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Abstract 

Electrolysis has long been the preferred way to produce clean hydrogen. Until now, it is performed 

in electrolyzers that use diaphragms (alkaline) or membranes (PEM and SOEC) to keep separated 

the areas of hydrogen and oxygen reaction. However, recently a new variant of electrolysis has 

emerged, which does not involve the use of physical separators. These are membraneless 

electrolyzers, where the only thing that keep separated hydrogen from oxygen inside the cell is the 

fluid dynamic forces generated by the design and operation of the cell. This has direct repercussions 

on the investment cost since a membrane or a diaphragm is eliminated. Those ones are elements 

most susceptible to load changes and variations in operating temperature. This variant of 

electrolyzers has been studied only for applications at low temperatures, in the range of alkaline and 

PEM electrolysers. 

Therefore, reducing the initial investment costs and increasing the versatility of the electrolyzer are 

two of the most important characteristics of this technology. Especially given that the initial 

investment costs of electrolyzers still remain one of the main issues to their large-scale use. In 

addition to the fact that the electrolysers would be coupled to intermittent renewable energy 

sources, such as solar and wind, so the versatility is fundamental. 

To study this technology, the first step was an analysis on the different types of membraneless 

electrolyzers present in the literature and then, a preliminary comparison was carried out based on 

the available data, to define which projects proved to be the most promising. Subsequently, a model 

was developed to obtain the flow rate and purity of the hydrogen produced, and the characterization 

of the cell with j-V curves. In this way it was possible to evaluate the efficiencies of the studied 

plants and compare them. After comparing the types of membraneless electrolyzers selected, the 

one that showed the most promising prospects was chosen. 

To validate the model data, a prototype was designed starting from the designs found in the 

literature and the versions used for the execution of the experimental tests were 3D printed. Tests of 

watertightness and operation of the circuits and subsequently, the electrochemical performance to 

obtain the polarization curves of the electrolyzer. Once the validation of the model data was 

performed, ways were also tried to evaluate the purity of hydrogen and the flow rates produced in 

the field. 

The economic analysis was performed on the chosen design. Different scenarios and possible cases 

have been developed, including technology level, power supply, taxation and four locations have 

been selected (China, USA, Hong Kong and EU-27), in which to carry out the economic analysis of 

plants capable of producing from 500 to 1000 tons of hydrogen per year. With this study very 
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competitive prices were obtained, in a case the levelized cost of hydrogen evaluated was 1.95 USD

kgH2

. 

Once the analyzes were carried out to determine the economic performance of a plant for the 

production of hydrogen by applying electrolysis without membranes, and compared the results, a 

sensitivity analysis was carried out. This analysis, applied to various parameters impacting on 

economic analysis, was used to determine the main intervention strategies to further reduce 

production costs and thus increase the marketability of hydrogen. 
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Abstract (ita) 

L’elettrolisi è da molto tempo la strada preferenziale per produrre idrogeno pulito. Fino ad ora viene 

eseguita in elettrolizzatori che utilizzano diaframmi (alcalini) o membrane (PEM-SOEC) per 

separare le aree di reazione dell'idrogeno e dell'ossigeno, ma di recente è emersa una nuova 

tipologia che non comporta l'utilizzo di separatori fisici. Si tratta degli elettrolizzatori senza 

membrane, in cui l'unica cosa che separa l'idrogeno dall'ossigeno, all'interno della cella, sono le 

forze fluidodinamiche generate da come è stata progettata  e da come viene controllata la cella 

stessa. Questo ha delle ricadute dirette sul costo dell'elettrolizzatore, dato che si elimina una 

membrana o un diaframma, togliendo uno degli elementi più suscettibili agli sbalzi di carico e alle 

variazioni di temperatura operativa. Questa variante di elettrolizzatori è stata studiata per ona, solo 

per applicazioni a basse temperature, nel range di elettrolizzatori alcalini e PEM. 

Ridurre quindi i costi di investimento iniziale e aumentare la versatilità dell'elettrizzatore sono due 

tra le più importanti caratteristiche di questa tecnologia. Soprattutto dato che i costi di investimento 

iniziale degli elettrolizzatori rimangono ancora uno dei maggiori problemi da risolvere per il loro 

utilizzo su vasta scala. Oltre al fatto che gli elettrolizzatori verrebbero accoppiati a fonti di energia 

rinnovabili intermittenti come solare ed eolico, perciò la versatilità è fondamentale. 

Per studiare questa tecnologia si è partiti da un'analisi sulle diverse tipologie di elettrolizzatori senza 

membrane presenti in letteratura e quindi, si è svolto un preliminare confronto in base a quelli che 

erano i dati disponibili, per definire quali progetti si sono rivelati più promettenti. Successivamente 

è stato elaborato un modello per ricavare la portata e la purezza dell'idrogeno prodotto,  e la 

caratterizzazione della cella con curve j-V. In questo modo si sono potute valutare le efficienze 

degli impianti studiati e confrontarli. Dopo aver confrontato le tipologie di elettrolizzatore senza 

membrana selezionate, si è scelta quella che ha mostrato le prospettive più promettenti. 

Per validare i dati del modello, è stato progettato un prototipo a partire dai design presenti in 

letteratura e ne sono state stampate in 3D delle versioni usate per l’esecuzione delle prove 

sperimentali. Prove di tenuta stagna e funzionamento dei circuiti e successivamente, le performance 

elettrochimiche per ottenere le curve di polarizzazione dell'elettrizzatore. Una volta riscontrata la 

validazione dei dati del modello si sono tentate anche delle strade per valutare sul campo la purezza 

dell'idrogeno e le portate prodotte.  

Con il design prescelto si è passati alla analisi economica. Sono stati elaborati diversi scenari e casi 

possibili, tra livello della tecnologia, alimentazione, tassazione e sono stati selezionati quattro 

luoghi (Cina, USA, Hong Kong e UE-27), in cui eseguire l’analisi economica di impianti in grado 

di produrre dai 500 alle 1000 tonnellate di idrogeno all’anno. Arrivando ad ottenere anche dei costi 
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dell’idrogeno molto competitivi, in un caso anche di 1.95 
USD

kgH2

. Svolte le analisi per determinare le 

performance economiche di un impianto per la produzione di idrogeno mediante l’applicazione di 

elettrolisi senza membrane, e comparati i risultati, è stata svolta una analisi di sensibilità. Questa 

analisi, applicata a diversi parametri impattanti sull’analisi economica, è servita per determinare le 

principali strategie di intervento per ridurre ulteriormente i costi di produzione e così, aumentare la 

commerciabilità dell'idrogeno. 
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1 Introduction 

One of the most pressing threats to the future of humanity is climate change. Human influence on 

climate has been the dominant cause of observed warming since the mid-20th century. Induced 

warming reached approximately 1°C above pre-industrial levels in 2017, increasing at 0.2° per 

decade. [1].  To prevent irreversible climate change, most industrial sectors need to be decarbonized.  

To solve this issue one of the possible ways is to look towards other energy carrier and other industrial 

commodities. Hydrogen has all the needed characteristics to be one of those items. It is already used 

in many industrial processes and its global demand has constantly risen for decades, see Figure 1. 

The issue with hydrogen is that is not available in nature on Earth, so it needs to be synthetized. The 

way in which I do this process affects the impact of the produced hydrogen on the environment.  H2 

can be produced in a clean way, by mean of renewable energy sources. Green H2 has risen interest 

worldwide, and especially in the European Union, due to the many green focuses and pushes given 

by European project and agenda, such as 2020 and 2030 climate & energy packages. The main hopes 

for hydrogen usage are for energy storage sector, and for decarbonization of processes in several 

industries, such as the steel industry and glass industry, also in the automotive sector, with the fuel 

cell vehicles [2], especially for long-range and heavy-duty applications in competition with electric 

vehicles. Nowadays hydrogen is massively used for industrial applications: more than 70 Mton of 

high purity hydrogen is consumed per year worldwide, primarily for oil refining and ammonia-based 

fertilizers [2]; in addition, other 45 Mton of low purity hydrogen are used for methanol production, 

iron steel production, and as synthesis gas, fuel or feedstock, see Figure 1.  

 

Figure 1 - Global demand of Hydrogen since 1975 [2] 
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The great importance of H2 is witnessed by the fact that the hydrogen market value in 2019 was 

estimated of 117.49 billion USD [3]. 

However, nowadays almost all the hydrogen supplied at the industrial scale is produced starting from 

natural gas and coal. To give an order of magnitude of the impact of the present hydrogen production, 

according to IEA report, it is equivalent to the CO2 emitted by Indonesia, and the United Kingdom 

combined [2].  

The hydrogen demands is concentrated in industrial developed areas, as is possible to see in  

Figure 2: Central Europe, USA easter coast, China and India. In those regions are also available great 

amount of renewable energy, that guarantee cheaper hydrogen production cost, as is possible to see 

in Figure 3. So, the possibility to produce clean hydrogen directly near the main consuming area is a 

feasible way of action to try also to decarbonize the hydrogen production chain and other linked 

sector. While the energy usage of hydrogen is still very small, industrial hydrogen already has a 

massive market, and so, focus on this direction could accelerate the development of clean hydrogen 

production and subsequently to reduce the environmental impact of human activities. 

 

Figure 2 - Global distribution of existing main refining, steelmaking and chemical cracking plants 

[2] 
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Figure 3 - Hydrogen costs from renewable energy systems in the long term [2] 

An already established and promising way to produce clean hydrogen is through electrolysis coupled 

with renewable energy sources. The main technologies to perform electrolysis are alkaline water 

electrolysis, proton exchange membrane (PEM) and solid oxide electrolysis cell (SOEC). Nowadays, 

the most diffused electrolysis technology of commercial H2 production plants is the alkaline water 

electrolysis [2]. This method requires an investment cost in the range of 1000-1200 €/kW [4]. 

However, these plants operate at low current density, so the main drawback is the low power density 

and the requirement of bigger plant to compete with a pollutant conventional H2 production plant. A 

promising alternative to the existing electrolysis facilities could be membraneless electrolyzers, that 

have the potential to be cheaper than conventional ones (PEM and alkaline). In fact, they do not use 

a membrane or a diaphragm to keep the gases separated, but just fluid-dynamics, resulting in a simpler 

design. The absences of this component grants also a higher durability, since membranes are very 

sensitive to changes in operational conditions and load, they are also degradable components, that 

need substitution several time during plant lifetime. Another advantage of this technology is the 

possibility to be produced by 3D printing, making the first stages of prototyping, and testing easier 

and cheaper.  

Membraneless electrolyzers could achieve high current density (2-4 A/cm2) and high outlet gas purity 

(> 95% at the outlet and > 99% after purification), as will be proved in this thesis. 

The thesis will develop also, for the first time, a detailed economic assessment made for 

membraneless electrolyzers, and a comparison between different membraneless design. 
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2 Membraneless Electrolyzer Technology Overview 

An electrolyzer is an electrochemical device that uses electricity to split water into oxygen and 

hydrogen with the following overall reaction H2O →
1

2
O2 + H2 . As outlined in the introduction, 

membraneless electrolyzers (MEs) separate the O2 and H2 gas streams through a fluid flow without 

the need of a physical barrier. MEs can be divided into two major categories “active” and “passive”. 

In an “active” ME, the fluid transport is driven by an external source (e.g. a pump) with the two 

configurations being the flow-by (FB) [5, 6] and flow-through (FT) [5, 7, 8]. Conversely, a “passive” 

ME uses natural buoyancy to operate [9, 10].   

 
Figure 4 –Schematics of the (a) flow-by, (b) flow-through and (c) buoyancy driven configurations.  

 

Figure 5 - Production and energy cost of H2 with different MEs 
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By mean of the review of the literature about MEs [5–13], it was possible to summarize the 

experimental results of various designs. In Figure 5 are reported the specific energy consumption per 

kg of H2, the buoyancy driven and FT. The parallel channels FT is another configuration of FT 

typology, that has obliquus electrodes put in front of two parallel channel. 

 

Figure 6 – HHV efficiency of various MEs 

Considering also the electrolyzer efficiency (Figure 6), I can see how buoyancy driven has the highest, 

and FT-DEFT is right below it. The other configurations are at lower value less than 20%. 

Lastly, I compared current density operational range for the reviewed MEs in Figure 7. FT has the 

highest values, while buoyancy driven design has the lowest. This implies that the production density 

for FT is the highest and so, the dimension and capital cost of a plant is lower. While for buoyancy 

driven bigger plants are required to produce the same amount of hydrogen than for the other designs. 

0%

10%

20%

30%

40%

50%

60%

1.5 2 2.5 3 3.5 4

H
H

V
 E

ffi
ci

ne
cy

Voltage (V)

Buoyancy driven

FB NaCL

FB H2SO4

FT

FT parallel
channels



6 
 

 

Figure 7 – Experimental current densities of various MEs 
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lead to a higher hydrogen production density for FT compared to the FB.  For this analysis it has been 

chosen to set alkaline electrolyte also for FB design, to make a better and pair comparison 

Table 1 - Parameters and conditions used for the FB and FT systems. 

 FB FT Unit References 
Electrode gap 1-2.5 2.5-5 mm [6, 7, 12, 13] 
Electrode area 0.1-1 7-350 cm2 [6, 7, 12, 13] 
Current density 0-0.7 0-4 A/cm2 [6, 7, 12, 13] 

Electrolyte 30% KOH 30% KOH kgKOH/kgelectrolyte [6, 7, 12, 13] 

Electrodes Ni foam plus Pt or 
NiO as catalyst 

Ni foam plus Pt or 
NiO as catalyst - [6, 7, 12, 13] 

Flow conditions laminar laminar/turbulent - [6, 13, 14] 
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3 Methodology and Model 

 

Figure 8 - General configuration of the electrolyzer system. 

 

The system that I considered is constituted by the ME, gas separation and compression lines for both 

H2 and O2 and the heat recovery system, the plant is schematized in Figure 8. 

Electricity, potassium hydroxide (KOH), as alkaline salt for the electrolyte, and de-ionized water are 

supplied as inputs and constitute the main operating cost in the ME plant. The main output is H2, and 

side products are oxygen and heat, as it can be noticed in Figure 8. 

. For the electrolyzer model I made some assumptions: the electrolyzer cell is adiabatic; ii) ideal gas 

equation valid for the gas phase; iii) no leakages in the hydraulic circuit, so, no electrolyte losses; iv) 

complete symmetry in the cell and so, symmetric fluid pathways and distribution in the cell; v) all 

products (i.e. gaseous H2 and O2) leave the system; vi) steady state operation.  

3.1 Physical model 

3.1.1  Thermodynamics and Kinetics 

For alkaline electrolysis, the half reactions occurring at the anode and cathode, respectively, are 

2OH− →
1

2
O2 + H2O + 2e− (1a) 

2H2O + 2e− → H2 + 2OH− (1b) 

The reversible voltage 𝐸0 needed to split water molecules is given by [16] 
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𝐸0 =
∆𝑔rxn

2𝐹
 (2) 

where ∆𝑔rxn  and 𝐹 are the Gibbs free energy of reaction and the Faraday’s constant, respectively. 

At standard conditions (25 °C and 1 atm) the value of 𝐸0 is 1.23 V [16]. 𝐸0 is the ideal value of the 

potential at which electrolysis takes place. The actual voltage 𝑉cell needed to run an electrolytic cell 

can be considerably higher because of the following losses: 1) activations of the electrocatalytic 

reactions; 2) ohmic resistances; and 3) deviations of the concentration of reactants from their “bulk” 

values to the values at the reaction sites. Specifically, 𝑉cell can be written as [16] 

𝑉cell = 𝐸0 + 𝜂act + 𝜂ohm + 𝜂conc (3)  

where 𝜂act, 𝜂ohm, and 𝜂conc are activation, ohmic, and concentration overpotentials, respectively. 

Activation and concentration overpotential contributions must be considered for both anode and 

cathode, implying that 𝜂act =  𝜂act
anode + 𝜂act

cathode  and 𝜂conc = 𝜂conc
anode + 𝜂conc

cathode . I must point out 

that 𝜂conc will be neglected  due to its very small contribution to 𝑉cell in the considered operational 

range, as reported in the literature [6, 7, 16]. 

The use of Butler-Volmer equation for the charge transfer kinetic model [16, 17] allows us to write 

ηact as 

ηact =
𝑅𝑇

2𝛼𝐹
 ln (

𝑗

𝑗0
) (4) 

where 𝑅 is the ideal gas constant, 𝑇 is the temperature, 𝛼 is the transfer coefficient (it is assumed  

𝛼 = 0.5), 𝑗 is the current density (i.e. the current normalized with respect to the electrode cross 

sectional surface), and 𝑗0 is the exchange current density[16].  

The 𝜂ohm is computed as follows 

𝜂ohmic = 𝑗 ∙ ASRΩ (5) 

where ASRΩ (Ω ∙ cm) is the area specific resistance due to the ionic transport in the electrolyte and 

the electronic transport in the electrodes [16]. If the electrodes are a distance ℎ  apart and are 

characterized by a thickness 𝑡, I can write [16, 17] 

𝐴𝑆𝑅Ω = 𝜌elyℎ + 2 𝜌elect𝑡 (6) 

where 𝜌ely and  𝜌elect are the electrolyte and electrode resistivities, respectively. Since 𝜌ely ≫  𝜌elect 

and 𝑡 ≈ ℎ, the electrode contribution can be neglected. The 𝜌ely depends on the concentration of salt 

in the electrolyte and on 𝑓, the volume fraction of the fluid occupied by bubbles. Specifically, 𝜌ely 

can be written as (for 𝑓 ≤
2

3
) [17, 18] 
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𝜌ely =
𝜌0

1 −
3
2 𝑓

 (7) 

where 𝜌0 is the bulk (or bubble-free) ionic resistivity of the electrolyte (which depends on the salt 

concentration [19]).  

3.1.2 Outlet gas production and purity 

The cell model that was used to evaluate the molar flow rates considers the production of the gas 

species through Faraday’s law 

�̇�k =
𝐼

𝑧𝑘 ∗ 𝐹
∗ 𝜂faradic (8) 

where �̇�k is the molar flow rate of the gas 𝑘 (H2 and O2) produced by the electrochemical reaction, 

𝑧𝑘 is the number of free electrons in the reaction (2 for H2 and 4 for O2) and 𝜂faradic is the faradic 

efficiency of the reaction. 

The �̇�H2
 obtained is not the outlet gas that goes out the electrolyzer, because the dissolution of the 

gas phases in the electrolyte and gas mixing have to be considered. So, the gas outlet stream from the 

electrolyzer are characterized by a molar flow rate and a purity. H2 and O2 purities in the output 

channels 𝑐 (i.e., the outlet channels 𝑐 = 1, 2 for H2 and O2, respectively) were computed as follows 

purityH2,𝑐 =
�̇�H2,gas,out,c

�̇�H2,gas,out,c + �̇�O2,gas,out,c
 (9a) 

purityO2,𝑐 =
�̇�O2,gas,out,c

�̇�H2,gas,out,c + �̇�O2,gas,out,c
 (9b) 

where �̇�H2,gas,out,c and �̇�O2,gas,out,c are the output molar flow rate of the species in the corresponding 

channels evaluated with the model, constituted by algebraic equation of mass balance and ideal gas 

law for each channel, for the H2 channel (i.e. 𝑐 = 1) 

�̇�H2
+ 0.5 �̇�H2,liq,in,1 = �̇�H2,gas,out,1 �̇�H2,liq,out,1 (10) 

0.5 �̇�O2,liq,in,1 = �̇�O2,gas,out,1 + �̇�O2,liq,out,1 (11) 

�̇�O2,gas,out,1 =
𝑝O2

𝑉𝑜𝑙

𝑅𝑇
 (12) 

where �̇�H2,liq,in,1  is the molar flow rate of H2  dissolved in the electrolyte that enter in the cell, 

�̇�H2,liq,out,1 is the molar flow rate of dissolved H2 in the liquid electrolyte  that goes out from the cell, 

and  �̇�O2,liq,in,1,  �̇�O2,liq,out,1 are the dissolved molar flow rates of 𝑂2 that go in and out from the cell, 

𝑝O2
 is the partial pressure of O2 and 𝑉𝑜𝑙 is the volume of the gas phase. To determine the outlet flow 

rates of dissolved gases I know that �̇�k,liq,out,c = 𝑥e,k ∙ �̇�ely, where 𝑥e,k is the molar fraction of the 
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dissolved gas 𝑘 in the electrolyte in the considered channel, and �̇�ely is the electrolyte molar flow 

rate. From Henry’s law I compute the molar fraction of the gaseous species  

𝑝𝑘 = 𝐻𝑘 ∙ 𝑥e,k (13) 

where 𝑝𝑘 is the partial pressure of the species 𝑘 in the gaseous phase. 𝐻𝑘 is the Henry coefficient of 

the gas species 𝑘, and 𝑥e,k is the molar concentration of the dissolved H2 and O2 in the electrolyte. 

Partial pressures are correlated by the relation with 𝑝, the total pressure of the electrolytic cell,  

 𝑝 = ∑ 𝑝𝑘
2
𝑖=1 . Combining (11), (12) and (13) it was possible to evaluate 𝑥e,k by mean of an analytical 

expression  

𝑥e,O2
=

0.5 �̇�O2,liq,in,1

�̇�ely + 𝐻𝑂2 𝑉𝑜𝑙/𝑅𝑇
 (14) 

Knowing 𝑥e,O2
, it was possible to compute the partial pressures of H2 and O2 and the rest of the 

parameters by substitution.  

Henry coefficients 𝐻𝑘 for H2 and O2 were evaluated considering the effect of the dissolved salt  

𝐻𝑘 = 10𝐻𝑘
0 𝐾𝑘 𝑤 (15) 

𝐻𝑘
0 is the Henry’s coefficient in water, 𝐾𝑘 is the Setchenov constant, and 𝑤 is the weight percentage 

of the salt in the electrolyte (value from 0 to 1).  

𝐻𝑘
0 was obtained from the Harvey equation [20] 

ln (
𝐻𝑘

0

𝑝vap
) =

𝐴1

𝑇𝑅
+

𝐵1(1 − 𝑇𝑅)0.355

𝑇𝑅
+ 𝐶1𝑇𝑅

−0.41 exp(1 − 𝑇𝑅) (16) 

where 𝐴1, 𝐵1 and 𝐶1, are empirical parameters specific for every gas [20], 𝑇R = 𝑇/𝑇c  and 𝑇C is the 

critical temperature of the species, and 𝑝vap is the vapor pressure of water, that value can be estimated 

from the Antoine equation [21] 

ln (
𝑝vap

kPa
) = 𝐴2 −

𝐵2

𝑇 − 273.15
K

+ 𝐶2

  (17) 

where 𝐴2, 𝐵2 and 𝐶2 are empirical parameters for every substance, in our case water [21]. 

Lastly to consider the effect of the KOH electrolyte on the dissolution of product gases, I used the 

Setchenov relation [22, 23] 

log10 (
𝑥0,𝑘

𝑥𝑒,k
) = 𝐾𝑘 𝑤 (18) 
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where 𝑥0,𝑘 is the concentration of the dissolved gas in pure water, while 𝑥𝑒,k is the concentration in 

the electrolyte, 𝐾H2
= 3.14 and 𝐾O2

= 3.66 for a water solution with 30% of KOH [8] for both gas 

species in the electrolyte.  

I checked if the diffusion processes taking place in the area between the two electrodes could affect 

the purities of the gases, using Fick’s Law, considering the max gradient of concentration obtained 

by the model and the length of the chamber. I obtained H2 currents of 10-12 mol/s (from the H2 and 

O2 outlet channels). Therefore, diffusion processes were neglected.  

3.1.3 System efficiency  

I used the higher heating value (HHV) to define the efficiency of the electrolyzer, 𝜂HHV, namely 

𝜂𝐻𝐻𝑉 =
�̇�H2gas out

ℳ𝐻2
𝐻𝐻𝑉𝐻2

𝑃el + 𝑃pump
 (19) 

where ℳ𝐻2
 is the molecular mass of hydrogen, HHVH2

 is the higher heating value of hydrogen 

(HHVH2
= 1.41 ∙ 108J/kg [5]), 𝑃el is the electric power directly used by the cell, and 𝑃pump is the 

pumping power needed to circulate the fluid in the hydraulic circuit. The 𝑃cell is given by 

𝑃cell = 𝐼cell𝑉cell (20) 

where 𝐼cell is the total cell electric current. The 𝑃pump is calculated as 

𝑃pump =
�̇�ely𝐻tot𝑔

𝜂pump
 (21) 

where �̇�ely is the electrolyte flow rate, 𝐻tot is the head of the hydraulic circuit, 𝑔 is the acceleration 

of gravity, and 𝜂pump is the hydraulic efficiency of the pump. 𝐻tot is computed as  

𝐻tot = 𝐻dist + 𝐻minor + 𝐻dev (22) 

where 𝐻dist , 𝐻minor, and 𝐻dev are the sum of all pipe, minor, and device head losses, respectively.  

Pipe losses defined as 𝐻dist = 𝑓dist
𝐿tube

𝐷tube
∙

 𝑣2

 2 𝑔
, where 𝐿tube is the length of the tubes, 𝐷tube is the 

diameter of the tube, 𝑣 is the speed of the fluid flow in the pipes, and 𝑓dist is the loss factor (for a 

laminar flow 𝑓dist =
64

Re
 and in turbulent flow I apply Colebrook equation [24]. Minor losses 𝐻minor =

𝑘conc
𝑁minor 𝑣2

2 𝑔
, where 𝑘conc is the loss factor for the discontinuities or curves in the circuit and 𝑁conc 

is the number of minor losses considered. A generic hydraulic circuit was guessed for this part of the 

analysis, 2 m of tubes with 10 mm of diameter and six generic hydraulic discontinuity for minor 

losses. 
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3.1.4 Model computation 

I used a semi-0D model, where the electrolyzer operation is described by a series of algebraic equation 

reported in 3.1 section. The simulation was implemented in Matlab using the current density as input 

value to solve the problem N times until a certain tolerance was reached (1‧10-8) between the mass 

balances of inlet and outlet, considering a current density range between 0.04 A/cm2 and 3.5 A/cm2. 

The used base Matlab code can be found in Appendix A. 

3.2 Economic Analysis 

This analysis follows the net present value (NPV) method [25], which is an investment planning 

approach to evaluate project profitability and estimate the break-even period, i.e. the time 𝑡∗  for 

which 𝑁𝑃𝑉(𝑡∗) = 0. In other words, 𝑡∗ denotes the time at which the investment recovered its initial 

value, and the plant starts to be profitable. The NPV is defined as the difference between the present 

value of cash inflows and outflows (i.e. net cash inflow) over the lifetime of the plant. The present 

value of cash flows are evaluated considering an appropriate discount rate, that takes into account 

interest rates and financial parameters [4, 25–28]  

NPV(𝑛) = −𝐼 + ∑
𝐵(𝑛)

(1 + 𝑖)𝑛

𝑁

𝑛=1

 (23) 

where 𝐼 is the initial investment, the index 𝑛 denotes the year (after the initial investment), 𝐵(𝑛) is 

the net cash flow at year 𝑛, and 1

(1+𝑖)𝑛 is the depreciation factor characterized by an average discount 

rate 𝑖. 

The levelized cost of hydrogen (LCH), defined as the specific price of hydrogen that allows breaking 

even financially, was also estimated. The LCH allowed comparing H2 costs of different size plants 

and from technologies and see if the produced commodity is compatible on the market [4, 29–32]. 

LCH is defined as 

LCH(𝑛) =
𝐼 + ∑

𝑐(𝑛)
(1 + 𝑖)𝑛

𝑁
𝑛=1

∑
�̇�H2

(1 + 𝑖)𝑛
𝑁
𝑛=1

 (24) 

where 𝑐(𝑛) is the total operating cost of the plant at year 𝑛, and �̇�H2
 is yearly mass of hydrogen 

produced by the plant, according to the plant size.  
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The weighted average cost of capital (WACC) is used in the evaluation of NPV in (23) and LCH in 

(24), as it includes interest rate, the financial characteristics (corporate tax rate, cost of debt, inflation 

rate etc.). The WACC  is defined as [25] 

WACC =
𝑒

𝑒 + 𝑑
𝑒𝑟 +

𝑑

𝑒 + 𝑑
𝑑𝑖(1 − 𝐶tax) (25) 

where 𝑒 is equity, 𝑑 is debt, 𝑒𝑟 equity rate of return, 𝑑𝑖 debt interest rate, and 𝐶tax is the corporate tax 

rate. The WACC values were taken from “WACC Expert” [33, 34]. The corresponding values are 

reported in Table 2. 

Table 2 - Taxation rates and WACC values. 

 

 

 

 

 

 

 

 

To perform the analysis, I selected four separate entities: the European Union (27 countries), China, 

the USA, and Hong Kong. Each location has its specific financial and market characteristics (such as 

electricity price, taxation rate etc.), impacting the economic performance of the hydrogen production 

plant.  

3.3 Costs accounting 

It has been found that the factors that determine the cost of an electrolysis plant include the size of 

the plant, geographical location, power source, market conditions, and taxation [4, 29, 30, 35]. A 

detailed analysis of how these factors influence the capital and operating costs is presented below.   

3.3.1 Capital costs 

I estimated the initial capital costs following the method of National Energy Technology Laboratory 

(NETL) [36, 37]. This approach permits to compute the capital cost from the initial machinery and 

labor cost, in a rigorous and easy way, that takes into account all the phase and requirement of an 

energy project with a cascade series of correlation factors. as shown in Table 3. 

 

Economic and financial parameters 
Corporate tax rate 

China 25% [33] 
USA 40% [33] 
HK 16.5% [33] 

UE-27 30.0% [34] 
WACC 

China 7% [33] 
USA 6% [33] 
HK 6.8% [33] 

UE-27 4.0% [34] 
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Table 3 – List and percentages for the capital cost cascade estimation, derived from [36]. 

Levels of capital cost 
Bare erected cost (BEC) Machinery and labor 

Engineering, procurement, and construction cost (EPCC) 109% of the BEC 
Process and project contingencies (TPC) 135% of the EPCC 

Overnight costs (TOC) 120% of the TPC 
Interest and escalation (TASC) 110% of the TOC 

 

The bare erected cost (BEC) includes: 1) costs for machinery; 2) stack; 3) balance of plant (BoP), and 

4) labor needed to build the plant. The stack cost and BoP are described in detail in the next paragraph. 

Engineering, procurement, and construction cost (EPCC). The total plant cost (TPC) includes: 1) 

process contingencies; and 2) project contingency costs. That are linked to the maturity of the 

technology, such as unexpected problems during the construction that were not foreseen at the design 

stage of the project (e.g. detailed layout of the plant, ancillary materials, organization etc.). Total 

overnight cost (TOC) includes other owner’s costs, such as: 1) bureaucracy; 2) finance; and 3) pre-

production. Lastly, I obtain the investment capital of the plant as total as spent capital (TASC), that 

includes: 1) inflation; and 2) escalation of goods prices. To gain TASC I start from stack, purifiers, 

compressors and BoP cost, that constitute the BEC, than I use the factor listed in Table 3, to obtain 

the TASC, that is used as an initial investment 𝐼 in (23) and (24). 

The BEC is composed by stack cost and balance of plant (BoP) cost. The stack cost is related to the 

electrolyzer itself, cell, sealant, circuits etc., while BoP takes into account all the other machineries 

need to make the plant works, such as compressors, piping, water managing system etc.  

Regarding the stack cost, after having consulted the analysis of National Renewable Energy 

Laboratory (NREL) [35, 38], three scenarios were selected: 1) “today” with a production of just some 

units per year; 2) “medium-term” with 50 units/year (5 years horizon), and 3) “long-term” with 1000 

units/year (10-20 years horizon). For reference, a stack for a 200 kW plant costs 460 USD/kW, while 

in a large scale production (long-term scenario), the stack cost may decrease to 51 USD/kW [35, 38], 

this is due to the scale production and the improvement in the process and technology. 
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Table 4 - Stack cost taken from NERL report [35, 38] 

STACK 

Stack part 

Today scenario Mid-term scenario Long-term scenario 
Plant size Plant size Plant size 

200 1000 200 1000 200 1000 
kW kW kW kW kW kW 

Frame/ seal (USD) 75 16 17 4 3 2 
Electrodes (USD) 100 35 50 20 25 15 

Bipolar plates (USD) 140 37 40 15 15 11 
Assembly (USD) 85 23 20 7 2 2 

BoS (13% of tot) (USD) 60 17 19 7 7 4 
Specific cost [USD/kW] 460 128 146 53 51 34 

 

The BoP cost was estimated using the stack costs method mentioned above. Moreover, being the BoP 

linked to mature technologies (i.e. pumps, pipes etc.), I assumed that this cost would not change in 

the near future, because they are well established and wide used technologies. However, it should be 

noted that the power-specific cost of the BoP decreases with plant size. As shown in Table 5, if the 

plant power increases from 50 kW to 10 GW the power-specific costs will decrease from 2400 

USD/kW to 300 USD/kW. 

Table 5 - BoP cost taken from NERL report [35, 38] 

BALANCE OF PLANT 

System 
Plant size 

50 100 200 500 1000 2000 5000 10000 
kW kW kW kW kW kW kW kW 

Power supplies (kUSD)  23.3   27.9   44.6   132.6   198.6   336.1   734.8   1 405.5  
Deionized water (kUSD)  26.4   30.9   48.8   57.1   87.1   149.6   275.1   511.2  
Gas processing (kUSD)  24.2   28.2   36.4   57.3   83.9   143.4   267.4   478.1  

Cooling (kUSD)  17.2   17.5   17.5   21.4   28.7   38.4   59.4   81.0  
Miscellaneous (kUSD)  6.0   6.0   6.0   6.0   6.0   6.0   6.0   6.0  

Total cost (kUSD) 121.3   138.7   189.6   331.7   488.1   816.9   1 610.1   2 959.8  
Specific cost (kUSD/kW)  2.4   1.4   0.9   0.7   0.5   0.4   0.3   0.3  

 

3.3.2 Operating and maintenance costs 

Operation and maintenance costs (O&M) include employees’ wages, ordinary maintenance cost and 

inputs streams (e.g. H2O, KOH) excluding electricity and extraordinary maintenance (e.g. component 
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replacement). Following [29], I conservatively assumed the annual O&M costs to be 5% of the TASC. 

I also assumed that the electrolyzer stack and the gas purification system are replaced every 10 [4] 

and 5 [39] years, respectively. Other parts of the plant, such as pumps and piping, have a lifetime 

longer than 20 years, implying that ordinary maintenance is sufficient, of course excluding accidents 

and extraordinary events. 

3.3.3 Cost of electricity 

I considered two electrical power sources, namely, “grid” and “renewables”. In “grid” configuration 

the electricity is provided by the electrical grid, it is a constant supply, but generally expensive. In 

contrast, in “renewables” configuration, the power supply is provided by renewable energy sources, 

such as photovoltaic or wind turbines, they are cheaper but intermittent., The cost of grid electricity 

depends on location, while renewable are set fundamentally constant [5], as shown in Table 6. I used 

the capacity factor (CF) to consider the different availability of the power sources. It is defined as 

annual hours of operation divided by total hours of the year. I set CF=90% for the grid-connected 

plant1 [5], and CF=40% for the renewable coupled plant [5]. The latter value is smaller as it takes into 

account power supply discontinuities typical of renewables.  

Table 6 - Prices of commodities 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 Plant size  

 
1 Plants need stops for maintenance, periodical checks etc. It is usually assumed about 8000 
operative hours/year. 

Market parameters 
 value reference 

Electricity prices (USD/kWh) 
China 0.08 [40] 
USA 0.06 [41] 
HK 0.14 [42] 

UE-27 0.08 [43] 
Renewable 0.03 [5] 

Natural gas price (USD/kWh) 
China 0.03 [44] 
USA 0.01 [45] 
HK 0.13 [46] 

UE-27 0.07 [43] 
Oxygen price (USD/kg) 

all locations 0.05 [47] 
Hydrogen price (USD/kg) 

all locations 1.60-5.70 [48] 
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I chose two plant sizes able to produce 500 and 1000 tonH2
/year, respectively. To test the impact of 

scale variation on the economic output of a medium and a big size plant, in the range of plant cost 

data available from NREL [35, 38]. The power source and the electrolyzer performances determine 

the power consumption of the plant. Since the H2 production is fixed, lower CF requires a larger plant, 

which is more expensive. According to the capital cost analysis, the difference in capital cost between 

the grid-connected and the renewable-connected increases with the H2 production rate. Comparing 

the 500 and 1000 tonH2
/year sizes, the renewable-connected plants result 110% more expensive than 

the grid-connected plants for the 500 tonH2
/year size, while the 1000 tonH2

/year plant is 102% 

more expensive. 
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3.3.5 Taxation and carbon tax 

The taxation on the profits generated by H2 and the other commodities selling was computed with the 

corporate taxation rate proper of the location of the plant. Corporate tax rates, according to the 

country, are reported in Table 2 with the WACC values.  

To mitigate climate change, several organizations have suggested taxing the emissions of carbon 

dioxide, such as the United Nations (UN) and the European Union (EU). Some countries has already 

implemented it, as is possible to see in Figure 9. The carbon tax aims to reduce carbon emission by 

increasing the production cost of H2 using conventional technologies such as steam methane 

reforming (SMR) and coal gasification (CG). It should point out that SMR and CG provide nearly 

95% of the current H2 production [2]. According to Mehmeti and coworkers, 12 tons and 18-24 tons 

of CO2 from SMR and CG are emitted respectively for every kg of H2 produced [49]. I considered 

three carbon tax scenarios for the analysis: the first is with no carbon tax enforced, the second is 

moderate and the third has a strong carbon tax policy. The moderate carbon tax value was set to 135  
USD

tonCO2

 , which is similar to the carbon tax already implemented in some countries, such in Sweden  

(132  
USD

tonCO2

) [50]. The strong carbon tax was set to 350 USD

tonCO2

 [50], which has been advocated by 

the World Bank to tackle the global climate change. I must point out that UN report suggest carbon 

tax till 5500 USD

tonCO2

 [51].  
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Figure 9 - Carbon Taxes in Operation, Scheduled, or under Consideration (as of February 2017) [50] 

3.4 Products and gains 

The plant studied produces hydrogen, oxygen and recovers heat at low temperature (50-60 °C). Outlet 

stream of H2 is assumed to be compressed at 200 bar and purified till purity >99.9% [39]. The 

hydrogen market for industrial usage has a range of prices in the range between 1.3 USD

kgH2

 and 5.7 USD

kgH2

 

[48]. Then, I estimated the price of H2 considering the carbon tax scenarios, that leads to higher H2 

market prices respect the no carbon tax scenario. 

Since the electrolyzer usually operates at 60°C, the temperature difference between the system and 

ambient can be exploited to produce hot water through a heat exchanger. This commodity could be 

useful for producing domestic hot water, providing heat in industrial low enthalpy processes, laundry, 

greenhouses heating, etc. Recovering and using such heat could result in reduced need and 

consumption of natural gas for the same purpose, reducing CO2 emissions and selling it, it has a 

positive economic impact on the plant economic balance. 

Lastly, oxygen can also be utilized in many situations from health care to steel industry and it has 

almost the same price worldwide, near 40 USD/ton, even if it is cheap it has a positive contribution 

on the final balance [47]. Especially considering the present pandemic situation in which oxygen for 
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medical treatments is required more than before, this represent another important contribution to the 

society.  
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4 Experimental experiences 

Part of this work was also to build a prototype with the aim of verify the theoretical result of the 

model with a real electrolyzer. After having checked all various MEs design in Section 2, I focused 

on FT to design a little prototype, to make this, I used massively Gillespie’s et all works [7, 12, 13, 

52] in a process of reverse engineering. 

 

Figure 10 - Divergent electrolyte flow through (DEFT™) scheme used as base for the prototype 

design [7]. 

 

Figure 11 – Section of divergent electrolyte flow through (DEFT™) scheme used as base for the 

prototype design [7]. 

In those works, the experimental setups reported are already in an advanced stage, in terms of stacks 

and little pilot plants.  My work focused on creating a one cell electrolyzer, as first step. 
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Figure 12 - First original concept for the cell. 

The first concepts were very basic, focusing only on the fundamental design principle I was able to 

take form the literature. SolidWorks™ program was used in the entire prototyping process.  

4.1 Fluid-dynamics simulations 

This first design was used in a fluid dynamic computational simulation to try to understand the 

behavior of the fluid inside the chamber, by mean of COMSOL Multiphysics™, the first results are 

reported in Figure 13 and Figure 14. In this figure are reported the streamlines of the flow and the 

module of the fluid velocity. To simplify the computation, I considered only half of the cell, cutting 

with a plane parallel to the electrodes at half the electrode’s gap. It would have been possible to 

simplify further the computational domain considering only one eighth of the cell, but to better 

visualize the results I chose to run the simulations on half-cell. Fortunately, this decision did not affect 

so much the computational time.  

The program was set with laminar fluid flow equation for the empty part, with electrolyte properties 

(at this stage water), and with Brinkman equations for porous materials for the electrode. 

Electrodes 

Electrolyte 
inlet channels 

Electrolyte 
outlet channels 
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Figure 13 - Computational simulation of the fluid flow inside the cell of model 1. 

 

Figure 14 – Section on zy plane view of the velocity module of the fluid flow simulation of model 

1. 

To check the value to the results obtained, a small grid independence analysis was performed. On the 

outlet flow rate obtained in the model, respect to the analytical value expected from the geometry and 

the initial conditions, in [7] is reported the value of the suggested mean velocity on the electrode face, 

the flow rate in the cell, for this configuration, was evaluated as 5E-5 m3/s. 
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Figure 15 - Model 1 cell grid mesh. 

The grid mesh was set taking into account particular regions near discontinuity in the geometry with 

finer mesh elements, than in the rest of the grid. This leads to reduce computational weight but, 

without neglecting hot points in the computation. 

 

Figure 16 - Flow rate value according to the degrees of freedom of the grid of the model. 

The flow rate value tends to converge to the analytical value, and already near 1.5‧105 grid elements. 

From the point of view of relative error, the results of the simulation reach relatives error in the range 

of almost 1E-4, that was taken as enough precise, see Figure 17. 
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Figure 17 – Relative error of the grid independence analysis. 

Considering the grid independence analysis results, the further simulations were performed 

considering as first try value of further sensitivity analysis, but a proper sensitivity check has been 

made for every geometry, since that changes with the development of the project. 

After the first model, in order to improve the flow distribution and reduce inert areas, it was designed 

the 2 model electrolyzer, see Figure 18. 

 

Figure 18 -Fluid dynamic simulation results for model 2. 

Further attempts later, finally the last cell model was designed, here reported as model 3. Considering 

the next prototyping phase, the diameter of the electrodes is reduced from 3 cm, of the previous 

models, to 1 cm. 

1E-04

1E-03

1E-02

1E-01

1E+00

5.0E+04 1.0E+05 1.5E+05 2.0E+05

R
el

at
iv

e 
er

ro
r o

n 
th

e 
flo

w
 ra

te

Number of elements



27 
 

The average velocity at the electrode face, that is the only information that I had from previous work, 

reached near 0.075 m/s, as recommended in [7] to avoid gas meniscus and the bad electrolyte 

distribution along the electrode mesh. 

 

Figure 19 - Model 3 fluid dynamic simulation results. 

This fluid dynamic analysis had only the aim to have a qualitative look on the internal behavior of 

the electrolyzer cell, because a detailed and rigorous fluid flow optimization would have required a 

specific work, and that will be one of the recommendations for future work on this technology. 

4.2 Electrolyzer prototype designing 

From the fluid dynamic study, a first prototype design was attempted, this prototype had still the old 

electrode diameter of 3 cm. The cell body is composed by two identical parts, that are kept in position 

by 4 screws. There is a transition from the rectangular central chamber to the two circular inlet 

channels, to make possible to join the pipes of the hydraulic circuit of the electrolyte, see Figure 20. 

This first attempt is till raw, simple design and without gaskets. 
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Figure 20 - Prototype 1. 

 

Figure 21 - Prototype 1 exploded view. 

In the second prototype from the structure of 2 identical half-cell body part, it has come to a cup 

structure, as is possible to see in Figure 22 and Figure 23. This configuration has the advantage that 

the coupling surface is much shorter, and it can be covered with a simple circular gasket. In this 

prototype I started also to design an electrode support, here constituted by two rings of support, one 

for each electrode, and a series of little lines of materials, to keep the electrode separated at the 
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designed distance, the imposed electrode’s gap. The cup has also supportive ribs to enforce the 

structure and distribute better the pressure of the screws.  

 

Figure 22 - Prototype 2. 

 

Figure 23 - Prototype 2 exploded view. 

In the next stage of design, the entire electrolyzer was reduced in dimension, in order to save material. 

From this stage on, all the prototype ware designed with the chosen electrode dimeter of 1 cm. The 

electrode support has changed structure, it is more massive and compact. This prototype was the first 

to be 3D-printed. 
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Figure 24 - Prototype 3 exploded view. 

 

Figure 25 – 3D printed prototype; (a) view of the external side; (b) internal side; (c) assembled. 

(c) 

(b) (a) 
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This prototype was printed in Acrylonitrile butadiene styrene (ABS), material resistant the KOH,  

with a FDM 3D printer. The inlet and outlet channels were mechanically threaded, to make them 

couplable with the piping junctions, as is possible to see in Figure 25 (c). Unfortunately, this first 

printing was not of high quality in the internal faces, due to the production process and the resolution 

of the printer. This electrolyzer was tested to prove its watertight, but the experiment gave negative 

results. That bad result leaded to prototype 4, Figure 26. 

 

Figure 26 - Prototype 4 exploded view. 

This prototype has six coupling screws in hexagonal distribution around the central chamber. The 

prototype was printed with a different material than the previous one, resin (Connex350). The texture 

and the quality were better (see Figure 27) and the electrolyzer was proved to have no leakages. Also, 

the electrode support structure has changed, it is made of two assemblable parts, with space for the 

electrodes, in order to glue them. 

https://it.wikipedia.org/wiki/Acrilonitrile_butadiene_stirene_(ABS)
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Figure 27 – Comparison of prototype 3 (left) and 4 (right). 

The last prototype was designed, to improve the electrolyte support and made it able to keep in 

position the electrodes just mechanically, see Figure 28. 

 

Figure 28 - Prototype 5 electrode support. 

The new support has little material parts that block the electrode in a sort of carpentry joint. 
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Figure 29 - Prototype 5 exploded view. 

The prototype 5 is the design that was used to the electrolyzer test. 

4.3 Gas separator design 

The gas separator was the last part to be designed and realized for the experimental setup. It was 3D-
printed as the electrolyzer with the same resin. It was designed to let the gas accumulate in the top of 
the internal chamber, with a security pipe, that in case of a too large amount of gas inside the chamber, 
will just let the gas go out, see  

Figure 30 and Figure 31. The open top, make possible the refill of the entire circuit, keeping the 

hydrogen always isolated from the external environment. 
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Figure 30 - Gas separator 

 

Figure 31 - Gas separator section. 
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4.4 Experimental setup 

 

Figure 32 - Experimental setup. 

After having printed the electrolyzer and the two gas separator (on for O2 and one for H2), it was 

possible to assembly the complete electrolyzer system.  A peristaltic pump provides the pumping 

force for the electrolyte. Pump model No：V6-6L from Baoding Shenchen Precision Pump Co. Ltd. 

The main characteristic of this type of pump is that the pump does not come in contact with the fluid, 

that in this case is corrosive. This guarantee us from eventual depletion of the pumping device. The 

entire tubing is made of silicon tubes of 6 mm of inner diameter, that are flexible to guarantee the 

correct operation of the peristaltic pump and easy junction and versatility of the circuit. Also, this 

material is KOH resistant. There is the power source, that is a simple laboratory DC power supply. 

Then there is the Oxygen sensor, to test the O2 pollutant concentration in the H2 stream.  

4.5 Testing  

The first thing to test was if the electrodes, assembled in the electrode support structure were able to 

perform electrolysis and to resist to the alkaline environment. As electrode was used Ni foam papers, 

that were welled with tin to with the power wires. For the first trial it was used a 50 mL of water with 
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2.63 g of NaOH to reach a 30% wt solution as electrolyte (0.206 S/cm).  The electrodes and the 3D-

printed support operated well and performed electrolysis in the testing baker, see Figure 33. Then it 

was used KOH, that with higher ionic conductivity (1.088 S/cm) was able to reach higher current 

density and so, to produce more H2. This first test was performed with prototype 4 electrode assembly, 

with simple glue to fix the electrodes on the support. With NaOH the glue seemed to resist, but in 

KOH it dissolved. This leaded to the prototype 5 evolution in electrode assembly design. 

 

Figure 33 - Electrolysis experiment with alkaline electrolyte and Ni foam electrode. 

 

Figure 34 – Electrode’s assembly with connected wires. 
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4.5.1 Electrolyzer polarization curve test 

At last I performed the electrolyzer testing, with all the experimental facility put in position. Was 

performed a j-V characterization of the electrolyzer at different flow rate. 

A water solution 0.1 M of KOH was used as electrolyte, with 𝜎 = 0.0241 S/cm [53]. The decision 

to reduce the amount of KOH was made to reduce the salt used during the experiment (the model data 

were changed accordingly). To fill and operate the entire circuit was necessary 200 mL of electrolyte, 

to obtain this volume of solution were used 200 mL of water and 1.12 g of KOH. The flow rate range 

tested went from 300 mL/min to 1200 mL/min with interval of 100 mL/min. the range limit was 

chosen according to the pump operational limits. Two Ni foam electrodes welded with Cu lab testing 

wires were connected to the power source. The single electrode-wire part had an ohmic resistance of 

0.35 Ω. Three series of data were recorded in every flow rate prove, so that it was possible to compute 

mean value and standard deviation. 

 

Figure 35 - Electrolyzer polarization curves from experiments and the model results in dashed red 

line. 
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During the tests, it was found out, as expected, that at every flow rate, there was a point in with the 

voltage starts to diverge. This is due to the accumulation of gas in the volume of the reaction, in the 

electrode central chamber. Higher is the flow rate, higher is the gas that can be dragged from the 

electrodes. So, the point from which the voltage starts to diverge moves towards higher current 

density and so to higher H2 production volume. The model developed in this work does not consider 

the gas accumulation inside the cell, as is possible to see in Figure 35. In the figure is reported only 

one line for the model results, this was made because in the considered range of current densities the 

model results vary very little and can be represented with only one line, to make the plot more clear. 

When the voltage starts to diverge also the standard deviation grows, since in the moment of taking 

the measure, the tester showed a wide range of value changing rapidly. So, due to the high random 

behavior of the bubbles inside the cell in those condition the cell voltage was not constant. 

Comparing the experimental data with the model results it was possible to see a good match in the 

linear part of the j-V curves, the part in which are dominant the ohmic losses. The little gap in the 

first points at 0.05 A/cm2 was maybe due to the fact that the activation overvoltages depended on 𝑗0 

values, that was not computed specifically for this experiment, but it was taken from the literature for 

generic Ni electrodes in KOH electrolyte [54] [55]. The mismatch for 1200 mL/min may be linked to 

different factors, the directly observed one is the deposition of a layer of NiO on the negative electrode 

due to galvanic effect, that could have improved the performance of the cell,  as NiO is a catalyst in 

the water electrolysis reaction [12], see Figure 36. Where is possible to see that one electrode had 

become black, due to the NiO deposition. 

 

Figure 36 - Electrodes after the j-V proves. 
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After the first j-V prove on the electrolyzer, another one was made adding specific catalyst on the 

electrodes, in order to see improved performances. On positive electrode for OER was used 

MoS2/SCO, a compound of MoS2 with perovskite SrCoO2.5, that was gently provided by Ing. Curcio 

[56]. On negative electrode for HER was used 20% Pt/C the catalyst was applied using drop 

deposition method. The reached voltages were little smaller than in the case without catalyst, see 

Figure 37. Unfortunately, after just one series of test the performance were seen deteriorated to similar 

level of electrode without catalyst.  

 

Figure 37 - Comparison of j-V curves between Ni electrodes and Ni electrodes plus catalyst at  

800 mL/min. 

So, after the first series of measures the electrolyzer were disassembled and looking at the electrodes 

showed the reason for the drop in the performance. The high flow rates, higher than 800 mL/min have 

removed the catalyst from the electrodes, as is possible to see in Figure 38. The positive electrodes 

shows clear signs of the catalyst removal (the catalyst was black colored), while negative electrodes 

seams intact, but is reasonable to think that it looks like this just because during the reaction while 

the catalyst was removed by the flowing electrolyte, a new layer of NiO formed. 

To avoid this issue with the catalyst integrity, it was suggested to try to make the catalyst grow directly 

on the electrode, but for a lack of time, this process was not used. That will surely be part of future 

research on this field. All the data from the experimental experiences are reported in Appendix C. 

0

3

6

9

12

15

0.0 0.2 0.4 0.6 0.8 1.0

ce
ll 

vo
lta

ge
 (V

)

j (A/cm2)

Without catalyst

With catalyst



40 
 

 

Figure 38 - Electrodes covered with catalyst after the prove. 

4.5.2 H2 production and purity evaluation 

 

Figure 39 - Detailed view of the H2 gas separator. 
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To menage the production and try to analyze the produced, own designed gas separators were used. 

Looking at Figure 39, it was possible to see the gas accumulating in the upper part of the collection 

chamber, there was also some electrolyte foam and the presence of many little bubbles made 

electrolyte volume looks white.  Gas sample bag were used to collect the produced gas in attempt to 

evaluate the H2 production volume and purity, see Figure 40.  

 

Figure 40 - Sample bag for the harvesting of H2 

The bag was purged several times with the gas produced to be reasonably sure that the samples 

collected was effectively the produced gas. Various sampling was made to evaluate the mass of gas 

produced, checking for some time periods the amount of gas collected in the bag, but no consistent 

measure was successfully made. This led us to consider other methods to evaluate the production rate 

in future works. 

Then, to try to evaluate the purity of the gas, not having a gas chromatographer suitable to measure 

the pollutant levels of O2 in H2 stream in an exact way, it was used an oxygen sensor, see Figure 41. 

This sensor was coupled with the gas separator directly on the gas outlet duct. This method did not 

work, unlucky. After more than an hour of operation no sensible changing on the display of the device 

was visible, even after many purges of the connection tubes between the device and the gas separator. 

Maybe leaving the electrolyzer work for 24 hours could have solved the problem, but I was not 
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allowed to let the device works for so much time in the lab, that was not designed for hydrogen 

production. 

 

Figure 41 - Oxygen sensor used 
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5 Thermodynamic model results 

This chapter presents the results of the thermodynamic and the economic analysis. First, I analyze the 

purity of the produced gas and the efficiency of the electrolyzer working at different conditions. With 

this model, I investigated how the design and operational conditions affect the purity of the products 

and the electrolyzer efficiency. Then I compared the performance of FT and FB electrolyzers.  

5.1 Output H2 Purity  

The purity of the output H2 is affected by several factors including temperature, current density and 

the electrolyzer geometry (considered as function of Re2). An increase of the operative temperature 

and/or current density leads to higher purity, see Figure 42 and Figure 43. In fact, the solubility of the 

H2 in the electrolyte decreases as the temperature increases[22, 57]. Moreover, the results in Figure 

43 suggest that at low current densities, most of the H2 produced is less than the one stored dissolved 

in the electrolyte (especially for j<0.35 A/cm2) reducing the purity of the products. This phenomenon 

is even enhanced at high Re condition, see Figure 44, with more circulating electrolyte and so, a 

bigger capacity of dissolving the gases. 

 

Figure 42 - H2 Purity at various temperatures for Re=1500 

 
2 Re is Reynolds’ number, an adimensional parameter used to characterize flow condition defined 
Re =

𝑣 𝜌 𝐷

𝜇
 where 𝑣, 𝜌, 𝜇 and 𝐷  are fluid velocity, fluid density, characteristic length and fluid 

viscosity, respectively. 
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Figure 43 - H2 Purity at various current density at different flow rates for T=60°C 

 

 

Figure 44 - H2 Purity as a function of the current density at various temperatures for Re=1500 
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5.2 Electrolyzer Efficiency  

 

Figure 45 - HHV efficiency at different ASRΩ conditions, maintaining the same flow condition 

(Re=1500), temperature T=60°C and pressure 1 atm. 

The efficiency of the electrolyzer improves as the ASRΩ decreases, see Figure 45. The two main 

parameters affecting the ASRΩ are the electrodes gap and the electrolyte conductivity. Unfortunately, 

to guarantee a good flow distribution along the electrodes and to reduce gas mixing, there is a lower 

limit for the electrodes gap. According to the literature, an electrode gap of at least 2.5 mm is optimal 

in experiments [7, 12, 13]. Likewise, to balance the corrosion effect of the electrolyte and the ionic 

conductivity for alkaline electrolyzers, 30 wt% (6.7 M) of KOH is used like a standard [4, 7, 8, 12, 

13]. Under these conditions, the corresponding electrical conductivity is σ = 1.09 S/cm [53].  

FT and FB membraneless electrolyzer designs are compared in Figure 46. The evaluation was 

performed considering a constant electrode gap of 2.5 mm and electrolyte concentration of 30% wt 

of KOH. In this case, the efficiency is affected only by the gas volume fraction, which is linked to the 

flow rate, in terms of the ratio between the electrolyte and gas volumetric flow rates. Increasing the 

current density implies larger H2 production; at low flow rate the products cannot be readily 

evacuated, and the volume fraction of gas is high in the reaction zone between the electrodes. So, the 

ASRΩ increases as the flow rate decreases, causing the reduction in efficiency. It should be noted that 

to reach the maximum efficiency at different current densities are required different flow rate, there 

is not a unique optimum configuration, depends on the production rate that it is wanted for the plant. 
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Figure 46 - Theoretical efficiency of the (a) FT and (b) FB design; the dashed red line indicates the 

maximum for each Re. 

The panels (a) and (b) of Figure 46 show the 𝜂𝐻𝐻𝑉 of the electrolyzer as a function of the Re for the 

FT and FB designs, respectively. The efficiency of the FB design is more sensitive to Re. For 

example, the HHV efficiency drops from 78% to 38% if Re increases from 50 to 1000. In contrast, 

the HHV efficiency of the FT design only drops from 82% to 72%, in the range from 100 to 1000 Re.  

 

 

Figure 47 - Contour plots of the efficiency for the (c) FT and (d) FB. 

(a) (b) 

(a) (b) 
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Figure 48 - Outlet H2 purity maps for (e) FT and (f) FB. 

 

As shown in Figure 47 (a), the FT design has an efficiency above 60%, for Re<=2500. In contrast, 

the efficiency of the FB electrolyzer drops below 60% if Re>=400, see Figure 47 (b). While the H2 

purity plots in Figure 48 (a) for FT and Figure 48 (b) for FB, appear to be similar, the operational 

conditions considered is totally different: high purity in the FB design is allowed in a narrower interval 

of Re number compared to FT. 

 

Figure 49 - Contour plots of the efficiency in operational range for the (c) FT and (d) FB. 

(a) (b) 

(a) (b)
) 
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Figure 50 - Outlet H2 purity maps in operational range for (e) FT and (f) FB. 

The efficiency and purity plots are presented in the operational range of the respective device, 

1500 < Re < 6000 and 0.5 < 𝑗 < 3.5 A/cm2  for the FT design [7, 12, 13] in Figure 49; 

180 < Re < 300 and 0.1 < 𝑗 < 0.4 A/cm2  for the FB one [6] in Figure 50. The FT design has been 

chosen for the experimental study and for the techno-economic analysis, after having considered the 

higher efficiency, higher purity and a wider operating range compared to the FB. 

5.2.1 H2 market specification 

To sell H2 in the market, a purity above 99% is typically required, so after the electrolyzer (that 

produce ~95% pure H2) a purification stage is needed. Various technologies are available for 

downstream purification, such as pressure swing adsorption (PSA), palladium membranes, 

adsorption, and catalytic recombination [58].  

 

 

Figure 51 - Schematics of a passive recombiner for hydrogen purification. 

 

(a) (b) 
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Pt catalyst 
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Passive catalytic recombination is economically favorable because it does not consume energy. In 

this process, Pt is used as a catalyst to recombine O2 and H2 into a water molecule in a spontaneous 

exothermic reaction, see Figure 51. It can achieve the purity requirement by reducing the O2 pollutants 

to ppm levels [39]. It is also compact and easy to maintain because of its simple design [39]. 
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6 Economic analysis results 

6.1 Net present value analysis 

NPV and LCH results are shown for the two selected plant sizes (500 and 1000 tonH2
/year); today, 

medium-term and long-term stack market scenarios; the four selected locations, China, USA, HK and 

EU-27; grid and renewables power source, and two carbon tax levels. Lastly, sensitivity analysis is 

reported to establish the impact of the main economic parameters on the final economic output. 

The NPV depends strongly on the electrolyzer plant location, as according to the country, there are 

different taxation levels, electricity prices, etc. (see Figure 52 (a) in the “today” scenario). A plant 

located in HK has a break-even period of approximately 4 years resulting in an end-of-life profit 

much higher than the initial investment. At the end of life, the plant NPV results are 27.67 Million-

USD in HK, 22.64 in EU-27, 11.68 in China, and 6.46 in the USA.   

 

Figure 52 - NPV evolution for renewable connected plant of 1000 t/year size (18.38 MW), in (a) 

today scenario and (b) long-term scenario. 

Figure 52 (b) shows the “long-term” scenario. Compared to the “today” scenario, initial capital, and 

stack replacement costs after 10 years of operation are much lower. I note that the better economic 

performance of the HK and EU-27 plants are due to the local higher price of natural gas, see Table 6. 

The recovered heat can be sold at a higher price, which guarantees higher earnings compared to other 

locations.  

(a) (b) 
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Figure 53 – (a) NPV comparison at 20 years. (b) Comparison between LCH, the industrial hydrogen 

price level has been highlighted in the plot with black dashed lines. 

For a complete comparison, the results for all the cases and scenarios are reported in  

Figure 53. Renewable coupled plants have better economic return than grid coupled, as it is possible 

to see in  

Figure 53 (a), from which I can derive a general behavior that for renewable plant the increasing of 

size increases the profit and the economic feasibility, while for grid-connected plant smaller sizes 

5.7 USD 

(b) 

(a) 
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should be preferred. LCH decreases while the size of the plant increases, under the same conditions 

of power source and country, as I reasonably expected, as is possible to see in  

Figure 53 (b). The LCHs evaluated are in between 2.34 USD

kgH2

 and 9.87 USD

kgH2

 depending on the 

combination of parameters. Considering hydrogen prices nowadays, as shown in Table 6, all the cases 

with a renewables coupling configuration have a LCH within the range of hydrogen market price, 

which is under 5.7 USD

kgH2

.  

The NPVs at year 20 show the return of investment of the electrolyzer plant. In Figure 53 (a) I report 

the highest hydrogen price among those illustrated in Table 6 (𝑖. 𝑒.  5.7 
USD

kgH2

). The grid-powered 

plants are not economically sustainable because of the higher electricity cost compared to renewables. 

Despite the higher capital cost (due to smaller CF), renewable-powered plants show a good economic 

return, especially if I consider 1000 t/year plant size. 

US plants have the best performance in grid coupling but the worst in renewable coupling. The good 

result in the grid coupling is due to the lowest electricity price. Simultaneously, the bad performance 

with renewables is caused by a combination of high taxation rate and low heat value in the USA 

regarding the other locations. For HK, I have the opposite situation, worst economic output in grid 

coupling, but best with renewables. This is due to the highest grid electricity price that affects the grid 

coupled plant. In the renewable configuration, the low tax rate and high heat value guarantee the best 

economic output between the analyzed cases. 

I further analyze the LCH, by evaluating the impact of each component: electricity, operation and 

maintenance, stack, the balance of plant, other capital costs (financial and contingencies), and taxes. 

All the data are summarized in Table 7, where heat and O2 are negative components in LCH because 

they are profitable by-products and reduce the final LCH. The best and worst cases are shown in 

Figure 54 (a) and (b), respectively. For all locations, I present the best (i.e. 1000 t/year, renewable 

coupling, and long-term stack scenario) and worst scenario (500 t/year grid coupling and today stack 

scenario). In all the locations, it is evident that a larger plant size positively impacts the share of 

capital cost and electricity cost. By comparing the value of LCH, I are able to perform a general 

comparison between various cases, as shown in Figure 54, where is also clear the contribution of 

selling the heat and oxygen as by-products on reducing the LCH. 
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Table 7 -Subdivision of the LCH for the various components of the cost. 

Levelized cost of hydrogen composition (USD) 

location price component 

500 t/year 1000 t/year 
grid renewable grid renewable 

today mid-
term 

long-
term today mid-

term 
long-
term today mid-

term 
long-
term today mid-

term long-term 

China 

electricity 6.15 6.15 6.15 2.20 2.20 2.20 6.15 6.15 6.15 2.20 2.20 2.20 
O&M 0.39 0.33 0.31 0.78 0.65 0.61 0.35 0.29 0.28 0.74 0.61 0.57 
stack 0.10 0.04 0.03 0.23 0.10 0.06 0.10 0.04 0.03 0.23 0.10 0.06 
BoP 0.17 0.17 0.17 0.31 0.31 0.31 0.14 0.14 0.14 0.27 0.27 0.27 

other capex 0.19 0.16 0.15 0.38 0.31 0.30 0.17 0.14 0.13 0.36 0.29 0.28 
taxes 0.57 0.48 0.45 1.16 0.95 0.91 0.52 0.43 0.41 1.09 0.90 0.85 

heat and O₂ -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 -0.71 
LCH 6.86 6.62 6.56 4.35 3.81 3.68 6.73 6.49 6.43 4.19 3.66 3.53 

USA 

Electricity 4.68 4.68 4.68 2.20 2.20 2.20 4.68 4.68 4.68 2.20 2.20 2.20 
O&M 0.39 0.33 0.31 0.78 0.65 0.61 0.35 0.29 0.28 0.74 0.61 0.57 
Stack 0.10 0.04 0.03 0.23 0.10 0.06 0.10 0.04 0.03 0.23 0.10 0.06 
BoP 0.17 0.17 0.17 0.31 0.31 0.31 0.14 0.14 0.14 0.27 0.27 0.27 

other capex 0.19 0.16 0.15 0.38 0.31 0.30 0.17 0.14 0.13 0.36 0.29 0.28 
Taxes 0.70 0.60 0.56 1.42 1.18 1.12 0.64 0.53 0.51 1.36 1.10 1.05 

heat and O₂ -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 -0.42 
LCH 5.81 5.56 5.49 4.90 4.32 4.18 5.67 5.41 5.35 4.74 4.15 4.01 

HK 

Electricity 10.43 10.43 10.43 2.20 2.20 2.20 10.43 10.43 10.43 2.20 2.20 2.20 
O&M 0.39 0.33 0.31 0.78 0.65 0.61 0.35 0.29 0.28 0.74 0.61 0.57 
Stack 0.10 0.04 0.03 0.23 0.10 0.06 0.10 0.04 0.03 0.23 0.10 0.06 
BoP 0.17 0.17 0.17 0.31 0.31 0.31 0.14 0.14 0.14 0.27 0.27 0.27 

other capex 0.19 0.16 0.15 0.38 0.31 0.30 0.17 0.14 0.13 0.36 0.29 0.28 
taxes 0.46 0.39 0.37 0.94 0.78 0.74 0.43 0.36 0.33 0.90 0.73 0.70 

heat and O₂ -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 -2.13 
LCH 9.61 9.39 9.33 2.71 2.21 2.09 9.49 9.27 9.21 2.57 2.07 1.95 

EU-27 

electricity 6.69 6.69 6.69 2.20 2.20 2.20 6.69 6.69 6.69 2.20 2.20 2.20 
O&M 0.39 0.33 0.31 0.78 0.65 0.61 0.35 0.29 0.28 0.74 0.61 0.57 
stack 0.10 0.04 0.03 0.23 0.10 0.06 0.10 0.04 0.03 0.23 0.10 0.06 
BoP 0.17 0.17 0.17 0.31 0.31 0.31 0.14 0.14 0.14 0.27 0.27 0.27 

other capex 0.19 0.16 0.15 0.38 0.31 0.30 0.17 0.14 0.13 0.36 0.29 0.28 
taxes 0.42 0.35 0.34 0.85 0.71 0.67 0.38 0.31 0.30 0.81 0.66 0.59 

heat and O₂ -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 -1.34 
LCH 6.62 6.40 6.35 3.41 2.93 2.81 6.50 6.28 6.23 3.28 2.79 2.64 
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Figure 54 - LCH by component under the two scenarios: (a) 500 t/year, today stack cost and grid 

connected (worst scenario); (b) 1000 t/year, long-term stack cost and renewable connected (best 

scenario). 

 

Focusing on China case, I compare the grid and renewable plants for the different plant sizes. For the 

grid connected plant, looking at Figure 55 (a) Figure 56 (a), the impact of capital cost on LCH is 14% 

with 500 t/year size, but only 7% in the case of 1000 t/year size. Due to the higher price of electricity 

from the grid, the LCH is expected to be much higher in a grid-connected configuration than a 

renewable coupled plant. A similar analysis for the renewable plants regarding the LCH is reported 

(a) 

(b) 
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in Figure 55 - Pie charts for the comparison of the LCH components for plant located in China, today 

scenario, 500 t/year: (a) grid connected; (b) renewable connected(b) Figure 56 (b). 

 

 

Figure 55 - Pie charts for the comparison of the LCH components for plant located in China, today 

scenario, 500 t/year: (a) grid connected; (b) renewable connected. 

 

 

 

Figure 56 - Pie charts for the comparison of the LCH components for plant located in China, long 

term scenario, 1000 t/year: (a) grid connected; (b) renewable connected. 

 

(a) (b) 

(a) (b) 
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For a wider comparison of all the scenarios in the Chinese case, it has been presented the LCH 

composition in Figure 57. Where I can see the effect of the evolution in the stack technology, as for 

any series of today, mid-term and long term scenario, the total LCH reduces, by mean of the reduction 

in capital cost and in operating cost. The lower investment is also linked to lower taxes. 

 

Figure 57 - LCH components of ME plant in China. 

For the other locations, the plots of the LCH composition are in Appendix B. 

 

6.2 Carbon Tax 

The adoption of a carbon tax could financially impact the existing H2 production technologies 

associated with carbon emission. The results presented in this section regard only renewable coupled 

plant, since carrying out electrolysis from grid coupled source produces approximately 30 
kgCO2

kgH2

 [49], 

resulting in higher emissions than SMR or CG. As a result, the electrolysis powered by a grid source 

is considered a polluting process. 
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Figure 58 - NPV results in today stack scenario,  1000 t/year  plant size and renewable coupled (a) 

with no carbon tax and (b) with strong carbon tax (350 USD/tonH2
). 

In Figure 58 the results of NPV analysis with different levels of carbon taxes are reported. I can see 

the massive return of investment in the case of the 1000 t/year plant size. The carbon tax increases 

the price of hydrogen generated from SMR to 7.3 USD

kgH2

 in the medium and to 9.9 USD

kgH2

 in the strong 

carbon tax scenario. The higher revenues due to the higher hydrogen price increases the electrolyzer 

profits, see Figure 58, where in the case of strong carbon tax Figure 58 (b) the payback-time is 

between 3 and 4 years in HK and around 5 years in USA. The financial impact by adopting different 

level of carbon taxes on NPV is summarized in Figure 59. Figure 10 shows that increase in level of 

carbon tax could be financially favorable to the final NPV. 

(a) (b) 
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Figure 59 – Comparison of the NPV in different carbon tax scenarios, in today stack scenario.  

 

The NPV results are presented according to the level of a carbon tax. If a higher carbon tax is adopted, 

there is a general improvement in the return of investment. 

6.3 Sensitivity analysis 

I performed a sensitivity analysis on LCH and NPV, considering hydrogen price, taxation rate, natural 

gas price, electricity cost, and capital cost as a parameter of interest. The sensitivity of the LCH and 

NPV to the various parameters has a linear behavior for both grid and renewable plants for all 

parameters.  

In the grid coupled configurations, LCH has the highest sensitivity to the price of electricity. Then, 

capital cost, with little sensitivity and natural gas price, and taxation rate with almost a negligible 

sensitivity, as shown in Figure 60 (a). This behavior is due to the high electricity prices from the grid 

coupling. However, high CF result in smaller plant powers for the same production, explaining the 

reduced impact of capital cost on the final LCH. For the NPV, impact hierarchy of the parameter is 

similar to the addition of the hydrogen price, which has a massive influence on the final NPV. For 

the cases that do not generate profits, the taxation does not affect the economic Bop, so, also in the 

sensitivity analysis, the variation of taxation level don’t affect the NPV, see Figure 60 (b), this 

behavior has been registered for every case that do not generate profits. 
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Figure 60 - Sensitivity analysis results for plants located in China: LCH (a) and NPV (b) in today 

scenario, 500 t/year, grid coupling 

 

Figure 61 - Sensitivity analysis results for plants located in China: LCH (a) and NPV (b) in today 

scenario, 1000 t/year, renewable coupling 

 

Figure 62 - NPV comparison of the effect of capital cost for different location, considering today 

scenario, 1000 t/year plant size grid coupling (a) and renewable coupling (b). 

 

(a) (b) 

(a) (b) 

(a) (b) 
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For renewable coupled plants, the order of impact of the parameters changes consistently with the 

bigger plant powers due to lower CF, and the lower electricity cost. The capital cost has the maximum 

effect on the LCH, then follows electricity cost, taxes, and natural gas price, see Figure 61 (a). For 

renewable coupled plant, The NPV behavior follows the same hierarchy of LCH with the addiction 

of hydrogen selling price, which has the most important effects on the NPV, Figure 61 (b). 

Lastly, I compared the effect of the single parameters on the plant in different locations. Parameters 

such as taxation or grid electricity prices affect the LCH and NPV differently according to the 

location. Other parameters, such as capital cost and renewable electricity cost are having the same 

effect for all the possible plant locations since they have been set constant worldwide. For example, 

I compared the NPV for the big size plant in grid coupled setup for the four locations, as reasonable 

the range of the variation depends on the country's electricity price and its weight on the final 

economic balance, see Figure 62 (a). The biggest sensitivity in registered in HK, since it has the 

highest electricity price, while the smallest sensitivity is registered in the USA because they have the 

lowest electricity price. While in Figure 62 (b) I show the effect of capital cost, that is the same for 

all cases, but in different range of price, because I have not linked it to the location.  
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7 Conclusions 

In this work was presented an organic analysis of the membraneless electrolyzer technology, from 

the physical and thermodynamic side to the economic one. For the thermodynamic part data and 

notions taken from the literature have been used as foundations for the development of the model. 

With that I evaluated purity of the outlet H2  and the efficiency of the electrolyzer. As result, I 

compared and choose between FT and FB, that considering the operational range, flexibility, and 

purity leaded to the selection of FT design for the prototyping and economic analysis.  

Then, a prototyping process was performed, and the prototype used for the experiment was 3D-

printed after several evolution in the design from the first concept. The experimental experiences have 

proved that the theoretical model developed match the experimental results almost perfectly, in the 

ohmic dominated region of the polarization curve. To take into account the fluid-dynamic effect of 

the bubble’s behavior, that makes the voltage diverges, a more detailed model should be implemented. 

And, to make consistent measures on hydrogen production rate and purity, a direct coupling with a 

gas chromatographer, a flowmeter, and the possibility to operate for several days are suggested. 

For the electrolysis plant, capital cost and operative cost were estimated for the many cases and 

scenarios analyzed, considering stack cost, plant size, power sources, location, and carbon tax level. 

The analysis was performed in four location with different characteristics: China, USA, HK, and EU-

27. Each of them with its economic and market properties.  The results were very promising for the 

technology, with LCH below 2 USD

kgH2

, that is the main benchmark for the competition with the steam 

methane reforming hydrogen. In general renewables coupled configurations have shown profitable 

outputs worldwide, while grid coupling was financially sustainable only in the USA. The analysis of 

the implementation of carbon tax has also improved the economic output of the electrolysis plant. 

Then looking at the single impact of the various components on the final LCH, I found out, that the 

main contribution is due to electricity, but taxation and BoP have a considerable weight too. 

A sensitivity analysis has shown the most impacting parameter on the plant cost performance, and so, 

the way in which the research and the optimization should be directed. For large renewable coupled 

plant, on the reduction of electricity cost and capital cost, not for the stack part, but mostly in BoP 

and other collateral area, while for grid coupled plant the reduction of electricity cost component, by 

mean of a higher efficiency. 
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In conclusion this technology could be highly profitable already today in some configurations and the 

prototyping and the developed model have gained experimental validation, surely suitable for further 

analysis with prototypes and pilot plants. 

  



63 
 

8 List of symbols and parameters 

Table 8 - Symbols 

Variable Description Unit 

ASRΩ Area specific resistance Ω cm2 

𝐵𝑛 Net cash flow in the year 𝑛 USD 

𝑐 Channel of the electrolyzer - 

𝑐𝑛 Operating cost of the plant in the year 𝑛 USD 

𝐶tax Corporate tax rate - 

𝐷tube Diameter of the tubes of the hydraulic circuit m 

𝑑 Debt percentage of the investment - 

𝑑𝑖 Debt interest - 

𝑒 Equity percentage of the investment - 

𝑒𝑟 Equity rate of return - 

𝐸0 Reversible voltage V 

𝑓 Gas volume fraction of the electrolyte - 

𝐹 Faraday’s constant C/mol 

𝑓dist Loss factor for distributed losses - 

𝑔 Gravitational acceleration m/s2 

ℎ Electrode gap cm 

𝐻dev Hydraulic head of the electrolyzer cell m 

𝐻dist Hydraulic head of distributed losses m 

𝐻𝑘 Henry coefficient of the k gas in the electrolyte 1/Pa 

𝐻𝑘
0 Henry coefficient of the gas k in pure water 1/Pa 

𝐻minor Hydraulic head of minor or concentrated losses m 
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𝐻tot Hydraulic head of the circuit m 

𝐻𝐻𝑉𝐻2
 Higher heating value of hydrogen J/kg 

𝑖 Discount rate - 

𝐼 Initial investment USD 

𝑗 Current density A/cm2 

𝑗0 Exchange current density A/cm2 

𝑘conc Loss factor for concentrated losses  - 

 𝐾𝑘 Setchenov constant - 

𝐿tube Hydraulic circuit pipes length m 

LCH Levelized cost of hydrogen USD/kgH2
 

�̇�ely Electrolyte flow rate kg/s 

�̇�𝐻2
 Total mass of hydrogen produced in one year kg 

ℳ𝐻2
 Molecular mass of hydrogen molecule kg/kmol 

𝑛 Is the year index year 

�̇�𝐻2 ,𝑔𝑎𝑠,𝑜𝑢𝑡,𝑐 Molar flow rate of hydrogen in c exit channel mol/s 

�̇�k Molar flow rate of gas k produced by the 
electrochemical reaction mol/s 

�̇�𝑂2,𝑔𝑎𝑠,𝑜𝑢𝑡,𝑐 Molar flow rate of oxygen in c exit channel mol/s 

𝑁minor Number of concentrated losses - 

NPV Net present value USD 

𝑝 Pressure of the system Pa 

𝑝𝑘 Partial pressure of the k gas Pa 

𝑝vap Water vapor pressure Pa 

𝑃cell Electrolyzer power W 

𝑃pump Pump power to circulate the electrolyte W 
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purityH2,𝑐 Hydrogen purity of the c exit channel - 

purityO2,c Oxygen purity of the c exit channel - 

𝑅 Ideal gas constant J/(K mol) 

𝑡 Thickness of the electrode cm 

𝑡* Break-even year year 

𝑇 Temperature K 

𝑇𝑅 Critical temperature K 

𝑣 Electrolyte velocity in the pipes m/s 

𝑉cell Voltage of the cell V 

𝑤 Weight percentage of the salt in the electrolyte solution - 

WACC Weighted average cost of capital - 

𝑥0,𝑘 Molar concentration of dissolved gas in pure water - 

𝑥𝑒,k Molar concentration of dissolved gas k in the electrolyte - 

𝑦𝑘 Molar fraction of the gas - 

𝑧𝑘 Number of free electrons in the chemical reaction - 

𝛼 Transfer coefficient of the reaction - 

∆𝑔rxn Gibbs free energy of the reaction J/(K mol) 

𝜂act Activation overvoltage V 

𝜂conc Concentration or diffusive overvoltage V 

𝜂𝐻𝐻𝑉 Higher heating value efficiency - 

𝜂faradic Faradic efficiency of the chemical reaction - 

𝜂pump Hydraulic efficiency of the pump - 

𝜂ohmic Ohmic overvoltage V 

𝜌0 Resistivity of the pure electrolyte Ω cm 
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𝜌elect Resistivity of the electrode Ω cm 

𝜌ely Resistivity of the electrolyte Ω cm 

 

 

Table 9 - Parameters 

Empirical 
parameter Value Reference 

𝐴1,𝐻2
 -4.73284                                                               [20] 

𝐵1,𝐻2
 6.08954 [20] 

𝐶1,𝐻2
 6.06066 [20] 

𝐴1,𝑂2
 -9.44833 [20] 

𝐵1,𝑂2
 4.43822 [20] 

𝐶1,𝑂2
 11.42005 [20] 

𝐴2 16.3872 [21] 

𝐵2 3885.7 [21] 

𝐶2 230.17 [21] 

 𝐾𝑂2
 3.66 [8] 

 𝐾𝐻2
 3.14 [8] 
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9 Appendix A  

Matlab code for the evaluation of outlet gas purities and molar flow rates, the code reported below 
is developed for the evaluation of the parameters at different temperature. For the runs at different 
current densities and at different and flow rate, the code is similar, but with little changes in the 
loops setting. 

clear all  
close all 
clc 
%% DATA Henry 
Tc=647.096;   %[K] 
AA=16.3872;    %Antoine eq 
BA=3885.7;    %Antoine eq 
CA=230.17;    %Antoine eq 
AH2=-4.73284  %Henry eq H2 
BH2=6.08954;   %Henry eq H2 
CH2=6.06066;   %Henry eq H2 
AO2=-9.44833;   %Henry eq O2 
BO2=4.43822;   %Henry eq O2 
CO2=11.42005;   %Henry eq O2 
KK_O2=3.66;   %corrective coefficient for the presence of KOH in the solution 
KK_H2=3.14;   %corrective coefficient for the presence of KOH in the solution 
%% DATA loop 
P0_H2=2/3*101325;  %[Pa] Initial partial pressure of H2 
P0_O2=1/3*101325;  %[Pa] Initial partial pressure of O2 
n_ely=3.140*0.5;  %[mol/s] Electrolyte flowrate ( 2 chambers 50% each) 
R=8.134;   %[J/mol/K] 
toll=5e-8;   %admitted tolerance to end the loop 
Area=7;   %[cm^2] 
Faradic_eff=0.90;  %faradic efficiency 
F=96485;    %Faraday's constant 
%% Temperature and current density loop 
tic 
TT= [20 40 60 80];       %[°C] 
current_density=0.04:0.02:4;      %[A/cm^2] 
fid=fopen('purity_current.txt','w'); 
col= ['b' 'r' 'y' 'g']; 
for jj=1: length (TT)       %Temperature loop 
            clear x1_O2 x1_H2 P1_O2 P1_O2 x2_O2 x2_H2 P2_O2 P2_H2 
            clear n1_O2g n1_H2g n1_O2l n1_H2l n2_O2g n2_H2g n2_O2l n2_H2l 
     for nn=1: length (current_density)     %Current density loop 
        cur_dens=current_density(nn);                                                   
        %% Henry evaluation 
        Antoine=@(T)1000*exp (AA-BA/(T+CA));   %[T in °C] 
        T_celsius=TT (jj); 
        Psat=Antoine(T_celsius); 

%% Henry eq.  
HenryO2=@(Tr) (exp (AO2/Tr+(BO2*((1-Tr)^0.355))/Tr+CO2*((Tr)^-0.41)*exp((1- 
Tr))))*Psat; 
HenryH2=@(Tr) (exp (AH2/Tr+(BH2*((1-Tr)^0.355))/Tr+CH2*((Tr)^-0.41)*exp((1-
Tr))))*Psat; 
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        T_kelvin=T_celsius+273.15; 
        Tr=T_kelvin/Tc; 
        H_O2=HenryO2(Tr)*10*KK_O2*0.3;  %correction according to the concentration of KOH 
        H_H2=HenryH2(Tr)*10*KK_H2*0.3;  %correction according to the concentration of KOH 
 
  
        %% Parameters initialization 
        Molar_vol=R*T_kelvin/101325*1000;  %[L/mol] 
        nH2=cur_dens*Area*Faradic_eff/2/F;  %[mol/s] H2 produced by the reaction 
        x0_old_O2=1/3*101325/H_O2;   %[mol/mol] solubility O2  
        x0_old_H2=2/3*101325/H_H2;   %[mol/mol] solubility H2  
        n_H2l_lim=x0_old_H2*n_ely*2;  %[mol/s] H2 flowrate liquid phase limiting 
        n_O2l_lim=x0_old_O2*n_ely*2;  %[mol/s] O2 flowrate liquid phase limiting 
        n0_H2g(nn)=nH2;    %[mol/s] start H2 flowrate gas phase  
        n0_O2g(nn)=0.5*nH2;    %[mol/s] start O2 flowrate gas phase 
        n0_O2l(nn)=x0_old_O2*n_ely*2;  %[mol/s] start O2 flowrate liquid phase 
        n0_H2l(nn)=x0_old_H2*n_ely*2;  %[mol/s] start H2 flowrate liquid phase 
        Vol_flow_H2=(nH2)*Molar_vol; %[L/s] total volumetric flow gas H2 flow (from 

reaction)  
Vol_flow_O2=(0.5*nH2)*Molar_vol; %[L/s] total volumetric flow gas O2 flow (from 

reaction) 
        k=1;      %counter of iterations 
        dmass2=1; 
        dmass1=1; 
        clear n_ref_H2 n_ref_O2 
        n_ref_H2(k)=n0_H2l(nn); 
        n_ref_O2(k)=n0_O2l(nn); 
        %% Molar flow rates computation        
        while dmass2>toll & dmass1>toll 
  
            n2_H2l(nn)=n0_H2l(nn); 
            n2_O2l(nn)=n0_O2l(nn); 
  
                x1_O2(nn)=n0_O2l(nn)*0.5/(n_ely+H_O2*Vol_flow_H2/R/T_kelvin); 
                P1_O2(nn)=H_O2*x1_O2(nn); 
                P1_H2(nn)=101325-P1_O2(nn); 
                x1_H2(nn)=P1_H2(nn)/H_H2;        
                n1_H2l(nn)=x1_H2(nn)*n_ely; 
                n1_O2l(nn)=x1_O2(nn)*n_ely; 
                n1_O2g(nn)=P1_O2(nn)*Vol_flow_H2/R/T_kelvin;     
                n1_H2g(nn)=n0_H2g(nn)+n0_H2l(nn)-n1_H2l(nn); 
                 
                x2_H2(nn)=n0_H2l(nn)*0.5/(n_ely+H_H2*Vol_flow_O2/R/T_kelvin); 
                P2_H2(nn)=H_H2*x2_H2(nn); 
                P2_O2(nn)=101325-P2_H2(nn); 
                x2_O2(nn)=P2_O2(nn)/H_O2; 
                n2_O2l(nn)=x2_O2(nn)*n_ely; 
                n2_H2l(nn)=x2_H2(nn)*n_ely; 
                n2_H2g(nn)=P2_H2(nn)*Vol_flow_O2/R/T_kelvin;      
                n2_O2g(nn)=n0_O2g(nn)+n0_O2l(nn)-n2_O2l(nn);  
                 



69 
 

             
        n0_H2l(nn)=n1_H2l(end)+n2_H2l(end); %[mol/s] new start H2 flowrate liquid phase  
        n0_O2l(nn)=n1_O2l(end)+n2_O2l(end); %[mol/s] new start O2 flowrate liquid phase  
        n0_H2g(nn)=nH2+n0_H2l(nn)-n_H2l_lim; 
        n0_O2g(nn)=0.5*nH2+n0_O2l(nn)-n_O2l_lim; 
        Vol_flow_H2=(nH2+n0_H2l(nn)-n_H2l_lim)*Molar_vol; %[L/s] total volumetric 

flow gas H2 flow (from 
reaction)  

Vol_flow_O2=(0.5*nH2+n0_O2l(nn)-n_O2l_lim)*Molar_vol; %[L/s] total volumetric 
flow gas O2 flow (from 
reaction) 

        dmass1=abs(n_ref_H2(k)-n0_H2l(nn))/abs(n_ref_H2(k)); 
        dmass2=abs(n_ref_O2(k)-n0_O2l(nn))/abs(n_ref_O2(k)); 
                n_ref_H2(k+1)=n0_H2l(nn); 
                n_ref_O2(k+1)=n0_O2l(nn); 
        k=k+1; 
        end 
        purityH2(nn)=n1_H2g(end)/(n1_H2g(end)+n1_O2g(end)); 
        purityO2(nn)=n2_O2g(end)/(n2_O2g(end)+n2_H2g(end)); 
     %% Mass balance 
        %O2 mass balance 
        delta_O2=n0_O2g+n0_O2l-n1_O2g(end)-n1_O2l(end)-n2_O2g(end)-n2_O2l(end); 
        err_rel1(jj)=abs(delta_O2)/abs(n0_O2g+n0_O2l); 
        %H2 mass balance 
        delta_H2=n0_H2g+n0_H2l-n1_H2g(end)-n1_H2l(end)-n2_H2g(end)-n2_H2l(end); 
        err_rel2(jj)=abs(delta_H2)/abs(n0_H2g+n0_H2l); 
        H2_capt(nn)=n1_H2g(end);        
     end 
    %% Plot 
    figure(1) 
    set(gca,'FontSize',20) 
    set(gca,'LineWidth',1) 

plot(current_density,purityH2*100,'LineWidth',2,'displayname',['\it T=\rm' num2str(TT(jj)) 
'°C'], 'Color', col(jj)) 

    set(gca,’ fontname’,’Times New Roman') 
    xlabel('\it j \rm(A/cm^2)') 
    ylabel('purity H_2') 
    ytickformat('percentage') 
    legend boxoff 
    hold on 
    box on 
    %% Data saving 
    purity=[current_density; purityH2; H2_capt]; 
    fprintf(fid','%1s','Temp=',num2str(TT(jj)),'°C'); 
    fprintf(fid','\r\n'); 
    fprintf(fid','%1s\r\n','Current_density  Purity  H2_capt'); 
    fprintf(fid,'%1.4f %16.4f %12.9f\r\n',purity); 
end 
legend('Location','SE') 
xlim([0 4]) 
ylim([85 100]) 
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saveas(figure(1),'DEFT purity over current at different T.png') 
time=toc 

  



71 
 

10 Appendix B  

LCH composition for USA, EU-27, and HK cases 

 

Figure 63 - LCH composition for USA case 

 

 

Figure 64 - LCH composition for HK case 
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Figure 65 - LCH composition for EU-27 
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11 Appendix C 

Table 10 - Experimental results without catalyst 

Ni electrodes (no catalyst) 

Flow rate 
(mL/min) 

Current 
(A) 

j 
(A/cm2) 

Voltage (V) 
series 

1 
series 

2 
series 

3 
Mean 
value 

Standard 
deviation 

300 mL/min 

0.05 0.069 2.8 2.9 3 2.90 0.10 
0.1 0.138 3.9 4 3.9 3.93 0.06 
0.15 0.207 4.6 5 4.8 4.80 0.20 
0.2 0.276 6.1 5.6 5.7 5.80 0.26 
0.25 0.345 8.5 7.3 7.4 7.73 0.67 
0.3 0.414 9.2 10.7 10.6 10.17 0.84 

400 mL/min 

0.05 0.069 2.9 3 2.9 2.93 0.06 
0.1 0.138 3.7 4 3.8 3.83 0.15 
0.15 0.207 4.6 4.9 4.9 4.80 0.17 
0.2 0.276 5.2 5.8 5.4 5.47 0.31 
0.25 0.345 6.2 6.7 6.4 6.43 0.25 
0.3 0.414 7.5 8.3 8.5 8.10 0.53 
0.35 0.484 11 9.6 11.3 10.63 0.91 

500 mL/min 

0.05 0.069 2.8 2.9 2.8 2.83 0.06 
0.1 0.138 3.7 4.1 3.8 3.87 0.21 
0.15 0.207 4.4 5 4.9 4.77 0.32 
0.2 0.276 5.2 5.8 5.9 5.63 0.38 
0.25 0.345 6.2 6.8 7 6.67 0.42 
0.3 0.414 7 7.5 8.6 7.70 0.82 
0.35 0.484 7.7 8.7 9.1 8.50 0.72 
0.4 0.553 9 10 10.3 9.77 0.68 
0.45 0.622 10.2 11.7 10.8 10.90 0.75 
0.5 0.691 11.8 15 14 13.60 1.64 

600 mL/min 

0.05 0.069 2.7 3 3 2.90 0.17 
0.1 0.138 3.7 3.9 3.9 3.83 0.12 
0.15 0.207 4.5 4.9 4.7 4.70 0.20 
0.2 0.276 5.2 5.8 5.4 5.47 0.31 
0.25 0.345 5.9 6.7 6.4 6.33 0.40 
0.3 0.414 6.7 7.6 7 7.10 0.46 
0.35 0.484 7.5 8.3 7.7 7.83 0.42 
0.4 0.553 8.6 9.2 8.6 8.80 0.35 
0.45 0.622 9.5 9.5 9.4 9.47 0.06 
0.5 0.691 10.2 10.5 10.1 10.27 0.21 
0.55 0.760 11.7 12 11.1 11.60 0.46 

700 mL/min 

0.05 0.069 2.7 2.9 3 2.87 0.15 
0.1 0.138 3.6 3.7 3.8 3.70 0.10 
0.15 0.207 4.4 4.5 4.6 4.50 0.10 
0.2 0.276 5.1 5.3 5.2 5.20 0.10 
0.25 0.345 5.9 6.1 5.9 5.97 0.12 
0.3 0.414 6.7 6.8 6.7 6.73 0.06 
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0.35 0.484 7.6 7.6 7.4 7.53 0.12 
0.4 0.553 8.3 8.8 8.4 8.50 0.26 
0.45 0.622 10 9.9 9.3 9.73 0.38 
0.5 0.691 10.3 10.6 9.8 10.23 0.40 
0.55 0.760 11.5 11.3 10.8 11.20 0.36 

800 mL/min 

0.05 0.069 2.8 2.9 2.8 2.83 0.06 
0.1 0.138 3.7 3.8 3.7 3.73 0.06 
0.15 0.207 4.5 4.5 4.5 4.50 0.00 
0.2 0.276 5.3 5.2 5 5.17 0.15 
0.25 0.345 6.2 6.1 5.9 6.07 0.15 
0.3 0.414 6.9 6.8 6.7 6.80 0.10 
0.35 0.484 7.6 7.5 7.5 7.53 0.06 
0.4 0.553 8.6 8.4 8.4 8.47 0.12 
0.45 0.622 9.4 9.5 9.1 9.33 0.21 
0.5 0.691 9.9 10.4 10.3 10.20 0.26 
0.55 0.760 11.1 11.2 11.3 11.20 0.10 
0.6 0.829 13 12.6 12.9 12.83 0.21 
0.65 0.898 14.9 14 13.8 14.23 0.59 

900 mL/min 

0.05 0.069 2.9 2.9 3.1 2.97 0.12 
0.1 0.138 3.6 3.8 3.8 3.73 0.12 
0.15 0.207 4.6 4.7 4.6 4.63 0.06 
0.2 0.276 5.5 5.6 5.3 5.47 0.15 
0.25 0.345 6.4 6.2 6.1 6.23 0.15 
0.3 0.414 7.2 7 6.8 7.00 0.20 
0.35 0.484 7.7 7.6 7.5 7.60 0.10 
0.4 0.553 8.5 8.4 8.3 8.40 0.10 
0.45 0.622 9.2 9.1 9.1 9.13 0.06 
0.5 0.691 9.8 9.8 9.9 9.83 0.06 
0.55 0.760 10.6 10.8 10.9 10.77 0.15 
0.6 0.829 11.4 11.5 11.7 11.53 0.15 

1000 
mL/min 

0.05 0.069 3 3 2.9 2.97 0.06 
0.1 0.138 3.8 4 4.1 3.97 0.15 
0.15 0.207 4.5 4.8 4.9 4.73 0.21 
0.2 0.276 5.4 5.6 5.7 5.57 0.15 
0.25 0.345 6.1 6.2 6 6.10 0.10 
0.3 0.414 6.9 6.9 6.6 6.80 0.17 
0.35 0.484 7.5 7.8 7.3 7.53 0.25 
0.4 0.553 8.2 8.3 8 8.17 0.15 
0.45 0.622 8.9 9 8.7 8.87 0.15 
0.5 0.691 9.8 9.6 9.5 9.63 0.15 
0.55 0.760 10.5 10.3 10.4 10.40 0.10 
0.6 0.829 11.4 11 11.2 11.20 0.20 
0.65 0.898 12 11.7 11.9 11.87 0.15 
0.7 0.967 12.7 12.4 12.6 12.57 0.15 
0.75 1.036 13.9 13.1 13.3 13.43 0.42 

1100 
mL/min 

0.05 0.069 2.8 3 3.1 2.97 0.15 
0.1 0.138 3.8 4.1 3.8 3.90 0.17 
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0.15 0.207 4.7 4.7 4.6 4.67 0.06 
0.2 0.276 5.4 5.4 5.5 5.43 0.06 
0.25 0.345 5.9 6.1 5.9 5.97 0.12 
0.3 0.414 6.6 6.7 6.5 6.60 0.10 
0.35 0.484 7.3 7.4 7.1 7.27 0.15 
0.4 0.553 8 8 7.8 7.93 0.12 
0.45 0.622 8.7 8.7 8.4 8.60 0.17 
0.5 0.691 9.5 9.5 9.2 9.40 0.17 
0.55 0.760 10.1 10.2 10 10.10 0.10 
0.6 0.829 10.8 10.9 10.7 10.80 0.10 
0.65 0.898 11.5 11.6 11.5 11.53 0.06 
0.7 0.967 12.3 12.2 12.3 12.27 0.06 
0.75 1.036 12.9 12.6 12.5 12.67 0.21 
0.8 1.105 13.7 13.5 13.3 13.50 0.20 
0.85 1.174 14.3 14 14 14.10 0.17 
0.9 1.243 15.1 14.8 14.7 14.87 0.21 
0.95 1.312 15.7 15.4 15.5 15.53 0.15 

1200 
mL/min 

0.05 0.069 2.7 3.1 2.9 2.90 0.20 
0.1 0.138 3.8 3.9 3.8 3.83 0.06 
0.15 0.207 4.7 4.6 4.4 4.57 0.15 
0.2 0.276 5.2 5.3 5.2 5.23 0.06 
0.25 0.345 5.8 6 5.8 5.87 0.12 
0.3 0.414 6.6 6.7 6.5 6.60 0.10 
0.35 0.484 7.1 7.4 7.1 7.20 0.17 
0.4 0.553 7.9 7.9 7.8 7.87 0.06 
0.45 0.622 8.5 8.7 8.5 8.57 0.12 
0.5 0.691 9.4 9.6 9.2 9.40 0.20 
0.55 0.760 10 10.3 9.9 10.07 0.21 
0.6 0.829 10.6 10.9 10.8 10.77 0.15 
0.65 0.898 11.4 11.7 11.5 11.53 0.15 
0.7 0.967 12.2 12.3 12.3 12.27 0.06 
0.75 1.036 12.7 12.9 13 12.87 0.15 
0.8 1.105 13.4 13.8 13.7 13.63 0.21 
0.85 1.174 14.2 14.4 14.4 14.33 0.12 
0.9 1.243 15 14.9 14.7 14.87 0.15 
0.95 1.312 15.7 15.6 15.3 15.53 0.21 

1 1.382 16.1 16.4 16.2 16.23 0.15 
1.05 1.451 16.7 17 16.9 16.87 0.15 
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Table 11 - Experimental results with catalyst 

Ni electrodes with catalyst 

Flow 
rate 

Current 
(A) 

j 
(A/cm^2) 

Voltage 
(V) 

series 1 

300 
mL/min 

0.05 0.069 2.5 
0.1 0.138 3.5 
0.15 0.207 4.6 
0.2 0.276 5.5 
0.25 0.345 6.3 
0.3 0.414 7.2 

400 
mL/min 

0.05 0.069 2.4 
0.1 0.138 3.4 
0.15 0.207 4.1 
0.2 0.276 5 
0.25 0.345 6 
0.3 0.414 6.9 
0.35 0.484 7.9 

500 
mL/min 

0.05 0.069 2.5 
0.1 0.138 3.2 
0.15 0.207 4.1 
0.2 0.276 5 
0.25 0.345 6.1 
0.3 0.414 6.4 
0.35 0.484 7.1 
0.4 0.553 8 
0.45 0.622 9.1 
0.5 0.691 10.3 

600 
mL/min 

0.05 0.069 2.5 
0.1 0.138 3.2 
0.15 0.207 4 
0.2 0.276 4.9 
0.25 0.345 5.7 
0.3 0.414 6 
0.35 0.484 6.2 
0.4 0.553 8 
0.45 0.622 8.6 
0.5 0.691 9.6 
0.55 0.760 10.3 

700 
mL/min 

0.05 0.069 2.4 
0.1 0.138 3.2 
0.15 0.207 4.1 
0.2 0.276 4.8 

0.25 0.345 5.5 
0.3 0.414 6.3 
0.35 0.484 7 
0.4 0.553 7.9 
0.45 0.622 8.6 
0.5 0.691 9.5 
0.55 0.760 10.4 

800 
mL/min 

0.05 0.069 2.2 
0.1 0.138 3.3 
0.15 0.207 4 
0.2 0.276 4.7 
0.25 0.345 5.6 
0.3 0.414 6.5 
0.35 0.484 7.3 
0.4 0.553 8 
0.45 0.622 8.9 
0.5 0.691 9.4 
0.55 0.760 10.1 
0.6 0.829 11.6 
0.65 0.898 12.5 

900 
mL/min 

0.05 0.069 2.3 
0.1 0.138 3.3 
0.15 0.207 4 
0.2 0.276 5 
0.25 0.345 5.7 
0.3 0.414 6.5 
0.35 0.484 7.1 
0.4 0.553 7.9 
0.45 0.622 8.8 
0.5 0.691 9.5 
0.55 0.760 10.1 
0.6 0.829 10.8 
6.5 8.980 11.9 

1000 
mL/min 

0.05 0.069 2.2 
0.1 0.138 3.2 
0.15 0.207 4 
0.2 0.276 4.9 
0.25 0.345 5.6 
0.3 0.414 6.3 
0.35 0.484 7.2 
0.4 0.553 8 
0.45 0.622 8.8 
0.5 0.691 9.5 



77 
 

0.55 0.760 10.3 
0.6 0.829 11.2 
0.65 0.898 11.9 
0.7 0.967 12.9 
0.75 1.036 14.6 

1100 
mL/min 

0.05 0.069 2.3 
0.1 0.138 3.3 
0.15 0.207 4 
0.2 0.276 4.7 
0.25 0.345 5.5 
0.3 0.414 6.2 
0.35 0.484 6.9 
0.4 0.553 7.6 
0.45 0.622 8.4 
0.5 0.691 9.1 
0.55 0.760 9.8 
0.6 0.829 10.3 
0.65 0.898 11 
0.7 0.967 11.8 
0.75 1.036 12.8 
0.8 1.105 13.4 
0.85 1.174 13.6 
0.9 1.243 15.1 
0.95 1.312 17 

1200 
mL/min 

0.05 0.069 2.2 
0.1 0.138 3.2 
0.15 0.207 4.1 
0.2 0.276 4.8 
0.25 0.345 5.4 
0.3 0.414 6.4 
0.35 0.484 7 
0.4 0.553 7.8 
0.45 0.622 8.6 
0.5 0.691 9 
0.55 0.760 10 
0.6 0.829 10.7 
0.65 0.898 11 
0.7 0.967 12.1 
0.75 1.036 13.1 
0.8 1.105 14 
0.85 1.174 15 
0.9 1.243 15.9 
0.95 1.312 16.4 

1 1.382 17.4 
1.05 1.451 18 

 

 

Table 12 - Model results for the comparison 
with experimental results 

Theoretical model 
 

j 
(A/cm^2) 

Voltage 
(V) 

 

0.05 2.104  
0.1 2.704  
0.15 3.293  
0.2 3.877  
0.25 4.459  
0.3 5.040  
0.35 5.620  
0.4 6.200  
0.45 6.780  
0.5 7.360  
0.55 7.940  
0.6 8.521  
0.65 9.101  
0.7 9.682  
0.75 10.264  
0.8 10.845  
0.85 11.427  
0.9 12.010  
0.95 12.593  

1 13.177  
1.05 13.761  
1.1 14.345  
1.15 14.930  
1.2 15.516  
1.25 16.102  
1.3 16.688  
1.35 17.275  
1.4 17.863  
1.45 18.451  
1.5 19.040  
1.55 19.629  
1.6 20.219  
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