research are highly resistant to hydrogen embrittlement, 

permeability, and reactivity to ensure safe operation with equipment. Piping and 

instrumentation are mainly made from stainless steel (SS316L, SS316, and SS304), silicone, 

and PP. Stainless steel piping and valves are generally used for high-pressure applications, 

while silicone piping and PP valves are used for low-pressure applications. The experimental 

setup consists of two main parts: the data acquisition (DAQ) system and the EHC system. The 

overall system layout is shown is shown in Figure 22.  

 

 

Figure 22. Experimental setup composition schematics 

In this dissertation, the EHC system implies the EHC, its low-pressure section composed of the 

anode input and the anode output line, as well as its high-pressure section with the hydrogen 

high-pressure vessel. As summarized in Chapter 2.2 Electrochemical Hydrogen Compressor, 

successful EHC operation requires water and thermal management system. However, due to 

the single-cell design, small active area dimensions, and low power, the heat transfer to ambient 

via natural (free) convection along the sides of the EHC layers is presumed to be sufficient, 

with no requirement for a cooling system. The water management system that also regulates 

the hydrogen temperature is, therefore, located on the anode input line. On the other hand, 

successful EHC data processing and analysis requires the DAQ system, which implies the 

incorporation of multiple sensors and transducers into the EHC system for measuring relevant 

physical parameters, as well as a separate data management system composed of hardware and 
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software needed for sampling, conditioning signals, and converting them from analog to digital. 

In order to clearly present the collected numerical and operational data from the EHC 

measurements, the DAQ system is built on a removable vertical board, while the experimental 

EHC system is put together on a horizontal board with handles for easy transportation. 

 

In this study, a total of ten experimental scenarios (SC0ïSC10) were designed and conducted 

to systematically evaluate the impact of different flow field plate configurations and MEAs on 

the performance of the EHC. All experiments were performed under similar initial operating 

conditions to isolate and compare the effects of the tested variables. The tested configurations 

are presented in Table 4. 

 

Table 4. Experimental scenarios for evaluating different flow field plate types and MEA compositions in the EHC 

SCENARIO FLOW FIELD 

PLATE TYPE  

MEA TYPE  GNP CONTENT 

IN MEA  

CONDITION  

SC0 Ti foam Custom MEA 0.5 mg Closed-end 

anode 

SC1 Ti foam Custom MEA 0.5 mg 

Open-ended 

anode 

SC2 Ti foam Commercial 

MEA 

0 mg 

SC3 Ni foam Commercial 

MEA 

0 mg 

SC4 Channels filled 

with Ti foam 

Commercial 

MEA 

0 mg 

SC5 Channels filled 

with Ti foam 

Custom MEA 1 mg 

SC6 Channels filled 

with Ti foam 

Custom MEA 0.5 mg 

SC7 Channels Commercial 

MEA 

0 mg 

SC8 Channels Custom MEA 0.5 mg 

SC9 Channels Custom MEA 1 mg 

SC10 Ti foam Custom MEA 1 mg 

 

These scenarios were selected to allow comparative analysis of different flow field designs (Ti 

foam, Ni foam, and structured channels) and MEA compositions (0 mg, 0.5 mg, and 1 mg GNP) 

on key EHC performance metrics such as current density, hydrogen crossover, pressure 

development, and energy efficiency. 
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3.3 Experimental Setup 

The specific requirements of the experiment determine the design of the experimental setup, 

which is characterized by relatively low cost considering the application, small dimensions, 

transportability, and compressed hydrogen media to high pressures that need to be continuously 

humidified, heated, and monitored. Due to these reasons, all elements of the experimental setup, 

except the input hydrogen vessel, are specifically designed, calculated, and constructed in this 

dissertation for EHC testing. Figure 23 shows the photograph of the experimental setup with 

the corresponding marked subsystems. 

 

  
Figure 23. Experimental setup 

The main components of the experimental setup designed in this dissertation are a data 

acquisition system (DAQ), EHC, an output hydrogen vessel (HPV - high pressure vessel), 

measuring cubes in a low-pressure section (MC1 and MC2), a humidifier, and a denoised water 

(DI) controller. The physical parameters recorded in the setup include voltage, current, 

temperature, pressure, humidity, water level, hydrogen level, and volumetric flow rate. The 

media and objects monitored include hydrogen, deionized water, ambient air, and EHC 
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characteristics. More details on the measurement characteristics of the included sensors are 

provided in Chapter 3.3.4 DAQ System. The schematics of the experimental setup with piping 

& instrumentation diagram (P&ID) of the system are shown in Figure 24.  
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Figure 24. Schematics of the experimental setup 
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From the input vessel, hydrogen is released through the front pressure regulator into the system 

to control the hydrogen pressure in the low-pressure section, whose value has to be slightly 

above the ambient pressure (ambient parameters are also continuously measured) to ensure 

hydrogen flow through the anode input towards the anode output. Hydrogen is then humidified 

to nearly 100% RH to ensure EHCôs membrane has high water content for high proton 

conductivity and heated in the humidifier with a proportional-integral-derivative (PID) 

regulated heater. The deionized water level in the humidifier is kept constant via a water 

controller that automatically replenishes evaporated water. Various sensors in the humidifier 

measure and send signals of the humidified and heated hydrogen properties, while its flow is 

controlled through the ball valve. The anode input flow is recorded via a flow sensor, and before 

entering EHC, hydrogen's physical properties are again recorded. On the EHC anode input, a 

non-return valve is installed to direct unoxidized hydrogen to the anode output, as well as to 

potentially prevent high-pressure hydrogen return to the low-pressure anode input section in 

case of MEA rupture and direct it to the safety valve in the anode output section. Unoxidized 

humidified hydrogen, along with the impurities, flows through the second flow sensor and 

measuring cube for physical properties record. The second non-return valve is connected to the 

output of the measuring cube to prevent the potential inlet of air inlet in case of a pressure drop 

in the anode section. High-pressure cathode output contains only a high-pressure hydrogen 

vessel, which includes a safety valve and needle valves for fine regulation of hydrogen flow, as 

well as multiple sensors for detection of high-pressure hydrogen physical properties. Water 

drainages in the case of condensed water from the hydrogen-water gas mixture in the whole 

system are located at the lowest points in the anode output and the cathode output sections, after 

the safety valve, and at the bottom of the high-pressure hydrogen vessel, respectively.  

 

3.3.1 Low-pressure EHC System Section 

As seen in Figure 24, the low-pressure EHC system section is divided into an anode input where 

humidified hydrogen enters the EHC, and an anode output open to the environment (open-end 

anode) where condensed water can be drained via a ball valve, and unoxidized hydrogen with 

impurities can be released. Due to the hydrogen pressure in this section being slightly higher 

than the ambient pressure, and the non-return valve located at the end of the anode output track, 

the air cannot enter the open-end anode to potentially form an explosive mixture. Constant 

hydrogen supply to a humidifier at low pressure from a commercial metal hydride at 30 bar is 
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ensured via a stainless-steel front pressure regulator, while water supply to the humidifier is 

provided by the deionized water controller via a PP ball valve. The same type of valves is 

installed in the humidifierôs hydrogen output - one for the quick hydrogen release from the 

system if needed, and another for the option of hydrogen flow closure. The low-pressure section 

is protected from high-pressure impulses that can travel from the cathode output in case of MEA 

rupture, via a non-return valve located close to EHC at the anode input and a safety valve close 

to EHC at the anode output. Stainless steel non-return valves have a design pressure of 400 bar, 

and their spring is adjusted to release even the slightest overpressure in the flow direction. This 

protection area that encompasses valves and pipes is made from SS316L material, while the 

area prior is composed of silicon pipes and PP valves for system flexibility. The main designed 

constructions in the low-pressure section are two measuring cubes for hydrogen physical 

properties measurement at the EHC anode input and output, and a hydrogen humidifier with its 

deionized water controller.  

 

3.3.1.1 Hydrogen low-pressure vessel 

The hydrogen needed for the EHC system is supplied from a commercial metal hydride vessel, 

MyH2 SLIM 350, with a total capacity of 350 SLPM (32 g) according to the manufacturer. The 

mass of the entire metal hydride system amounts to 3,600 g. The maximum charging pressure 

of hydrogen in the tank is 30 bar. Based on the pressure-composition temperature curve of this 

metal hydride model, at a room temperature of 20 ÁC, hydrogen is released at approximately 4 

bar (at higher temperatures, the discharge pressure is higher). For this reason, after the metal 

hydride, a front pressure regulator is installed to reduce the pressure to values slightly above 

atmospheric pressure. Additionally, the safety valve is mounted after the regulator to relieve 

the pressure in case of an unexpected high-pressure release from the metal hydride during 

regulation of hydrogen pressure or an unexpected pressure rise in the humidifier, which would 

result in back pressure on the metal hydride. Figure 25 shows a photograph of the metal hydride 

vessel used to supply hydrogen to the EHC system. 
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Figure 25. Metal hydride vessel for hydrogen supply to the EHC system 

According to its specifications, the MyH2 SLIM 350 metal hydride vessel type can supply a 

sufficient amount of hydrogen for use in the EHC system. When calculating the achievable 

pressure in the high-pressure vessel of 0.001 m3 volume at the end of the experimental setup 

with 32 g of hydrogen at room temperature via the ideal gas law equation, the reachable 

hydrogen pressure amounts to 393.19 bar. Considering the system is an open-ended anode 

mode, if we assume that the maximum amount of hydrogen released to the environment is half 

of the supplied amount, still, the maximum achieved pressure in the end vessel is 196.63 bar, 

which is more than sufficient for the planned experiments. 

 

3.3.1.2 Measuring cube assembly concept and design 

The assembly design drawing of a hydrogen measuring cube and its carrier made in SolidWorks 

2020 is provided in the appendix. Two measuring cubes are designed for accurate measurement 

of hydrogen temperature, humidity, and pressure at the EHC anode input and output. They are 

located near the safety and non-return valve, and therefore, must have a robust design capable 

of withstanding high pressures for a short period of time before the safety valve activates and 

reduces pressure in the system if MEA ruptures. For this reason, measuring cubes are 

constructed from a solid SS316L block and mounted alongside the hydrogen flow sensors using 

custom-made SS304 carriers to the experimental setup base. Figure 26 shows the design of a 

hydrogen measuring cube (with carrier) in a 3D drawing and its construction.  

 



 

70 

 

   
Figure 26. The 3D design of the hydrogen measuring cube (with carrier) made in SolidWorks 2020 ï left; the 

construction of the hydrogen measuring cube (with carrier) - right 

The carrier is designed to easily adjust the measuring cubeôs and connected flow sensorôs y-

axis position with a butterfly bolt when mounted to the experimental setup base. The F1012 

Winsen micro flow sensor is fixed to a measuring cube via a 4 mm thick tile with one bolt 

tightened on the bottom side, while the flow sensor is positioned on a tile with two M3 bolts. 

Figure 27 shows the components of a hydrogen measuring cube.  

 

  

Figure 27. The design drawing of the hydrogen measuring cube with all components made in SolidWorks 2020 

Hydrogen flows through the measuring cube via a 4 mm diameter channel and fills the bolted 

sensorôs connectors that are sealed with O-rings. The upper sensor, starting from the top of the 

measuring cube, is an MPXV5004G sensor for low-pressure hydrogen measurement. The 

sensor is tightened to the cube with a 4 mm thick small tile and two bolts, while its hydrogen 

contact spot is lower in the bolted connector. The lower sensor is an SHT45 that measures 

humidity and temperature. It is fully sealed with epoxy inside the connector, which is made for 
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a tight fit with the sensor. Additionally, SHT45 is located at the lowest point of the measuring 

cube to also signal if there is condensed water inside. 

 

3.3.1.3 Hydrogen humidifier concept and design 

In order to maintain the high ionic conductivity of the PEM, the input hydrogen is humidified 

by passing through a humidifier before entering the flow sensor and measuring cube. As bubble 

humidification is one of the most common methods used for stationary applications [107], and 

its operation and parameters can be easily controlled, a bubbler concept was chosen as a 

conceptual solution in this dissertation for application in the designed EHC system. It generally 

consists of a heated vessel filled with deionized water through which the hydrogen gas is 

bubbled. The hydrogen humidity level is regulated by the humidifying temperature, the height 

of the water column, the dispersion of hydrogen gas, and the hydrogen flow. From the dynamic 

perspective, hydrogen flow rates are sufficiently low, enabling hydrogen sufficient time for 

humidification. Therefore, in the upper part of the vessel, a reservoir of hydrogen gas in 

equilibrium with water is present. The heater is implemented in a bubbler to control the 

humidification process via the water temperature. The increase in water temperature results in 

a higher saturation of hydrogen in water and quicker heating of the hydrogen gas feed. For this 

reason, the temperature of the water can be held at a somewhat higher temperature than the cell 

temperature (approx. 10 ÁC higher). As the partial pressure of water vapor in hydrogen (and 

therefore the relative humidity) can be adjusted by setting the temperature of the humidifier, 

the water vapor concentration in hydrogen is assumed to be close to the saturation partial 

pressure at the temperature of operation of the humidifier. Also, in a certain measure, it is 

possible to manipulate the hydrogen humidification with the height of the water column, which 

is monitored and controlled during the experiment. The height of the water column reduces or 

increases the residence time of the hydrogen bubbles in the water, and with it, the saturation of 

hydrogen in water. Additionally, the diameter of the hydrogen bubbles and their dispersion are 

important for the hydrogen uptake of water. The higher number of dispersed, smaller hydrogen 

bubbles is favorable.  

 

Therefore, the hydrogen disperser is located low on the humidifier and designed as an inside 

perforated connector to a welded sleeve that has a hydrogen inlet on the outside as an adapter 

for a silicon pipe. Furthermore, a stainless-steel mesh is wrapped in multiple windings on the 
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perforations to achieve more efficient dispersion with smaller hydrogen bubbles. In case a more 

uniform distribution of water temperature and hydrogen bubbles is needed, available space was 

predicted below the humidifier on the heightened pedestal that allows for the installation of a 

magnetic stirrer. The design of a hydrogen disperser made in SolidWorks 2020 is provided in 

Figure 28.  

 

    

Figure 28. The 3D design of the humidifierôs hydrogen disperser made in SolidWorks 2020 ï left; the 

construction of the hydrogen disperser - right 

The key characteristics of the hydrogen humidifier design revolve around ensuring precise 

humidity control at its output. Therefore, it is essential to determine both the relative and 

absolute humidity of hydrogen, based on the corresponding diagram in Figure 29. For example, 

for the EHC's operating conditions of 22 ÁC working temperature (which corresponds to the 

hydrogen temperature), and the hydrogen pressure of 1 bar with a relative humidity of 100%, 

the absolute humidity (AB), under these conditions, according to the diagram, is 0.2 kgH O/kgH 

(kilograms of water per kilogram of dry hydrogen). To prevent condensation along the short 

anode pathway to the EHC, the humidifier operates at a higher temperature than the working 

temperature. If the humidifier is set to 32 ÁC, maintaining the same hydrogen pressure of 1 bar 

and 100% RH, the AB humidity under these conditions reaches 0.4 kgH O/kgH. 
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Figure 29. Humidity of compressed hydrogen [108] 

The required flow rate of humidified hydrogen to the anode input plays a crucial role in 

determining the appropriate dimensions of the humidifier. If the inlet flow required amounts to 

1.6 cm3/s (6.6 x 10-5 kgH/s) to avoid mass-transfer losses, and the time required for the 

equilibrium state compression is 180,000 s, according to [103], and AB humidity reaches 0.4 

kgH O/kgH, water mass at 32 ÁC amounts to 4.752 L (water flow rate amounts to 0.0000264 

kgH O/s). Therefore, the humidifier volume is designed up to ten liters to support the extended 

EHC operation alongside continuous replenishment of hydrogen and water, and heat regulation. 

For humidifier design, an 18/10 stainless steel pot with a lid is used due to its low price, thin 

wall, small weight, suitable material, and design of a 16 cm diameter cylinder with 4.5 L 

capacity. Into the pot, holes are drilled for the welding of the sleeves that have bolted connectors 

with the O-rings for various applications. In addition to connectors, plugs are made for each 

connectorôs sleeve in case of the need for its removal, as well as for the helium pressure test up 

to 4 bar to confirm there is no hydrogen leakage. The described humidifier has a much larger 

humidification capacity than that required for one membrane with an active surface of 5x5 cm, 

due to the needs of future research (Chapter 5.6 Future Research). The assembly design 

drawing of a hydrogen humidifier with connector details made in SolidWorks 2020 is provided 

in the appendix. Figure 30 shows the design of a hydrogen humidifier in a 3D drawing and its 

construction.  
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Figure 30. The 3D design of the hydrogen humidifier made in SolidWorks 2020 ï left; the construction of the 

hydrogen humidifier - right 

The humidifier has eleven welded sleeves, of which three are made for fluid inlet/outlet, three 

for sensors that record humidified hydrogenôs physical properties, two for water heaters, two 

for the water level indicator, and one for the water temperature sensor, as shown in Figure 31. 

The humidifier can be opened using flanges welded to the lid, which are connected with 12 

bolts that hold together a 5 mm thick silicone gasket. The opening possibility is required for the 

installation of the connector features that must be bolted from the inside of the humidifier, such 

as a hydrogen disperser or additional parts of the lidôs connectors. All connectors holding 

sensors for monitoring humidified hydrogen at the top of the humidifier have these additional 

features that allow for the installation of floats that plug the entrance to the sensors in case of 

an unplanned rise in water, in which case, the sensors must be protected. The features include 

a double-sided bolted tube for connection with the sensorôs connector and a nut that holds a 0.5 

mm malleable stainless-steel sheet required for the mounting of a floating plug.  
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Figure 31. Eleven components of the hydrogen humidifier made in SolidWorks 2020 with a 3D detail of a 

BME680 sensorôs connector 

In order to control the humidification process via the water temperature as previously explained, 

two low-cost 300 W stainless-steel heaters powered by 220 V are bolted in a humidifierôs two 

welded sleeves. As different hydrogen temperatures are tested in this experiment to study their 

influence on the EHC performance, for a low-temperature regime, only one heater is required, 

while the other opening is sealed with a plug. The temperature is controlled via a system that 

includes the PID controller, a solid-state relay (SSR), three switches, terminal blocks, a fuse, 

heaters, a thermocouple, and a 220 V power connection. The system operates as follows: the 

PID controller is set to a target water temperature measured by the K-type thermocouple, which 

it uses to regulate the heaters by turning them on and off to maintain the desired temperature. 

Additionally, the PID can control the current intensity through the heaters. The circuit contains 

three waterproof switches - one red switch, which cuts power to the entire system, and two 

green switches, which allow via SSR the independent deactivation of either heater while still 

keeping the PID display active, showing both the real-time and set temperature. The SSR is 

equipped with a passive heatsink, so adequate ventilation is required to ensure proper heat 

dissipation and prevent overheating. Also, the water temperature regulation system (which 

operates at high voltage) is located close to the deionized water controller, which presents a 

potential hazard if water comes into contact with it. Therefore, the enclosure of a whole water 
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temperature regulation system that has live features is mounted behind the vertical data 

acquisition board, except for the waterproof switches and the PID screen, which allows for 

adequate airflow for the SSRôs passive heatsink and reduces the risk of a potential hazard. The 

water temperature regulation system is shown in Figure 32.  

 

    
Figure 32. Water temperature regulation system design of the hydrogen humidifier (leftïfront side, rightïback 

side) 

Due to the potôs thin wall of 1.2 mm and the small diameters of connectors, all welded sleeves 

are made using cold TIG (Tungsten Inert Gas) hand welding by significantly reducing the heat 

input so that the humidifier is not deformed due to high material stress at high welding 

temperatures, which could also cause a hydrogen leak. The thin wall is beneficial for the water 

level indicator, which operates based on the magnetic forces through the non-magnetic wall. 

The principle of the water level indicator is the magnetôs forces that attract a magnetic ball 

through the wall of the humidifier. The magnet is mounted on a polished float installed into the 

inox guide inside the humidifier, while the magnetic ball is installed into the plan-parallel guide 

mounted to the water level connectors on the outside. Via preliminary research with different 

ball, magnet, and float shapes, the distance of the guides and thickness of the non-magnetic 

wall, the operating principle of the water level indicator has been verified. The determined 

features are: N35 square-shaped neodymium magnets with 15 mm x 8 mm x 2.5 mm 

dimensions, 1.2 mm thick wall, 30 mm distance from the magnet and ball, 3 mm diameter ball, 

and a 20 mm diameter float. With this concept, magnet forces are strong enough to overpower 

the distance, wall, and wear forces of the guide/float and guide/ball. As mentioned before, the 
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height of the water level reduces or increases the time of the hydrogen bubbles in the water, and 

therefore also regulates the relative humidity along with the disperser design and the water 

temperature. Additionally, as calculated, more than 4.5 L of water is needed for continuous 

testing of the EHC design. For these reasons, the deionized water controller is designed for this 

dissertationôs EHC system, explained in detail in the following chapter.  

 

3.3.1.4 Deionized water controller concept and design 

The deionized water controller is based on a custom-made plexiglass container. This container 

consists of two separate chambers, in which water from the upper chamber can flow into the 

lower chamber only up to the height of the connecting tube. 
As long as water remains in the upper chamber, the water level in the lower chamber cannot 

drop below the tube exit. The deionized water controller is designed to be transparent and 

positioned at the same level as the humidifier to allow a clear visual check of the water level in 

both devices (see Figure 33). This setup also enables the calculation of the height difference 

between the water columns in the humidifier and the supply system, which is essential for 

determining the pressure inside the humidifier as a reference for the pressure sensor. The lower 

chamber is designed to hold 1.23 L of water in a cylindrical plexiglass vessel. Combined with 

the 1.38 L in the upper chamber reservoir and the previously filled humidifier containing 2.3 L 

of water, this deionized water setup provides a total of 4.91 L of water, which is sufficient for 

the experiment with the longest duration. 
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Figure 33. The drawing for positioning the deionized water controller with the humidifier and determining the 

water levels 

A tube connects the upper reservoir to the cylinder with an opening, allowing for a continuous 

water supply without the need for valve regulation. Since the water remains at atmospheric 

pressure, the upper reservoir water naturally fills the cylindrical system up to the tube level. A 

drain opening is located at the bottom of the container, ensuring that water can flow out by 

gravity without requiring a pump. A hole in the cylindrical structure ensures that atmospheric 

pressure acts on the water level inside, while also serving as a safety vent - if a sudden pressure 

surge occurs in the humidifier, excess water will escape through this hole. If the hydrogen 

pressure inside the humidifier exceeds atmospheric pressure by, e.g., 12 cm of water column 

(12 mbar), the water level in the lower chamber will rise accordingly, making it a visual pressure 

indicator for hydrogen in the low-pressure system. In the event of excessive hydrogen pressure, 

the system provides a fail-safe mechanism. If the pressure continues to rise, it will force all the 

water out of the humidifier through a hole, allowing hydrogen to flow into the plexiglass 

reservoir and eventually vent into the atmosphere. The assembly design drawing of a deionized 

water controller made in SolidWorks 2020 is provided in the appendix. Figure 34 shows the 

design of a deionized water controller in a 3D drawing and its construction.  

 



 

79 

 

   
Figure 34. The 3D design of the deionized water controller for the hydrogen humidifier made in SolidWorks 2020 

ï left; the construction of the deionized water controller - right 

The deionized water controller system is designed with a larger lower chamber than the upper 

one to prevent water overflow. The upper reservoir is sealed, and a ball valve is installed on the 

connecting tube. In case the total amount of water from the upper reservoir suddenly drains into 

the lower one (e.g., due to valve malfunctioning), the lower chamber has a sufficient amount of 

capacity to contain it and prevent flooding. The deionized water controller system operates as 

follows. The drainage ball valve and the ball valve on the connecting tube remain closed while 

the upper chamber is being refilled through the upper ball valve on the lid. After this, the valve 

is closed, and the connecting tube valve opens. When the valve on the connecting tube is 

opened, the vacuum effect keeps the water in the upper chamber in place, while keeping a steady 

drip rate in the lower cylindrical chamber until the tube opening level is reached, maintaining 

system stability. When the water level reaches the connecting tube level, the atmospheric 

pressure is closed off, and the vacuum holds the water from the upper reservoir from dropping. 

In order to achieve a suitable water drip rate, preliminary tests with various connecting tube 

diameters were performed. Accordingly, the connecting valve size is adjusted based on its ball 

opening to avoid a reduction, which slows the speed and may even cause a surface-tension 

barrier that is stronger than the pressure of the upper-part water, totally preventing the drop of 
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water to the connecting tube. The experiments concluded the connecting tube's inner diameter 

size of 20 mm (DN20), with the Ĳò ball valve size. 

 

3.3.2 EHC Design and Operating Conditions 

The EHC is designed according to the maximum expected characteristics of the experiment 

derived from the research elaborated in Chapter 2. Design and Material Optimization of the 

Electrochemical Hydrogen Compressor. 

 

3.3.2.1 EHC circular and square designs 

Two EHCs are constructed in this dissertation to determine the effect of their designs on the 

EHC performance for future research. The designs differ in the geometric characteristics of the 

components, electrical insulation, EHC total mass, difficulties during technical construction, 

and cost. The different shapes of the components with equal gaskets and clamping pressure 

influence the pressure distribution to the MEA and the hydrogen leakage. The comparative 

analysis can be made by determining the hydrogen leakage via a hydrogen sniffer and by 

comparing their performances in the experimental setup, as uneven pressure distribution can 

cause higher resistances or even mechanical deformation of MEA. The assembly design 

drawings of both EHCs made in SolidWorks 2020 are provided in the appendix. Figure 35 

shows the circular and square design of an EHC in 3D drawings with its components.  
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Figure 35. The 3D design of the circular (bottom) and square (top) EHC made in SolidWorks 2020 

The insulation difference between the designs is that the square-shaped EHC requires 32 

polyoxymethylene copolymer (POMC) wrappers long 15 mm for the bolts coming through 

components that must be insulated to prevent electrical short circuit. The electrical insulation 

material of wrappers can be made from other hard materials, such as polyamide 6 (PA6) or 

Teflon. Outer gaskets that are also electric insulators are made from hard paper coated with 

silicon to better prevent hydrogen leakage. The small centering shafts (green-colored in Figure 

35) made from POMC in both designs are required for the correct alignment of the Nafion 
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membrane with electrodes, Viton gaskets, and flow field plates. The metal foam is inserted in 

the flow field plate, while the spacer is laid in between the inner Viton gaskets. Circular-shaped 

EHC has two additional larger centering shafts (pink-colored in Figure 35) for the alignment of 

end plates, flow field plates, current collectors, gaskets, and the spacer. The same role as those 

larger centering shafts in the square-shaped EHC have wrappers on which the spacer is leaned, 

and other components centered with a tight fit. The pedestals for both designs are made 

according to their weights and balance, tightened with two bolts. Figure 36 shows the circular-

shaped construction of an EHC that was chosen for the dissertationôs research, described in 

Chapter 3.5. Results and Discussion.  

 

  
Figure 36. The construction of the circular EHC 

The circular-shaped design is considerably easier to manufacture based on the technical 

procedures required, compared to the square-shaped design, which is more complex (e.g., 

centering the drilling holes in the same location in all components) and therefore, takes more 

time for construction, costs more, and leaves more possibilities for errors during manufacture. 

Additionally, the circular-shaped design uses less material, weighs less, and therefore costs less, 

and does not require wrappers. The inner gaskets, spacer, and MEA could have also been made 

in a circular shape, but due to the lack of resources, the square shape was chosen for usage in 

both designs. All experiments done in this research were made using circular-shaped EHC, 
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while experiments with a square-shaped design for comparison of results will be made for future 

research. 

 

MEA of the designed EHC 

In this dissertation, three different MEAs are tested in the EHC experimental setup. The first 

one is the bought commercial one, and the last two are fabricated with GNPs using the 

procedure explained below. The 5-layered MEA purchased from Fuelcellstore for use in EHC 

consists of a 10 x 10 cm PEM area, which is Nafion N115, and electrodes that are both 0,3 mg 

PtC 40% with an active area of 5 x 5 cm, which implies CL layers of 0,3 mg/cm2 40% Pt loading 

on a 0.041 cm thick Vulcan carbon cloth GDL (W1S1011). Figure 37 shows the schematic of 

the MEA with GNP design and its photograph in EHC during positioning components. 

 

   

Figure 37. The schematic of the MEA with GNP design (left); photograph of MEA with GNP design in its 

position in EHC (right) 

Two MEAs incorporating different amounts of GNPs (0,5 mg and 1 mg) were fabricated 

following a controlled procedure: 

1. Electrode Preparation and Masking 

Commercial electrodes (0,3 mg PtC 40% which implies CL layers of 0,3 mg/cm2 40% Pt 

loading on a 0.041 cm thick Vulcan carbon cloth GDL (W1S1011)) were cut into 5 Ĭ 5 cm 

pieces. A custom-made alignment mask was fabricated to ensure the precise positioning of 

electrodes onto the Nafion N115 membrane during assembly and spraying procedures. 

2. Membrane Pretreatment 
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Nafion N115 membranes were soaked in DI water overnight at room temperature in closed 

containers to ensure full hydration prior to assembly. 

3. Preparation of GNP-Modified Nafion Dispersions 

Two Nafion D2021 dispersions were prepared by adding 0.5 mg and 1 mg of GNPs into 

separate vials, each containing 0.75 mL of dispersion. Each mixture was treated in an ultrasonic 

bath for 20 minutes to promote effective dispersion of the GNPs, as explained in Chapter 2.4.4.2 

Methods and equipment. 

4. Coating of Electrodes 

Using the doctor blade technique, each GNP-containing dispersion was uniformly applied to 

the catalyst-coated side of one 5 Ĭ 5 cm electrode. One electrode received 0.5 mg GNP loading, 

and the other received 1 mg GNP loading. The other two electrodes are coated only with Nafion 

D2021 dispersion. 

5. Drying 

The coated electrodes were left to air-dry at room temperature for 45 minutes to allow for 

evaporation of the alcohol from the Nafion dispersion. 

6. MEA Assembly 

A hydrated Nafion N115 membrane was carefully positioned onto the coated electrode, which 

was placed on a flat Teflon surface. The alignment mask ensured accurate placement. The 

membrane was then covered with the second electrode (unmodified) on the opposite side, 

forming the MEA. 

7. Hot Pressing and Thermal Treatment 

The MEA was initially compressed at 25 bar for 30 seconds between flat plates with a thin 

Teflon layer on the top side to prevent sticking. It was then placed in a vacuum oven and 

thermally treated at 160 ÁC for 30 minutes. Immediately after thermal treatment, while still hot, 

the MEA was subjected to a second pressing step for 20 minutes at 25 bar to ensure optimal 

interfacial contact. The processes ensured that both electrodes are firmly attached to the Nafion 

N115 membrane, even after humidification, due to Nafion that penetrates deep into the 
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microstructure of the electrode, forming a stronger and more permanent bond with the 

membrane. 

8. Final Testing and Humidification 

Prior to use, each fabricated MEA was first tested via multimeter on a resistance regime to 

check if there was electrical contact between the electrodes through the Nafion N115 

membrane, which signals a short circuit in EHC during operation. After confirming a resistance 

of continuous growth of more than 10 Mɋ between two electrodes on each dry MEA, they are 

humidified by placing them in a closed container with DI water vapor overnight at room 

temperature to ensure complete hydration of the membrane. The resistance test was then 

repeated with humidified MEA, resulting in a resistance of more than 10.7 kɋ, and therefore, 

further indicating the absence of a direct electronic short circuit between the electrodes [109]. 

These tests validate that the Nafion film effectively separates the electrodes and that no 

undesired electron transport path potentially created by GNPs penetration through the 

membrane is present within the MEA structure. Additionally, FT-IR analysis was performed to 

check whether the polymer backbone (ïCFï) and acid side-chain (ïSO ) chemistry of both 

Nafion 115 membranes survived all the MEAôs fabrication steps. Each membrane was tested 

at three different places. Figure 38 shows the FT-IR Spectra of Nafion 1 and 2 alongside the 

results of different places tested on both membranes (with characteristic peaks). 
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Figure 38. FTIR Spectra - Nafion 1 and 2 alongside different places tested (with characteristic peaks) 

FTIR spectra of the two Nafion 115 membranes after MEA fabrication retained the 

characteristic ïCFï backbone (å1200ï1145 cm ĭ) and ïSO  side-chain (å1060 cm ĭ) bands 

without new degradation features (e.g., carbonyls at å1720 cm ĭ). The close overlap among 

replicates confirms reproducibility and indicates that the hot-press/vacuum bonding step did 

not damage the Nafion chemistry. 
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MEA gasket of the designed EHC 

Proper gasketing of MEA is essential for preventing hydrogen leakage to the environment and 

hydrogen crossover from the cathode to the anode compartment. The configuration used for 

EHC includes the 1.2 mm-thick PE spacer, 0.07874 cm-thick Viton gaskets, and Nafion film. 

Nafion film addresses the radial sealing along the MEA edge, where hydrogen moves from 

high-pressure to low-pressure areas (from the cathode to the anode side). This is managed by 

extending the Nafion layer of the MEA by 1 cm, allowing it to function as a seal. The spacer 

and Viton play a role in sealing, contact control, and act as electrical insulators. The contact 

between MEA and flow field plates determines the contact resistance and uniformity, which 

has a significant impact on EHC performance. Hence, the spacer is needed to control the 

distance between the flow field plates, i.e., the extent of contact between the flow field plates 

and the MEA, which regulates the pressure applied to the MEA (see Figure 39).  

 

  
Figure 39. MEA gasket and the surrounding components of the designed EHC 

The thickness of the Viton gasket in this region also functions as a part of a distance keeper. 

For this reason, the preliminary experiments were made by compressing the gasket to determine 

the required thickness of an incompressible spacer. Drawn MEA sealing compression in three 

different states is shown in Figure 40. 
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Figure 40. Preliminary calculations for determining the thickness of the spacer: MEA sealing compression in 

three different states, with zoomed-in uncompressed state 

According to the manufacturer, the purchased MEA recommended compression is ~50% of the 

initial material thickness. For the W1S1011, the material is 0.410 mm, so the recommended 
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compression is about 0.205 mm. For paper GDLs, the recommended compression is only ~10%, 

which is why carbon cloth is more suitable for use in the EHC system. Observing Viton under 

magnification reveals its rough texture, appearing matte black and non-reflective, unlike PE, 

which is smooth and shiny due to its light-reflecting properties. Viton starts sealing only when 

compressed enough to eliminate its surface roughness, which represents the minimum required 

compression. The maximum allowable compression is specified in technical data from the 

manufacturer as 0.523 mm. Therefore, the effective compression range falls between these 

limits, with 50% to 70% of this range being sufficient to prevent hydrogen leakage. 

Measurements indicate that the actual thickness of the Viton gasket is slightly less than the 

nominal value, with its width measured at 0.72 mm instead of the expected 0.7874 mm. The 

pressing tooth of the measuring caliper, which applies force to the Viton sample, has dimensions 

of 19 mm by 2.93 mm, resulting in a total contact area of 55.67 mmĮ. To determine the necessary 

compression of the Viton gasket without directly measuring its surface roughness, a test 

procedure is conducted as seen in Figure 41. 

  

Figure 41. Preliminary experiment for determining the thickness of the spacer: measuring position - Viton in a 

sliding scale that stands independently on the scale with zero weight 

The initial thickness of the Viton sample is measured, followed by the contact area of the 

pressing element. Pressure is then applied to the Viton sample using the caliper, which is placed 

on a digital scale. During the process, both the gasket thickness and the applied force are 

recorded simultaneously. Data points are extracted, and the compression curve ŭ as a function 

of force per unit area is determined (Figure 42). Since the applied force is measured as 

gravitational, it is calculated as mass times gravitational acceleration (Ὂ ά Ὣ). This force 

is then divided by the contact area of the caliper tooth (55.67 mmĮ) to determine the applied 
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pressure in Newtons per square centimeter. Measurements indicate that these gaskets can be 

reused multiple times, as even under compression up to 7.5 kg/cm2, only the surface roughness 

is flattened. Also, according to the measurement data, Viton can be compressed by up to 0.07 

mm without any measurable permanent thinning of the gasket. Up to a pressure correlating to 

200 g, there is practically no compression, as this range primarily smooths out the initial 

roughness, which is significantly less than 0.01 mm. Before compression, the surface of the 

Viton appears nearly smooth, though it does not reflect light. After compression, a much 

smoother imprint remains, which partially reflects light. This suggests that compressing the 

gasket to 0.65 mm permanently flattens its original roughness. 

 

 

Figure 42. Compression test diagram of the Viton gasket 

Beyond compressing the gasket to 0.65 mm, the material enters a region of rapid compression 

up to a pressure correlating to 2,000 g, where the gasket thickness reduces by 0.045 mm. In the 

next stage, for an additional 2,000 g, the compression is significantly lower, reducing the 

thickness by only about 0.02 mm. To summarize, the compression of the Viton gasket can be 

divided into four distinct regions. In the first region, from 0 to 7 kN/cm2, there is no measurable 

compression beyond the third decimal place, meaning only the surface roughness is being 

flattened. The second region, from 7 to 50 kN/cm2, exhibits a sudden and nearly linear 

compression. In the third region, from 50 to 70 kN/cm2, the compression becomes more 
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difficult. Finally, beyond 70 kN/cm2, a sharp compression occurs. To conclude, for optimal 

sealing, a desirable compression of the Viton gasket would be around 0.1 mm. Given its original 

thickness of 0.7874 mm, the ideal thickness of the rigid spacer is calculated as: 2 Ĭ 0.7874 mm 

ï 2 Ĭ 0.1 mm = 1.3748 mm. 

 

According to the manufacturer's specifications, the closest available thickness is 1.2 mm. This 

method allows for an accurate assessment of the necessary compression for an effective Viton 

seal in combination with a 1.2 mm-thick spacer. The potential mismatches in gasket and spacer 

thicknesses can lead to hydrogen leakage, increased mass transport losses, or higher contact 

resistance, which is why it is essential to ensure the optimal spacer dimensions in coordination 

with the compressed Vitonôs dimensions for the best performance of the EHC. 

 

End plates of the designed EHC 

The designed end plates of the EHC have a thickness of 20 mm to withstand pressures up to 

200 bar. The clamping force needed to ensure the most effective EHC performance regarding 

MEA sealing, as described in the previous Chapter, is controlled by the calculations as follows. 

The clamping force exerted by the bolts amounts to 200 bar (10  N/m2) on the active surface of 

MEA, which corresponds to 25 cmĮ Ĭ 2,000 N/cm2 = 50,000 N. When this force is distributed 

across the eight bolts, each bolt must withstand 6,250 N. According to Figure 42, achieving the 

required compression of two Viton seals to match the 1.2 mm thickness of the spacer requires 

a force of 95 N/cm2 Ĭ 2 Ĭ (14 Ĭ 14 cm ï 11 Ĭ 11 cm) = 14,250 N. Dividing this value by eight 

bolts results in a force of 1,781.25 N per bolt. Consequently, each bolt must sustain a total force 

of 8,031.25 N. 

 

The bolts are made of 10.9-grade steel, which provides a nominal tensile strength of up to Rm = 

1,040 MPa and a nominal yield strength of Rp0.2 = 940 MPa. According to the engineering 

manual [110], the allowable stress is calculated as 0.3 Ĭ Rp0.2 = 282 N/mm
2. The maximum 

force a bolt can carry, based on its cross-sectional area A and the minor diameter of the thread 

d1, is given by Fmax < A Ĭ ůallowable = 282 N/mm2 Ĭ (6.647) 2 mm2 Ĭ ́/4 = 9,786 N. Since this 

value exceeds the required 8031 N, the bolts meet the necessary strength criteria. Applying an 

appropriate torque during tightening provides additional security to the spacer, ensuring that 
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the clamping force remains stable and that the assembly maintains the necessary sealing 

performance. 

 

Flow field plates of the designed EHC 

All designed flow field plates of the EHC have a thickness of 6 mm and the same configuration 

of channels. The channels are made in the conventional parallel circular and straight 

configuration of 2 mm wide ribs and 2.5 mm wide channels to uniformly guide the hydrogen 

flow from the MEA to the output in the cathode flow field plate, and to the MEA from the input 

in the anode flow field plate, respectively. The flow field plates, as seen in Figure 30, have a 

groove of 1.825 mm according to the analysis from the previous chapterôs Figure 40 for a 2 mm 

thick metal foam insertion. Figure 43 shows the circular-shaped design of the anode and cathode 

flow field plate with channels for EHC in a 2D drawing with dimensions.  

   
Figure 43. The dimensions of the EHCôs anode (left) and cathode (right) flow field plates drawn in SolidWorks 

2020 

The operating temperature of the EHC is measured with a K-type thermocouple inserted into 

the 0.5 mm wide and 0.3 mm deep channel in the low-pressure anode flow field plate that leads 
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the thermocouple head close to the center of the active area. The entrance for the thermocouple 

is sealed with epoxy glue for metallic surfaces to prevent hydrogen leakage. As illustrated in 

Figure 44, different options for MEA support in terms of pressure difference compensation 

include:  

a) channels,  

b) channels filled with Ti metal foam, 

c) Ti metal foam, and 

d) Ni metal foam. 

 

a)   b)   c)    d)   

Figure 44. The EHCôs flow field plate designs: a) channels, b) channels filled with metal foam, c) Ti metal foam, 

and d) compressed Ni metal foam 

As discussed in Chapter 2.3. Stainless Steel/Metal Foam Flow Field, each of these MEA 

support options affects EHC performance differently in terms of preventing MEA deformation, 

pressure difference compensation, and hydrogen flow distribution, which impacts contact 

resistances, temperature gradients, water management, and mass transport losses. Conventional 

parallel channels provide structured and predictable hydrogen flow, minimizing pressure drops, 

but with uneven pressure distribution, potentially leading to efficiency losses due to local drying 

or flooding of the MEA. The configuration where channels are filled with metal foam could 

increase hydrogen diffusion and reduce pressure fluctuations, enhancing mass transport and 

water management, reducing membrane dehydration, and improving compression efficiency. 

Furthermore, more uniform hydrogen distribution enhances thermal dissipation, which helps 

maintain stable operation at higher pressures. Full metal foam support could also be a suitable 

option for EHCôs high-pressure application due to maximized hydrogen permeability, 

minimized mass transport losses, and improved thermal regulation. Additionally, uniform 
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hydrogen flow and pressure compensation across the MEA could significantly reduce pressure 

gradients and contact resistance. 

 

The purchased Ti foam is made from pure Ti grade Gr1, while the Ni foam is made from pure 

Ni material. The porosity of the Ti and Ni foam samples was determined experimentally using 

a gravimetric-geometric method, which relies on the known theoretical density of the pure 

metal, the measured mass of the sample, and its external dimensions. The total volume of the 

porous body, Vtotal, was calculated based on its geometric dimensions. For both the Ti and Ni 

foams, the dimensions were 5Ĭ5Ĭ0.2 cm = 5 cmį. Ni foam was compressed from 3 mm to 2 

mm. The actual volume occupied by the solid metal within the porous structure, Vsolid, was 

calculated using Equation (4), 

ὠ  

ά

 ”
 (4) 

where: m is the measured mass of the sample (g), and ɟ is the theoretical density of the bulk 

metal (g/cmį), of which 4.506 g/cmį is for the Ti, and 8.908 g/cmį is for Ni. The porosity, ◖ 

(%), was calculated as: 
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For the Ni foam, the measured mass was άNi = 0.95 g, yielding: VNi = 0.1067 cm
3, and ◖Ni = 

97.87%, while for Ti foam, the measured mass was άTi = 0.95 g, yielding: VTi = 2.9405 cm3, 

and ◖Ti = 41.19%. To determine the absolute pore volume (i.e., the volume of empty space, 

Vpore) within each porous sample, the following relationship was used: 

ὠ  ὠ  (6) .ה  

Using the previously calculated porosity values, the corresponding pore volumes were 

calculated as Vpore, Ni = 4.8935 cm3, and Vpore, Ti = 2.0595 cm3. The Ni and Ti foams were chosen 

to be tested for EHC flow fields due to their significant difference in porosity to determine their 

influence on EHC performance. For comparison, the cathode volume of the flow field plate 

with channels amounts to 1.1406 cmį, while for the channels filled with Ti foam, the cathode 

volume available for hydrogen flow amounts to 0.4703 cmį. 
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To evaluate the mechanical stability of the porous flow-field materials intended to support the 

MEA during hydrogen compression, uniaxial compression tests were performed on both Ni and 

Ti foam (Figure 45). The goal was to determine which structure provides sufficient mechanical 

rigidity under the high differential pressures expected in EHC.  

 

  

   

Figure 45. The compression testôs results for Ni foam (up) and Ti foam (down) 

A compressed Ni foam of 2 mm exhibited average maximum stresses of only å 1.0 N/mmĮ, 

corresponding to the onset of structural collapse at strains approaching 70ï75 %. Beyond this 

level, further loading led to densification and crushing of the cellular structure, indicating 

plastic collapse of the Ni skeleton. The test confirmed their markedly lower stiffness compared 

to Ti foam. Ti foam of 2 mm thickness was tested up to the instrumentôs upper force limit of 10 

kN. The corresponding average maximum compressive stress reached 88.43 N/mmĮ at an 

average displacement of 0.61 mm, representing a strain of roughly 30 %. The test did not reach 

material failure, and thus, the actual compressive limit is expected to exceed this value. Overall, 
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these results demonstrate that Ni foam exhibits high deformability and acts as a compliant 

support layer, whereas Ti foam provides superior structural rigidity. 

 

3.3.2.2 EHC operating conditions 

The open-end anode outlet operating conditions are chosen to prevent pressure build-up, ensure 

a continuous flow of hydrogen, purge impurities and moisture from the system, ensure uniform 

hydrogen diffusion without pressure imbalances and potential damage to the electrodes, 

membrane, or catalyst, and easily observe and measure hydrogen flow rate, while ensuring 

proper system operation. Also, there is no need for an additional pressure regulation system 

(e.g., a backpressure valve or a hydrogen flow controller) as hydrogen flow is naturally 

regulated via a front pressure valve in combination with a needle valve after the metal hydride 

vessel. 

 

Both galvanostatic and tensiostatic operational modes of EHC have been examined in the 

literature. In the galvanostatic mode, the cell voltage is measured for a predetermined current 

density, which dictates the rate of the process and is directly linked to the hydrogen production 

rate in the cathodic compartment. On the other hand, in the tensiostatic mode, the current 

density is measured for a specified applied voltage. To summarize, under galvanostatic 

conditions, the process rate is set while the driving force is recorded, whereas under tensiostatic 

conditions, the driving force is controlled, and the hydrogen production rate is monitored. 

Before determining the operating mode of the designed EHC, conclusions are drawn from the 

literature. Observations indicate that galvanostatic operation can lead to erratic EHC behavior, 

primarily due to unpredictable fluctuations in the membraneôs water content. In contrast, 

tensiostatic conditions enable self-regulation of process kinetics based on the hydration state of 

the membrane [56]. To conclude, tensiostatic operating conditions are preferred and are 

therefore chosen for the designed EHC in this dissertation.  

 

3.3.3 High-pressure EHC System Section 

As seen in Figure 24, the high-pressure EHC system sectionôs main construction is a hydrogen 

high-pressure vessel that is connected to EHCôs cathode output via high-pressure SS316L 

adapters with two ferrules and an inox OD6 pipe. The primary purpose of a hydrogen high-
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pressure vessel is to measure the quantity and parameters of compressed hydrogen accurately. 

The larger the volume of the vessel in relation to the cathode volume and the volume of the 

connecting pipeline, the more accurate the measurement. If the cathode volume and the volume 

of the connections for measuring process variables were large enough to ensure sufficiently 

accurate measurement, then this vessel would not be required. Therefore, the large volume 

vessel ensures sufficiently accurate measurement of the amount of hydrogen volume, 

concerning the accuracy of pressure and temperature (perhaps even humidity) measurements, 

so that the accumulation of compressed hydrogen is monitored with sufficient accuracy. For 

this reason, the calculations are made to determine the optimum vessel volume regarding 

measurement accuracy, easy transport (low mass and small dimensions to fit the experimental 

setup horizontal board), and lower cost.  

 

3.3.3.1 Considerations concerning the measurement uncertainty of compressed hydrogen 

An algorithm in MATLAB/Simulink for calculating the accuracy of the amount of accumulated 

hydrogen in vessel volume, as well as the accuracy of measured hydrogenôs temperature and 

pressure, is presented, following the analysis of the accuracy of the measurements. The 

complete set of input parameters, along with their corresponding values used in the algorithm, 

is detailed in Table 5, while the output parameters are presented separately in Table 6. 

 

Table 5. Input parameters of the mathematical algorithm for high-pressure hydrogen vessel volume 

determination 

Input parameter Symbol Value Unit 

Measured hydrogen temperature 

uncertainty (35°C ± 2%) 
Tmin,true,max 

[301.99, 308.15, 

314.31] 
K 

Measured hydrogen pressure 

uncertainty (50 bar ± 2%) 
pmin,true,max 

[4990000, 5000000, 

5010000] 
Pa 

Measured hydrogen relative H2 

humidity uncertainty (98% ± 2%) 
RHmin,true,max [96, 98, 100] % 

Molar water mass MH2O 0.0180153 kgH2O/molH2O 

Molar hydrogen mass MH2 0.002016 kgH2/molH2 

Max. absolute H2 humidity  ABmax 0.0398 kgH2O/m3
H2 
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(p = 50 bar, T = 308.15 K) 

Measured hydrogen vessel volume, 

V1 uncertainty 
V1min,1true,1max 

[0.000124, 

0.0001256, 

0.000127] 

m3 

Measured hydrogen vessel volume, 

V2 uncertainty 
V2min,2true,2max 

[0.000194, 

0.0001963, 

0.000198] 

m3 

Measured hydrogen vessel volume, 

V3 uncertainty 
V3min,3true,3max 

[0.00099, 0.001005, 

0.00101] 
m3 

Ideal gas constant R 8.314 J/(mol×K) 

Coefficient (real-gas state equation)  ὄ 1.9155×10-6 K/Pa 

 

Table 6. Output parameters of the mathematical algorithm for high-pressure hydrogen vessel volume 

determination (81 output values) 

Output parameter Symbol Unit 

H2 total moles in V1min at Tmin,true,max for RHtrue, ptrue  n1min,Tmin, n1min,Ttrue, n1min,Tmax mol 

H2 total moles in V1true at Tmin,true,max for RHtrue, ptrue  n1true,Tmin, n1true,Ttrue, n1true,Tmax mol 

H2 total moles in V1max at Tmin,true,max for RHtrue, ptrue  n1max,Tmin, n1max,Ttrue, n1max,Tmax mol 

H2 total moles in V2min at Tmin,true,max for RHtrue, ptrue  n2min,Tmin, n2min,Ttrue, n2min,Tmax mol 

H2 total moles in V2true at Tmin,true,max for RHtrue, ptrue  n2true,Tmin, n2true,Ttrue, n2true,Tmax mol 

H2 total moles in V2max at Tmin,true,max for RHtrue, ptrue  n2max,Tmin, n2max,Ttrue, n2max,Tmax mol 

H2 total moles in V3min at Tmin,true,max for RHtrue, ptrue  n3min,Tmin, n3min,Ttrue, n3min,Tmax mol 

H2 total moles in V3true at Tmin,true,max for RHtrue, ptrue  n3true,Tmin, n3true,Ttrue, n3true,Tmax mol 

H2 total moles in V3max at Tmin,true,max for RHtrue, ptrue  n3max,Tmin, n3max,Ttrue, n3max,Tmax mol 

H2 total moles in V1min at pmin,true,max for RHtrue, Ttrue  n1min,pmin, n1min,ptrue, n1min,pmax mol 

H2 total moles in V1true at pmin,true,max for RHtrue, Ttrue  n1true,pmin, n1true,ptrue, n1true,pmax mol 

H2 total moles in V1max at pmin,true,max for RHtrue, Ttrue  n1max,pmin, n1max,ptrue, n1max,pmax mol 

H2 total moles in V2min at pmin,true,max for RHtrue, Ttrue  n2min,pmin, n2min,ptrue, n2min,pmax mol 

H2 total moles in V2true at pmin,true,max for RHtrue, Ttrue  n2true,pmin, n2true,ptrue, n2true,pmax mol 

H2 total moles in V2max at pmin,true,max for RHtrue, Ttrue  n2max,pmin, n2max,ptrue, n2max,pmax mol 

H2 total moles in V3min at pmin,true,max for RHtrue, Ttrue  n3min,pmin, n3min,ptrue, n3min,pmax mol 

H2 total moles in V3true at pmin,true,max for RHtrue, Ttrue  n3true,pmin, n3true,ptrue, n3true,pmax mol 
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H2 total moles in V3max at pmin,true,max for RHtrue, Ttrue  n3max,pmin, n3max,ptrue, n3max,pmax mol 

H2 total moles in V1min at RHmin,true,max for ptrue, Ttrue  n1min,RHmin, n1min,RHtrue, n1min,RHmax mol 

H2 total moles in V1true at RHmin,true,max for ptrue, Ttrue  n1true,RHmin, n1true,RHtrue, n1true,RHmax mol 

H2 total moles in V1max at RHmin,true,max for ptrue, Ttrue  n1max,RHmin, n1max,RHtrue,n1max,RHmax mol 

H2 total moles in V2min at RHmin,true,max for ptrue, Ttrue  n2min,RHmin, n2min,RHtrue, n2min,RHmax mol 

H2 total moles in V2true at RHmin,true,max for ptrue, Ttrue  n2true,RHmin, n2true,RHtrue, n2true,RHmax mol 

H2 total moles in V2max at RHmin,true,max for ptrue, Ttrue  n2max,RHmin, n2max,RHtrue, n2max,RHmax mol 

H2 total moles in V3min at RHmin,true,max for ptrue, Ttrue  n3min,RHmin, n3min,RHtrue, n3min,RHmax mol 

H2 total moles in V3true at RHmin,true,max for ptrue, Ttrue  n3true,RHmin, n3true,RHtrue, n3true,RHmax mol 

H2 total moles in V3max at RHmin,true,max for ptrue, Ttrue  n3max,RHmin, n3max,RHtrue, n3max,RHmax mol 

 

Absolute humidity, AB of hydrogen, is the measure of water vapor (moisture) in the hydrogen, 

regardless of temperature. It is expressed as kilograms of moisture per cubic meter of hydrogen 

(kgH2O/m
3
H2). At the temperature of 35ÁC, the saturation vapor pressure of water, ὴ, is 

approximately 0.0562 bar according to the tables from [111]. The absolute humidity can be 

determined by calculating the number of moles of water vapor via the ideal gas law, as seen in 

Equation (50). 

ὴὠ ὲὙὝ (7) 

ὴ is the partial pressure of water vapor (0.0562 bar), V is the volume (1 mį), R is the ideal gas 

constant (0.00008314 barĬmį/(molĬK)), T is the temperature in Kelvin (308.15 K for 35ÁC), 

and n is the number of moles of water vapor that amounts to 2.194 mol after calculation. The 

molar mass of water, ὓ  is 18.015 g/mol ([111]), so the maximum mass of water vapor per 

1 cubic meter of hydrogen is as follows in Equation (8). 

ὃὄ ὲ ὓ  (8) 

Therefore, the maximum absolute humidity of hydrogen at 35ÁC and 50 bar amounts to 39.8 

gH2O/m
3
H2. Equation (8) assumes a hydrogen saturation state, i.e., the hydrogen is holding the 

maximum amount of water vapor possible at those conditions. To calculate the absolute 

humidity of hydrogen at 35ÁC and 50 bar with various relative humidity expressed as a 

percentage, RH, the ratio between the actual and maximum absolute humidity at a given 
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temperature is used. In this case, the ratio represents the degree of saturation, ɓ, rather than the 

RH. However, at high pressures and moderate temperatures (such as 50 bar and 35 ÁC), the 

difference between ɓ and RH is negligible, and thus the relative humidity can be used as a valid 

approximation. Accordingly, the absolute humidity is calculated as: 

‍ ὃὄȾὃὄ   ρππὙὌ  ȟ Ј. (9) 

For further clarification, the relationship between the degree of saturation and relative humidity 

is given in Equation (10) [112].  

‍ ὙὌ
ρ
ὴ
ὴ

ρ ὙὌ
ὴ
ὴ

 (10) 

At 50 bar, Ḻρ, so ‍ å RH, justifying the use of relative humidity in Equation (9). To 

calculate the total mass, ά , and moles, ὲ , of water vapor in the hydrogen high-pressure 

vessel, the following formulas in Equation (11) and Equation (12) are used. 

ά ὃὄ ὠ (11) 

ὲ ά Ⱦὓ  (12) 

The total amount of hydrogen/water mixture moles, ὲ , and the moles of dry hydrogen, 

ὲ , in a mixture is calculated as seen in Equation (13) and Equation (14), respectively. 

ὲ
ὴὠ

ὙὝρ
ὴὄ
Ὕ

 

 

(13) 

ὲ ὲ ὲ  (14) 

The calculated amount of saturated water vapor for different temperatures in the vessel of 0.001 

m3 volume via the equations above is shown in Figure 46. However, the data from the diagram 

does not give information on the waterôs state, and the hydrogen high-pressure vesselôs non-

see-through material also does not provide information on the same. For this reason, 
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information about the dew point is required, which shows the temperature at which moisture in 

hydrogen turns into a liquid state. 

 

Figure 46. The calculated amount of saturated water vapor for different temperatures in a vessel of 0.001 m3 

volume 

In order to determine the dew point, firstly, the mass of water per kilogram of hydrogen in a 

vessel is calculated, ɤ. This mass mixing ratio is given by Equation (15). 

ʖ
ά

ά
 
ὓ

ὓ

ὙὌ ὴ

ὴ ὙὌ ὴ
 (15) 

As already mentioned, the saturation vapor pressure of water at a given temperature, ὴ value 

can be found in tables in [111]. After the calculation above, when the pressure and humidity in 

a hydrogen vessel are measured with sensors, the hydrogen dew point temperature can be 

determined from the diagram in Figure 29. Furthermore, measuring the real temperature in the 

vessel enables the comparison of these two temperatures (dew point and the actual temperature). 

This provides the information whether the water in the hydrogen vessel is in the form of 

condensate, i.e., the liquid phase, or in the form of a superheated vapor, without looking through 

the opaque wall of the hydrogen vessel.  

In order to achieve the results of the algorithm for the optimum hydrogen vessel volume 

expressed as percentages, the relative variations, Ů in %, are calculated. The same range of 

temperatures and pressures is used for all three selected volumes, considering measurement 
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accuracy (Ñ 2% from the true value of (correctly measured) temperature, Ttrue, relative humidity, 

RHtrue, and pressure, ptrue). For example, the true temperature within this range (Ttrue = 308.15 

K) is selected along with two boundary values, Tmin and Tmax. For all three temperatures and a 

fixed true pressure (ptrue = 50 bar) and relative humidity (RHtrue = 98%), the amount of hydrogen 

in moles is calculated for each of the three volumes, as well as for their measurement uncertainty 

deriving from space dimensions measurement uncertainty (Ñ 0.01 mm), presented as Vmin and 

Vmax. This results in three hydrogen quantities, n for each volume, as follows in Table 7. 

 

Table 7. Hydrogen quantities in different volumes for temperature uncertainty 

Volume Hydrogen quantities for temperature uncertainty Symbol 

V1 

H2 total moles in V1min at Tmin,true,max for RHtrue, ptrue  n1min,Tmin, n1min,Ttrue, n1min,Tmax 

H2 total moles in V1true at Tmin,true,max for RHtrue, ptrue  n1true,Tmin, n1true,Ttrue, n1true,Tmax 

H2 total moles in V1max at Tmin,true,max for RHtrue, ptrue  n1max,Tmin,n1max,Ttrue, n1max,Tmax 

V2 

H2 total moles in V2min at Tmin,true,max for RHtrue, ptrue  n2min,Tmin, n2min,Ttrue, n2min,Tmax 

H2 total moles in V2true at Tmin,true,max for RHtrue, ptrue  n2true,Tmin, n2true,Ttrue, n2true,Tmax 

H2 total moles in V2max at Tmin,true,max for RHtrue, ptrue  n2max,Tmin,n2max,Ttrue, n2max,Tmax 

V3 

H2 total moles in V3min at Tmin,true,max for RHtrue, ptrue  n3min,Tmin, n3min,Ttrue, n3min,Tmax 

H2 total moles in V3true at Tmin,true,max for RHtrue, ptrue  n3true,Tmin, n3true,Ttrue, n3true,Tmax 

H2 total moles in V3max at Tmin,true,max for RHtrue, ptrue  n3max,Tmin,n3max,Ttrue,n3max,Tmax 

 

After the hydrogen quantities calculation, the relative variations, Ů in %, are calculated for each 

volume using the following formulas as an example for V1: 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (16) 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (17) 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (18) 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (19) 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (20) 
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‐ ȟ
ȟ ȟ

ȟ
ρππ, (21) 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (22) 

‐ ȟ
ȟ ȟ

ȟ
ρππ, (23) 

‐ ȟ
ȟ ȟ

ȟ
ρππ. (24) 

The same procedure is then repeated for volumes V2 and V3, resulting in a total of nine more Ů 

values. Finally, these values are compared in graphs as shown in Figure 47. If corresponding Ů 

values  of three different volumes are equal to three decimal places, it can be concluded that the 

choice of volume does not significantly affect the calculation of the stored hydrogen quantity 

in a high-pressure vessel within the observed temperature range and at the true pressure. 

However, if the Ů values for different volumes differ already at the first decimal place, then the 

choice of volume influences the accuracy of the hydrogen quantity calculation, and therefore, 

reflect to the calculation of hydrogen crossover. Only after computing all Ů values is it possible 

to accurately assess the impact of volume on the calculationôs precision. The results are grouped 

so that Tmin, pmin, RHmin, and V1,2,3min in green color represent the case where the measured 

physical properties and height and radius of the vessel are underestimated. On the other hand, 

Tmin, pmin, RHmin, and V1,2,3true in blue represent the case where the measured physical properties 

and height and radius of the vessel are correct, true values (the ideal case), while red color 

represents the case with measurement overestimation. Furthermore, results for V1 are marked 

with a circle, V2 with a square, and V3 with a diamond.  
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Figure 47. The results of the algorithm for determining the hydrogen high-pressure vessel volume according to 

the measuring uncertainty 

When volume is measured correctly along with the chosen hydrogen physical property (T, RH, 

or p), the measurement deviation ‐ is 0%. However, an error only in volume measurement leads 

to the largest deviation from correct hydrogen quantity calculation of Ñ 1.1% for the smallest 

volume, V1, and the smallest deviation of Ñ 0.55% for the largest volume, V3. When V is 

accurately measured across all cases, deviations in 4 from its true value lead to an error in the 

hydrogen calculation of around Ñ 2%. In the worst-case scenario, when V1 has a measuring 

error, along with T, their combined effect results in a maximum deviation of Ñ 3.1% from the 

accurately calculated hydrogen quantity. Therefore, if both T and V are measured inaccurately, 

larger vessel volumes reduce the overall error in hydrogen calculation. For the given tank sizes 

(ὠ1, ὠ2, ὠ3), the deviation in Ὕ plays a more significant role in the accuracy of the hydrogen 

mass calculation than errors in measuring ὠ. However, the opposite can be concluded from p-

‐ diagram, errors in measuring V have a greater impact on the hydrogen calculation than errors 

in p (Ñ 0.3%). On the other hand, relative humidity does not affect the hydrogen calculation (Ů 
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= 0% for any RH measurement deviation), as the total amount of hydrogen/water mixture mols 

does not change. To conclude, according to the algorithm, the approximate volume of the vessel 

is proposed to be even larger than 0.001 m3. However, due to lower cost, smaller dimensions, 

and lower mass, the determined optimum high-pressure hydrogen vessel volume for this 

research is 0.001 m3 (200 mm high cylinder with 80 mm diameter). The worst-case scenario 

where the volume, temperature, and pressure of hydrogen in all three vessel volumes are all 

measured with a maximum error is shown in Figure 48. 

 

   
Figure 48. The worst-case scenario where the volume, temperature, and pressure of hydrogen in all three vessel 

volumes are all measured with a maximum error 

To summarize, for the 0.001 m3 chosen volume that is correctly measured, in the scenario where 

the temperature and pressure of hydrogen in the vessel are both measured with a +2% error, the 

hydrogen quantity in the vessel is calculated with a +2.3% error (2% from temperature error 

and +0.3% of pressure error). That is also the case for all chosen volumes, even larger than 

0.001 m3, as the error of +2.3% is accumulated only by hydrogenôs physical properties and 

wrong measuring. When temperature and pressure are measured accurately, but volume 

measuring is incorrect, the largest volume of 0.001 m3 has the smallest deviation from the point 

where Ů = 0% (i.e., the point where there is no deviation from the true measurements), with an 

approximate deviation of +0.55%. In the worst-case scenario where the temperature and 

pressure of hydrogen in a 0.001 m3 vessel are both measured with a 2% error, and the hydrogen 

vessel volume is measured with an error of 0.1 mm for the cylinderôs diameter and height, the 

hydrogen quantity in the vessel is calculated with a 2.85% error. For comparison, the same 

worst-case scenario for V1 amounts to a 3.35% error in hydrogen quantity calculation. 
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3.3.3.2 Strength calculation of the hydrogen high-pressure vessel 

After deciding on the diameter and height of a hydrogen high-pressure vessel in the form of a 

cylinder, calculations have been made to determine the maximum allowed hydrogen pressure. 

This is made according to the control calculation of the pressure vessel in accordance with the 

available HRN M.E2. standards, which are largely taken from the current German AD 

Merkblatt regulations. The best material utilization is achieved with hemispherical bases, which 

transfer the compressive load equally, without bending, using membrane forces. The worst are 

flat bases, which are prone to bending. Therefore, a hydrogen high-pressure vessel is designed 

as a cylinder pipe with a welded hemispherical base with a deep bottom and one connection, 

and a welded straight flange on the top with another straight flange as a lid with one connector 

to enable the opening of the vessel. The minimum wall thickness of the complete vessel must 

not be less than the required thickness determined by the calculation. 

 

Regarding the flange as a removable top of the vessel, the two PN40 EN 1092-1, Type 5, DN65 

are chosen as a suitable connection option, and controlled via the following calculation. In the 

case of flat flanges, which are loaded with equal pressure on one side, bending stresses occur, 

which depend on the type of connection to the vessel wall. The formula for the required wall 

thickness for the flat flange base shown is derived in Equation (25). 

ί ὅ Ὀ
ὴ Ὓ

ὑ
ὧ ὧ (25) 

 

s is the thickness of the wall, i.e., flange, C is the calculation factor (clamping factor), which in 

general amounts to 0.3 é 0.5, depending on the type of support or clamping on the outer edge, 

D is the calculation diameter according to Figure 49, p is design pressure, S is safety factor, K 

is material strength parameter, ὧ is allowance that considers the defect in wall thickness, and 

ὧ is allowance for wear. 
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Figure 49. Round flat plates and floors; a) Turned flat plate; b) Plate welded on both sides; c) Flat plate with 

relief groove; d) Flat plate on flanged joint with continuous gasket [113] 

The complete set of calculated parameters of hydrogen high-pressure vessels, along with their 

corresponding values, is detailed in Table 8. Safety factor, S value is chosen according to the 

HRN M.E2:250 standard for material SS316L, material strength parameter, K is chosen as Rp0.2 

for the same material, while allowance that considers the defect in wall thickness, ὧ is 

calculated as 2% of the calculated wall thickness, considering ὧ = 0 mm. 

 

Table 8. Calculated parameters of the hydrogen high-pressure vessel according to [113] 

Input parameter Symbol Value Unit 

Clamping factor C 0.3 - 

Calculation diameter of the flange D 145 mm 

The outside diameter of the vessel Do 88.9 mm 

The inside diameter of the vessel Di 80 mm 

Design pressure p 150 (15) bar (N/mm2) 

Safety factor S 2 - 

Material strength parameter K 170 N/mm2 

Weakening coefficient v 1 - 

Defect in the wall thickness allowance c1 0.02 mm 

Allowance for wear c2 0 mm 

 

According to the values of input parameters from Table 8 in Equation (25), the design wall 

thickness of the hydrogen high-pressure vesselôs top flange has to be more than 18.3 mm, which 

condition chosen PN40 EN 1092-1, Type 5, DN65 satisfies. The procedure for calculating the 
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floor wall of pressure vessels exposed to internal and external pressure is established by the 

HRN M.E2 252 standard. This standard applies to convex (shallow and deep) hemispherical 

bottoms, under internal and external pressure, as seen in Figure 50. 

 

  
Figure 50. Vessel floor wall; a) common vessel bottom shape; b) vessel bottom with connection; c) welded 

bottom with minimum spacing x between the seam and the edge [113] 

The required minimum thickness of the floor wall can be determined by the Equation (26). 

ί
Ὀ ὴ

τ
ὑ
Ὓ ὺ

ὧ ὧ 
(26) 

New parameters in this equation are Ὀ, which is the outside diameter of a vesselôs cylinder, 

and v, which is the weakening coefficient as the ratio of the strength of the welded joint to the 

strength of the sheet. "The coefficient of validity of a welded joint or the coefficient of weakening 

includes the weakening of the base material (vessel construction), which occurs due to the 

joining of elements (by welding, soldering, etc.) or due to various structural interventions 

(holes, connections, accessories, etc.)" - HRN M.E2.250.  For floors for which 100% utilization 

of the allowable design stress is proven, as well as in the case of stress due to external pressure, 

it is calculated with v = 1. The addition ὧ determines the reduction in the thickness of the vessel 

walls caused by the manufacturing method, e.g., casting, deep drawing, bending, etc., while in 

general cases, the addition ὧ = 0. According to the values of the input parameters from Table 

8 in Equation (26), the design wall thickness of the hydrogen high-pressure vessel9s bottom 

has to be more than 3.94 mm, which condition chosen DN80 pipe (4.45 mm) satisfies. 

Additionally, deep bottom pressure vessel floors have the following condition: 

πȢππρ
ί ὧ ὧ

Ὀ
πȢρ (27) 
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which, according to calculations (0.049), is also satisfied. The calculation of the cylindrical 

shell of the vessel is calculated according to the HRN M.E2.253 standard (calculation of 

cylindrical shells and spheres loaded with internal pressure). According to this standard, the 

formula for the required wall thickness of the cylindrical shell is as follows in Equation (28). 

ί
Ὀ ὴ

τ
ὑ
Ὓ ὺ

ὧ ὧ 
(28) 

According to the values of the input parameters from Table 8 in Equation (28), the design wall 

thickness of the hydrogen high-pressure vessel has to be more than 0.79 mm, which condition 

chosen DN80 pipe (4.45 mm) satisfies. To conclude, the chosen dimensions of the hydrogen 

high-pressure vessel with a 200 mm height DN80 pipe that has a welded hemispherical 4.45 

mm thick bottom and 22 mm thick welded PN40 EN 1092-1, Type 5, DN65 flange at the top, 

satisfy the control calculation for design pressure of 150 bar. Even though experiments with 

this vessel are conducted under 40 bar hydrogen pressure, the designed vessel is, prior to the 

experiment, successfully tested via a water pressure test at 150 bar for safety reasons. 

Additionally, the vesselôs category according to the Pressure Equipment Directive (PED 

2014/68/EU) is calculated for the hydrogen that falls under the group 1 gas category (ñGroup 

1 comprises those fluids classified, according to the EC Directive on the classification of 

dangerous substances*, as: explosive; extremely flammable; highly flammable; flammable 

(where the maximum allowable temperature is above flashpoint); very toxic; toxic; oxidizingò). 

For a 1 L volume at 150 bar pressure, the designed vessel falls under the Sound Engineering 

Practice (SEP) safe category, as seen in Figure 51. 

 

  
Figure 51. PED category of high-pressure hydrogen vessel according to [114] 
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SEP category means that a designed high-pressure hydrogen vessel is considered low-risk and 

must be built according to good engineering practices to ensure safety, but does not need CE 

(European Conformity; fr. ñConformit® Europ®enneò) marking under the PED because it is 

considered low-risk. Unlike higher-risk categories (Category I to IV), SEP vessels do not 

require third-party assessment or approval by a Notified Body, as PED does not impose strict 

conformity assessment procedures. 

 

3.3.3.3 Hydrogen high-pressure vessel design 

The assembly design drawing of a hydrogen high-pressure vessel made in SolidWorks 2020 is 

provided in the appendix. The vessel is designed from SS316L material with adjoining flanges 

to be able to open in case of a need for sensor connection repair or similar. Additionally, a top 

opening is needed for hydrogen release, and a bottom for condensed water removal (although 

high-pressure hydrogen at the cathode outlet does not have 100% RH due to the water process 

in EHC, explained in Chapter 2.2.2 The Electrochemical Hydrogen Compressorôs Operating 

Principle, there is still water present in the hydrogen that can be condensed due to cooling, 

while the side opening for hydrogen input. All these openings have SS316L high-pressure 

needle valves for fine-tuning of the hydrogen/water flow needed due to high pressures. The 

safety valve, along with the manometer, is mounted on the top of a vessel in case of a hydrogen 

pressure exceeding the tuned nominal pressure. Figure 52 shows the design of a hydrogen high-

pressure vessel in a 3D drawing and reality.  
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Figure 52. The 3D design of the hydrogen high-pressure vessel made in SolidWorks 2020 ï left; the construction 

of the hydrogen high-pressure vessel - right 

The vessel is designed for accurate hydrogen physical properties measurement with three 

sensors in the removable side connectors. In addition to connectors, plugs are made for each 

connector sleeve for the pressure test and in case of the need for sensor removal. Sensors have 

adjoining transducers that send the voltage signal via wires to the data acquisition center on a 

vertical board. Sensors are carefully planted into specifically designed connectors for a tight fit 

with perforated tops for pressure drop and to prevent pressure-induced expulsions of connectors 

from the welded sleeves, as seen in Figure 53. 
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Figure 53. The 3D design of the hydrogen high-pressure vesselôs connector for sensor SHT45 made in 

SolidWorks 2020 ï left; the construction of the connector for sensor SHT45 - right 

The first sensor, starting from the top of the vessel, is a thermocouple for the most accurate 

temperature readings within the American National Pipe Tapered Thread (NPT) thread 

compression fitting with Teflon tape sealing. The second sensor is a high-pressure sensor 

transmitter for 40 bar (or 150 bar) that is purchased in an SS304 connector with a gasket. The 

third sensorôs connector, seen in Figure 53, is constructed from PEEK material that has high 

mechanical strength and is an electrical insulator, which is needed due to open wires coming 

through the SHT45 sensor to the DAQ center. The sensor reads the humidity and temperature 

and is sealed off completely via epoxy glue in the connector. 

 

3.3.4 DAQ System 

EHC data processing and analysis in this dissertation rely on the DAQ system, which 

necessitates integrating multiple sensors and transducers into the EHC experimental system to 

measure relevant physical parameters. Additionally, a dedicated data management system is 

required to handle transduced data, including hardware and software for sampling, signal 

conditioning, and analog-to-digital conversion. The DAQ system is constructed in a way that it 

can be optimized by replacing all integrated devices with upgraded versions or for repair if 

required. Moreover, the whole system is designed as a considerably cheaper alternative for the 

extremely expensive DAQ equipment and hydrogen sensors with housing, by using air sensor 

modules with designed housing (connectors from the previous chapters) and a designed 

compatible Arduino setup. In this way, the total price difference is estimated to reach several 

tens of thousands euros, or even more, depending on the manufacturer. Multiple-type sensors 

used in the DAQ create the possibility of using commercial air temperature, humidity, and 
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pressure sensors to measure hydrogen process parameters in low-pressure and high-pressure 

areas for verification. Moreover, modeled after the example of large power plants, all measured 

data is clearly presented on the vertical board via multiple displays to track the physical 

properties in real-time conditions with one view on the board, instead of impractically tracking 

all 15 signals on the computer screen. In order to ensure a clear presentation of collected 

numerical and operational data from EHC measurements in the form of liquid crystal displays 

(LCDs) on Pertinax boards, the visualization of the DAQ system is mounted on a removable 

vertical board, as seen in Figure 54. 

 

  
Figure 54. The DAQ system in the experimental setup 

Starting from the socket in the wall of 220 V, alternating current (AC) is fed to the heaters via 

a PID regulator that controls the heaters according to the deionized water temperature in the 

humidifier. 15 measurement cards are attached to the main wooden vertical board with screws 

and 10 mm distances. All these cards represent about a 50 W direct current (DC) load, fulfilled 

from the appropriate linear DC power supply set to 16 V DC. Each board with an LCD and 

Arduino controller has its own DC/DC converter for further voltage reduction to 7 and 10 V 

DC, depending on the sensors. 
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3.3.4.1 Measuring card design and operating principle 

In general, each Pertinax board contains an Arduino microcontroller (Nano, Uno R3, or Uno 

R4 Minima), LCD, a digital-to-analog converter (DAC), and the necessary sensor power 

supply. All digital signals from Pertinax boards have the possibility for transfer to the 

measurement unit in the form of analog signals for data analysis via a commercial DAC. The 

measurement central unit used in this experimental setup is the NI CompactDAQ (National 

Instruments), which allows simultaneous connection of up to eight modules and can be used 

for storing data on the computer. The different modules on the measurement cards communicate 

and exchange their data based on the inter-integrated circuit (I2C), i.e., a synchronous, multi-

master/multi-slave, single-ended, serial communication bus that allows multiple devices to 

share the same data lines. Figure 55 shows an example of a measurement card that processes 

the hydrogen pressure data.  

 

  
Figure 55. The hydrogen low-pressure measurement cardôs (no. 3) components 

In the Arduino IDE program, a code is written that maps the pressure value read from the 

MPXV5004 sensor. The operating principle of the hydrogen low-pressure measuring board no. 

3 implies the mapping of pressure measurement, pressure visual digital data output at LCD and 

Serial monitor on the computer, the conversion from digital to analog, and output as an analog 

signal through DAC MCP4725. The Arduino converts the measured analog voltage into a 

digital signal, which it sends to the DAC. This conversion is performed using a linear equation, 
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based on the range of possible values that map the sensorôs pressure readings from 0 to 5 bar 

and the voltage that the 12-bit DAC can record. The voltage displayed on the computer screen 

in the Arduino program (pressure linearly converted into voltage) is a digital signal sent to the 

DAC. According to the code, this digital signal can range from 0 to 4,095 mV. The DAC then 

converts this digital signal into an analog signal. In order to get the most accurate pressure 

readings on the LCD, a high-precision voltage reference LM4040 is used as the AREF for the 

Arduino to power the sensor and get stable readings from the pressure sensor. With the use of 

4.096 V as the reference, the Arduino reads most of the useful range (0.5 V to 4.096 V), with a 

better resolution. As the DAC is powered by a 5 V Arduino pin, the DAC output scaling is 

adjusted in the code to ensure the DAC outputs a voltage proportional to 4.1 V instead of 5 V. 

Output from the pressure sensor MPXV5004 is an analog voltage, and could be directed to a 

commercial NiDAQ. However, a digital form is also required to display pressure on the LCD. 

Figure 56 shows the components of a measurement card no. 12 that processes the EHCôs power 

data.  

 

    
Figure 56. The EHCôs voltage and current measurement card (no. 12) components 

The EHCôs voltage and current measurement card (no. 12) is composed of Arduino Minima 

R4, voltage reference LM4040, LCD, two DAC, two AD620 microvoltage instrumentation 

amplifiers (one for the EHC voltage and the other for shunt), and two measurement manganin 

DC shunts of 0.5% accuracy with measuring ranges of 75 mV /10 A, and 75 mV / 20 A. Two 
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shunt resistors are installed in series with the EHC, due to one being more accurate at lower 

currents to 10 A, and the other at higher currents to 20 A, for usage if needed for measuring the 

EHCôs current during the experiment. The AD620 is a low-power (~ 1.3  mA with Ñ 5 V 

supply), high-precision instrumentation amplifier configured to 60 x amplify very small signals 

from the shunts and EHC. The amplifier is required due to very small signals from the manganin 

shunts and the EHC, as EHC operates at very low voltages and relatively high currents (the 

premise is from around 0.025 V to 0.1 V, with an average current of 0.8 A/cm2 of active area ï 

20 A). Directly measuring these signals with an Arduino would be imprecise due to its limited 

resolution (12-bit ADC on the R4 Minima with 0 ï 5 V range). The ADC resolution is 1.22 mV 

per step (5 V / 4096), meaning that small voltage signals would result in significant quantization 

errors. Furthermore, small signals are more susceptible to noise. Amplifying them before 

feeding them into the Arduino ensures that the readings are more stable and accurate. Therefore, 

amplifying the signal from EHC and the shunt by 60x brings them within the ADCôs full range 

for higher accuracy and reduced noise effects. As current flows through the EHC, it also flows 

through the shunt resistor, generating a small voltage drop in shunt whose value is known due 

to the shunt's known low resistance of 7.5 mɋ or 3.75 mɋ. These amplified voltage signals are 

sent to the Arduino, which rectifies the values in the software by 60x to obtain the original 

values, converts them to current using Ohmôs Law, and corrects the EHC voltage measurement 

by adding back the shuntôs voltage drop, before displaying EHCôs voltage and current on the 

LCD. The software code in Arduino (provided in the appendix) is enhanced by increasing the 

ADC resolution using 16x oversampling, improving the resolution from 12-bit to 

approximately 14-bit. The LM4040 voltage reference (4.1 V) is applied for ADC scaling, 

ensuring accurate voltage readings. Additionally, the DAC values have been adjusted to match 

the 4.1 V reference instead of the typical 5 V, which they are powered with, providing more 

precision, accuracy, and reliability in measuring both the EHC voltage and current. All modules 

were tested in the preliminary experiments that confirmed their accuracy via reliable devices 

such as an Agilent 34461A digital multimeter and a Keysight E36231A DC power supply. More 

detail about the most used modules in all measurement cards is written in the following sections. 

 

Arduino 

Arduino is a microcontroller-based development platform that works by executing a program 

code uploaded to its microcontroller, which then interacts with sensors and their compatible 
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modules. All program codes for each measuring card are provided in the appendix. The Arduino 

types used for the measurement cards are Nano (10), Uno R3 (3), and Uno Minima R4 (2). All 

are powered via a barrel jack with 7 V from the voltage regulator. Arduino Nano is ideal for 

sensor applications and is the cheapest and smallest. However, Arduino Nano might not handle 

multiple modules connected due to the current limitations (~ 250 ï 300 mA, before the 

AMS1117 regulator overheats) of the onboard voltage regulator and power lines. For measuring 

cards that use multiple modules and sensors, such as cards no. 1, 2, 3, and 4, they draw more 

than 500 mA in total, so the Nano can't supply enough power. Arduino Uno and Minima have 

current limitations of ~ 800 mA ï 1 A, and 1A +, due to more efficient voltage regulators - 

NCP1117 linear regulator, and switching regulator, respectively. Arduino Uno R4 Minima is 

used for more memory, faster processing, and better analog-to-digital converter (ADC) 

resolution for measuring card no. 11 and no. 12.  

 

DAC 

The DAC type used for all measurement cards is the MCP4725 module. DAC is supplied with 

5 V from Arduino and has a 12-bit resolution, meaning it can generate 4096 discrete voltage 

levels. Therefore, it converts digital signals (from 0 to 4095) from an Arduino into 

corresponding analog voltage signals representing sensor measurements (e.g., temperature, 

humidity, etc.), which are sent to NI CompactDAQ for data analysis. MCP4725 draws up to ~ 

200 mA at peak. As multiple measuring cards require the use of two (or even more) DACs, it 

is necessary to change the software and hardware in the form of their address for transferring 

different physical property signals. By default, the MCP4725 has the address 0x60, but it can 

be changed to 0x61 by modifying the A0 pin configuration by soldering a jumper on the 

module. For the usage of more than two DACs, a switcher is used that, based on its program, 

switches the data from two DACs to the third DAC. 

 

DC-DC converter 

The LM317 DC-DC Converter Buck Step-Down Module is a voltage regulator module that 

allows for a step down from a higher 16 V DC voltage from a PSU to a lower voltage of 7 V 

DC, which is the optimum amount for powering each of the Arduino-type microcontrollers. 

The voltage regulator module is based on the LM317 linear regulator, which provides a stable 
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and adjustable DC output voltage. For higher currents, it has a built-in heatsink to prevent 

overheating, as it dissipates excess power as heat. The output voltage is adjusted via a 

potentiometer (regulated with a screwdriver). 

 

Thermocouple module 

The thermocouple module type used for the three measurement cards is the MAX31856. The 

MAX31856 is a high-precision digital converter from thermocouple to SPI that allows Arduino 

to read temperature from various thermocouple types (J, K, N, R, S, T, E, and B). MAX31856 

has a 16-bit ADC resolution and a high accuracy of  Ñ 0.15 ÁC for cold-junction compensation, 

which is a built-in sensor that measures ambient temperature for accurate readings. MAX31856 

amplifies and converts a small voltage proportional to heat, which is generated from the 

thermocouple that measures temperature. 

 

Voltage reference  

The voltage reference type used for the three measurement cards is the LM4040. The LM4040 

is a precision shunt high-accuracy voltage reference (Ñ 0.1%) used to provide a stable and 

accurate reference voltage of 4.096 V. It maintains a fixed voltage drop across its terminals 

when a resistor is placed in series with the supply voltage to control the current through the 

LM4040. The output remains steady regardless of input voltage variations, which is a 5 V power 

supply from the Arduino pin. 

 

The various module connection schematics in a table form for all measurement cards are 

provided in the appendix. The communication of modules is available through a two-wire 

protocol, I2C, using two pins - a data line (SDA) and a clock line (SCL). I2C is a master-slave 

protocol, in which Arduino controls other devices (sensors, DACs, LCDs, and other modules). 

The Arduino generates clock pulses on SCL to control the timing, while data is sent and 

received on SDA one bit at a time. All modules are compatible with Arduino setup and have 

unique addresses, so there are no conflicts in communications, except for the thermocouple 

module, which uses the serial peripheral interface (SPI) protocol, and the voltage reference, 

which is an analog device. SPI is a simple synchronous serial protocol between a controller 

device, which is an Arduino, and a peripheral device - MAX31856. SPI involves three pins - 
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serial clock (SCK), serial data out (SDO), and serial data in (SDI) - through which data is 

transmitted in both directions. Arduino setup modules used for measuring cards are listed in 

Table 9 with their approximate costs to give a perspective on the significantly lower price of 

the designed DAQ compared to the commercial system and sensors (the prices of used sensors 

and their designed housings are listed in Table 10). 

 

Table 9. The list and cost of the measurement cardôs features 

Feature Type Cost (ú) Quantity 

DAC MCP4725 1.5 20 

DC-DC converter LM317 0.36 15 

Pertinax È board Single side, 10 x 15 cm 2.16 15 

Arduino Nano 3.58 10 

Arduino Uno R3 4.12 4 

Arduino Uno Minima R4 6.48 2 

Thermocouple module MAX31856 9.24 3 

LCD 1602 - 2 row 2.26 14 

LCD 2004 - 4 row 3.94 1 

Voltage reference LM4040 4.15 6 

Relay One channel 5 V 0.42 1 

Switcher ON-ON 6-pin 1.71 1 

Beeper LED 12V 5.02 1 

Microvoltage amplifier AD620 3.11 2 

Wire insulation Heat shrink tube 2:1, 2 m 0.41 6 

Wires Pin connectors (80 pieces) 5.47 1 

TOTAL 236.04 

 

The total cost of 15 measurement cards without sensors amounts to 236.04 ú, while including 

sensors is 458.39 ú. Therefore, the average cost of a measurement card without sensors is 15.74 

ú, while including sensors is 30.56 ú. To put things into perspective, on average, a hydrogen-

declared pressure sensor costs around 500 ú. Moreover, when the sensorôs housing is included 

in the total cost of measurement cards (653.39 ú), the average cost of one card amounts to 43.56 

ú, which is still a significant difference from the price of commercial products. As seen in the 
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example from Figure 55, all measurement card technical operability, soundness, and accuracy 

are verified via preliminary experiments in an ambient environment with the listed sensors from 

Table 10. 

 

3.3.4.2 Measured physical properties 

The setup records various physical properties, including voltage, current, temperature, pressure, 

humidity, hydrogen content, and volumetric flow via measurement cards. Each measurement 

card contains a connected sensor and a designed removable electronic system with an Arduino 

setup mounted on a Pertinax board that presents one or multiple listed properties, as shown in 

Table 10. 

 

Table 10. The list and description of the measurement card function 

Measu

rement 

card 

no. 

Physical 

property 

Measure

d media 

Sensor type Sensorôs 

location 

Sensorô

s cost (ú) 

Sensorô

s 

housing 

cost (ú) 

1 H2 content in 

ambient + 

ambient p, T, and 

RH 

ambient 

air 

MQ8 sensor 

+ BME680 

vertical 

board 

1.08 + 

5.95 

- 

2 T + RH hydrogen SHT45 humidifie

r 

6.92 25 

3 low p hydrogen MPXV5004

G 

humidifie

r 

21.25 20 

4 T + RH hydrogen SHT45 measuring 

cube 

(anode 

output) 

- 15 

5 low p hydrogen MPXV5004

G 

measuring 

cube 

(anode 

output) 

- 20 

6 T EHC K-type 

thermocouple 

EHCôs 

MEA 

5.9 - 

7 T hydrogen K-type 

thermocouple 

high-

pressure 

vessel 

- 15 

8 high p hydrogen EARU high-

pressure 

transducer 

high-

pressure 

vessel 

12.82 - 
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9 p, T, and RH hydrogen BME680 humidifie

r 

- 25 

10 T deionized 

water 

K-type 

thermocouple 

humidifie

r 

- 15 

11 volumetric flow, 

qv 

hydrogen 2 x Winsen 

F1012 

measuring 

cube 

(anode 

output and 

input) 

41.3 - 

12 U + I EHC  Shunt 75 mV, 

10 A, and 20 

A 

Vertical 

board 

5.02 - 

13 T + RH hydrogen SHT45 high-

pressure 

vessel 

- 25 

14 T + RH hydrogen SHT45 measuring 

cube 

(anode 

input) 

- 15 

15 low p hydrogen MPXV5004

G 

measuring 

cube 

(anode 

input) 

- 20 

TOTAL 222.35 195 

 

As previously mentioned, the whole DAQ system is designed as a considerably cheaper 

alternative to the high-cost hydrogen sensors by using air sensors. All sensors have a linear 

analog voltage output that is compatible with an Arduino setup. Multiple-type sensors (SHT45, 

K-type thermocouple, BME680, MPXV5004) used in the DAQ create the possibility of using 

commercial air temperature, humidity, and pressure sensors to measure hydrogen process 

parameters in low-pressure and high-pressure areas for verification. Moreover, if multiple 

different sensors show similar values for the same hydrogen physical property, the premise for 

their usage can be verified via those references. The application of the low-cost flow sensor 

Winsen F1012 in a hydrogen environment has already been experimentally reported as feasible 

by Reis et al. [115]. They performed an indirect calibration using a rotameter as a reference, 

which resulted in a coefficient of determination of 0.9957 for an adjusted calibration curve to 

experimental data by linear regression. More detail about the sensors used in all measurement 

cards is written in the following sections. 

 

Winsen F1012 flow sensor 
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The Winsen F1012 is a micro-electro-mechanical systems-based (MEMS) gas flow sensor that 

measures flow using a thermodynamic principle. For a measuring area of 200 sccm and a 

working voltage of 10 V (it is powered independently of the Arduino board), it has high 

accuracy (Ñ 2.5 %F.S) and stability. The thermal mass flow principle is gas-independent (it is 

calibrated completely and temperature compensated), as the flow is measured based on heat 

transfer, which behaves consistently across different gases when corrected for specific heat 

properties. The sensor contains a micro-heater and temperature sensors placed symmetrically 

in the flow path. When gas flows over the heater, it carries heat downstream, creating a 

temperature difference between the upstream and downstream sensors. The temperature 

difference is proportional to the mass flow rate of the gas. Also, due to its structure, there are 

no mechanical components that could be affected by hydrogen embrittlement, making it 

convenient to use in a hydrogen environment. 

 

SHT45 temperature and humidity sensor 

The Sensirion SHT45 is a high-accuracy (temperature measurement accuracy: 0.01 ÁC, 

humidity measurement accuracy: Ñ 1.5 %RH) digital humidity and temperature sensor that 

operates using a capacitive sensing principle for humidity measurement and a bandgap 

temperature sensor for temperature measurement. It is powered by 3.3 V, which is compatible 

with a voltage supply via the Arduino board. Additionally, it has small convenient dimensions 

of 17 x 12 mm, and the sensor part is easily broken off for placement in the connector housings 

as designed (presented in previous chapters) with the added resistors. The polymer dielectric 

capacitor, which is responsible for humidity measurement, interacts with water molecules, not 

hydrogen. Therefore, humidity measurement should be independent of gas type because it 

depends on water vapor absorption. The bandgap reference sensor determines temperature 

based on the voltage variation of a PN junction as temperature changes, and therefore, hydrogen 

should not affect semiconductor bandgap behavior, ensuring accurate temperature readings. 

 

BME680 temperature, humidity, and pressure sensor 

The BME680 sensor should accurately perform in a hydrogen-rich environment because its 

temperature, humidity, and pressure sensing principles are all gas-independent. The BME680 

measures temperature using a bandgap reference sensor similar to SHT45, which relies on 
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semiconductor voltage variations with temperature changes, and not gas composition. Also 

similar to SHT45, the humidity sensor consists of a polymer dielectric capacitor that absorbs or 

releases water molecules based on ambient humidity. The BME680 measures pressure using a 

MEMS piezoresistive pressure sensor, where a diaphragm deforms under pressure, changing 

resistance in a Wheatstone bridge circuit. Pressure sensing depends on absolute pressure, not 

gas composition, which should be unaffected by hydrogen. Compared to SHT45, BME680 has 

Ñ 0.5 ÁC temperature, Ñ 3 % RH humidity, and Ñ 0.6 hPa pressure accuracy. It is also powered 

by 3.3 V and has slightly larger dimensions. 

 

MPXV5004G low-pressure sensor and EARU high-pressure transducer 

The MPXV5004G is an analog gauge pressure sensor designed for low-pressure measurements, 

with a range of 0 to 3.92 kPa (0 to 400 mmH O), which is ideal for the open-end anode section 

usage that requires a slightly bigger pressure than atmospheric and has a deionized water 

controller safety pressure check via water level (360 mmH O). It provides a linear voltage 

output proportional to the applied gauge pressure (pressure relative to atmospheric pressure). 

The MPXV5004G should work accurately in hydrogen because it operates on the piezoresistive 

sensing principle, which measures gauge pressure and does not depend on the gas type. For 

elaboration, the deformation of the silicon diaphragm depends only on the pressure difference 

between the applied pressure and atmospheric pressure, not gas properties like density or 

composition. The sensor contains a MEMS silicon diaphragm with an integrated piezoresistive 

Wheatstone bridge. When pressure is applied, the diaphragm deforms, changing the resistance 

of the piezoresistive elements, which creates a voltage variation that is converted into pressure. 

The EARU high-pressure (0 ï 4 MPa) transducer is a strain gauge-based sensor designed to 

measure pressure in gases and liquids. It is purchased already in a stainless-steel housing, has a 

high accuracy of Ñ 1.0 %FS accuracy, and converts pressure into an electrical signal of 0 ï 5 

V, which is processed by an Arduino. The EARU transducer should work accurately in 

hydrogen because it operates on the strain gauge principle, which depends only on mechanical 

deformation, not gas type. It contains a diaphragm that deforms under pressure. As the 

diaphragm bends, the strain gauges change their resistance, altering the bridge voltage. 

 

K-type thermocouple 
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A K-type thermocouple is a widely used temperature sensor in hydrogen applications, made 

from two metal wires (Chromel and Alumel) joined at one end. It measures temperature based 

on the Seebeck effect, generating a voltage proportional to temperature differences. Due to their 

fast response time, small probe diameter (0.5 mm and 3.18 mm), designed stainless-steel 

sheaths that protect the thermocouple from hydrogen exposure, and compatibility with Arduino 

setup with a thermocouple module that has built-in cold junction compensation, the K-type 

thermocouples are used for this dissertation. 

 

If the premise of accurate measurement of low-cost sensors in a hydrogen environment with or 

without designed housing is valid, this dissertation proposes a verified alternative to high-cost 

commercial products presently available on the market and a method for their usage in custom-

made housing designed for these sensors in the described specific conditions (high-pressure 

vessel, humidifier, or low-pressure measurement cubes). 

 

3.3.4.3 Calibration 

The calibration procedures for pressure and temperature were performed at the University of 

Zagreb in the Laboratory for Process Measurements using the complete measurement setup, 

including all wiring and Arduino measurement cards of the DAQ system. After obtaining the 

average sensor readings, calibration functions were developed and implemented into the 

Arduino code to correct the sensor outputs. This method ensured that the sensors were 

calibrated as they were used, including any effects introduced by the wiring and electronics. 

The calibration plots for each sensor (before and after calibration) are generated, and linear 

calibration functions are calculated, alongside the average accuracy via Root Mean Squared 

Error (RMSE) and maximum absolute errors (Max Error) before and after calibration. RMSE 

provides a single number that summarizes the sensorôs overall deviation from the true values 

across all calibration points, as seen in Equation (29).  

 

ὙὓὛὉ
ρ

ὲ
ὼ ὼ ȟ  (29) 
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The ὼ presents the measured sensor value, ὼ ȟ, is the reference (true) value, and ὲ represents 

the number of data points. In order to further assess compliance with the manufacturerôs 

declared accuracy, the Max Error was calculated as shown in Equation (30).  

 

ὓὥὼ ὉὶὶέὶÍÁØὼ ὼ ȟ (30) 

 

This calculated value indicates the largest deviation between the sensor reading and the 

reference value. Each sensor has a linear calibration equation of the following form:  

 

3ÅÎÓÏÒ ÒÅÁÄÉÎÇ Á  3ÅÎÓÏÒ ÏÕÔÐÕÔ ÖÏÌÔÁÇÅ  Â. (31) 

 

Temperature 

A calibration procedure was carried out on three K-type thermocouples (0.5 mm, 1 mm, and 

3.18 mm sheath diameter), four SHT45 sensors, and one BME680 sensor. The thermocouples 

were inserted directly into a thermal bath, while the SHT45 and BME680 sensors were placed 

inside a small plastic bag, embedded in quartz sand, and housed in a test tube. The entire 

assembly was placed in a separate chamber submerged in the thermal bath to ensure uniform 

temperature exposure. Each chamber has a reference temperature sensor placed alongside the 

calibrated group of sensors (one in the plastic bag and the other in the thermocouple chamber), 

measuring the true temperature. The calibration was performed using the complete 

measurement setup, including all wiring and Arduino measurement cards, as shown in Figure 

57.  
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Figure 57. The temperature calibration procedure for the measurement cardôs (no. 2) SHT45 sensor 

Three calibration points were used: approximately 15 ÁC, 40 ÁC, and 70 ÁC. For each point, 10 

readings were collected every 2 seconds per sensor, and the averages were computed. 

Temperature calibration results are shown in Table 11 and Table 12. 

 

Table 11. Temperature calibration results for thermocouples, SHT45, and BME680 sensors: calibration functions 

with RMSE 

Sensor Calibration function (y = 

aĬx + b) 

RMSE Before 

Calibration (°C) 

RMSE After 

Calibration (°C) 

SHT45(Humidifier) y = 1.1582 Ĭ x ī 4.4716 3.655 0.421 

SHT45 (Measuring 

Cube 2) 

y = 1.1647 × x ï 3.3871 4.246 0.752 

SHT45 (Measuring 

Cube 1) 

y = 1.06474 × x ï 1.6909 1.673 0.535 

SHT45 (H2 Vessel) y = 0.97157 × x + 0.76045 0.797 0.262 

BME680 

(Humidifier) 

y = 1.0334 Ĭ x ī 2.7267 1.493 0.163 

TC1(0.5 mm - EHC) y = 0.9948 Ĭ x ī 0.2255 0.462 0.017 

TC2 (1 mm ï 

Humidifier) 

y = 0.9943 × x + 0.0195 0.258 0.014 

TC (3.18 mm ï H2 

Vessel) 

y = 1.0019 Ĭ x ī 0.4007 0.327 0.034 
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Table 12. Temperature calibration results for thermocouples, SHT45, and BME680 sensors: maximum absolute 

errors 

Sensor Max Error Before 

Calibration (°C) 

Max Error After 

Calibration (°C) 

Manufacturer 

Declared Accuracy 

SHT45(Humidifier) 5.61 0.593 ± 0.01 °C 

SHT45 (Measuring 

Cube 2) 

6.359 1.058 ± 0.01 °C 

SHT45 (Measuring 

Cube 1) 

2.259 0.753 ± 0.01 °C 

SHT45 (H2 Vessel) 1.04 0.37 ± 0.01 °C 

BME680 2.28 0.23 ± 0.5 °C 

TC1 (0.5 mm) 0.609 0.024 ± 2.2 °C (typical for 

K-type, Class 2) 

TC2 (1 mm) 0.398 0.02 ± 2.2 °C (typical for 

K-type, Class 2) 

TC (3.18 mm) 0.399 0.048 ± 2.2 °C (typical for 

K-type, Class 2) 

 

The calibration procedure significantly enhanced the measurement performance of all sensors 

when evaluated against their manufacturer-declared accuracies. For the K-type thermocouples 

(TC1, TC2, and TC), which typically carry a declared accuracy of Ñ2.2 ÁC (Class 2), the 

maximum absolute errors after calibration were significantly reduced, ranging from 0.020 ÁC 

to 0.048 ÁC. This confirms that the applied calibration procedure effectively corrected the 

systematic deviations present in the initial setup. The BME680 sensor, specified to operate 

within Ñ0.5 ÁC, reached a maximum absolute error of 0.230 ÁC post-calibration, demonstrating 

a strong performance improvement. In contrast, although the SHT45 sensor is nominally 

accurate to within Ñ0.01 ÁC, its post-calibration maximum absolute error remained at 1.058 ÁC 

in the worst case. This discrepancy likely arises from environmental influences such as 

imperfect thermal contact, sensor placement within the quartz sand and test tube, or transient 

gradients within the thermal bath, rather than from sensor limitations alone. The plotted 

calibration results for the thermocouples, the SHT45 sensors, and the BME680 sensor are 

presented in Figure 58 and Figure 59. 
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Figure 58. The before and after calibration plot for thermocouples 

  
Figure 59. The before and after calibration plot for SHT45 and BME680 sensors 

For the thermocouples, the raw (pre-calibration) measurements showed moderate but consistent 

deviations from the true temperature values across the tested range. In contrast to initial 

expectations, the SHT45 sensor exhibited substantial pre-calibration error, particularly at higher 

temperatures, exceeding its nominal accuracy specification. The BME680 sensor also 

demonstrated considerable deviation from the true values before calibration, though within the 

limits of its manufacturer-stated accuracy. After applying the linear calibration functions 

derived through reverse-engineering of the raw data, all three thermocouples, along with the 

SHT45 and BME680 sensors, showed strong agreement with the reference temperatures, 

closely aligning with the ideal linear response. 
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Pressure 

The EARU high-pressure transducer was calibrated using a precision deadweight tester under 

controlled laboratory conditions. The calibration setup consisted of the sensor mounted on the 

pressure port of the deadweight tester, where known pressure values were generated by stacking 

calibrated weights onto a piston-cylinder assembly. The applied pressure was transmitted 

hydrostatically to the sensor through an oil, ensuring uniform pressure distribution. The 

calibration for high pressure was performed using the complete measurement setup, including 

all wiring and the Arduino measurement card, as shown in Figure 60.  

 

  
Figure 60. The high-pressure calibration procedure for the measurement card (no. 8) EARU sensor 

Sensor output was continuously monitored using a microcontroller-based data acquisition 

system connected to an external 4.1 V voltage reference and a high-resolution ADC. Pressure 

values shown in Table 13 were recorded both during pressure increase (ascending) and decrease 

(descending) to capture possible hysteresis. For each load point, the mean output value was 

calculated and compared against the reference pressure derived from the known mass and piston 

area. Calibration results were tabulated, including deviation, hysteresis, and expanded 

uncertainty in accordance with ISO 17025 recommendations. 

 

Table 13. Pressure calibration results for the EARU high-pressure transducer 

Tes

t 

No. 

Referenc

e 

Pressure

, pe 

Instrume

nt 

Reading 

Ascending 

Instrument 

Reading 

Descending 

Mean 

Value, 

M 

Deviatio

n, M - pe  

Hysteresi

s, h = Asc. 

-  Desc. 

Calibration 

Uncertaint

y, U 

EARU high-pressure transducer (H2 Vessel) 


























































































































































































































































