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An electric system based on renewable energy faces challenges concerning the storage and 

utilization of energy due to the intermittent and seasonal nature of renewable energy 

sources. Wind and solar photovoltaic power productions are variable and difficult to pre-

dict, and thus electricity storage will be needed in the case of basic power production. Hy-

drogen’s energetic potential lies in its ability and versatility to store chemical energy, to 

serve as an energy carrier and as feedstock for various industries. Hydrogen is also used 

e.g. in the production of biofuels. The amount of energy produced during hydrogen com-

bustion is higher than any other fuel’s on a mass basis with a higher-heating-value of 39.4 

kWh/kg. However, even though hydrogen is the most abundant element in the universe, on 

Earth most hydrogen exists in molecular forms such as water. Therefore, hydrogen must be 

produced and there are various methods to do so. Today, the majority hydrogen comes 

from fossil fuels, mainly from steam methane reforming, and only about 4 % of global hy-

drogen comes from water electrolysis. Combination of electrolytic production of hydrogen 

from water and supply of renewable energy is attracting more interest due to the sustaina-

bility and the increased flexibility of the resulting energy system. The preferred option for 

intermittent hydrogen storage is pressurization in tanks since at ambient conditions the 

volumetric energy density of hydrogen is low, and pressurized tanks are efficient and af-

fordable when the cycling rate is high. Pressurized hydrogen enables energy storage in 

larger capacities compared to battery technologies and additionally the energy can be 

stored for longer periods of time, on a time scale of months. 

In this thesis, the thermodynamics and electrochemistry associated with water electrolysis 

are described. The main water electrolysis technologies are presented with state-of-the-art 

specifications. Finally, a Power-to-Hydrogen infrastructure design for Lappeenranta Uni-

versity of Technology is presented. Laboratory setup for water electrolysis is specified and 

factors affecting its commissioning in Finland are presented. 
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Uusiutuvaan energiaan pohjautuva energiajärjestelmä kohtaa haasteita energian varastoin-

tiin ja käyttöön liittyen uusiutuvien energialähteiden ollessa jaksottaisia ja kausittaisia. 

Tuuli- ja aurinkosähköntuotannot ovat vaihtelevia ja vaikeasti ennustettavissa, joten voi-

majärjestelmä tulee tarvitsemaan sähköenergiavarastoja taatakseen tasapainon tuotannon ja 

kulutuksen välillä. Vedyn potentiaali piilee sen kyvyssä varastoida kemiallista energiaa ja 

toimia energiankantajana sekä teollisuuden raaka-aineena. Vetyä voidaan käyttää myös 

biopolttoaineiden valmistuksessa. Vedyn palaessa vapautuva energiamäärä massayksikköä 

kohden on suurempi kuin millään muulla polttoaineella sen ylemmän lämpöarvon ollessa 

39,4 kWh/kg. Vaikka vety onkin maailmankaikkeuden yleisin alkuaine, maapallolla vetyä 

esiintyy lähinnä kemiallisissa yhdisteissä kuten vedessä. Vety ei siis ole primäärienergian-

lähde vaan sitä on tuotettava. Valtaosa vedystä tuotetaan fossiilisista polttoaineista, eritoten 

maakaasua reformoimalla, ja vain noin 4 % vedystä tuotetaan elektrolyyttisesti vettä hajot-

tamalla. Veden elektrolyysin ja uusiutuvan energiantuotannon yhdistäminen saa osakseen 

kasvavaa kiinnostusta muodostuvan energiajärjestelmän kestävyyden ja kasvavan jousta-

vuuden ansiosta. Yleisin vedyn varastointimenetelmä on paineistettuna kaasuna, sillä huo-

neen lämpötilassa ja normaalipaineessa vedyn energiatiheys tilavuusyksikköä kohden on 

alhainen, ja paineistus säiliöön on menetelmänä kustannus- ja energiatehokas lataus- ja 

purkauskertojen kasvaessa. Paineistettu vety mahdollistaa suurempien energiamäärien va-

rastoinnin akkuteknologioihin verrattuna ja lisäksi energiaa voidaan varastoida pidemmäk-

si aikaa, jopa useiksi viikoiksi. 

 

Tässä työssä kuvataan veden elektrolyysiin liittyvä termodynamiikka ja sähkökemia. Kes-

keiset veden elektrolyysiteknologiat esitellään ja teknologioiden kehitys sekä tämänhetki-

nen tila arvioidaan. Lisäksi työssä esitellään Lappeenrannan teknillisen yliopiston tuleva 

vetyinfrastruktuuri. Työssä spesifioidaan veden elektrolyysin laboratoriolaitteisto ja sen 

käyttöönottoon vaikuttavat tekijät Suomessa.  
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SYMBOLS AND ABBREVIATIONS 

 

Roman letters 

 

C   concentration 

Cp   specific mass heat capacity 

E   energy consumption 

F   Faraday constant 

G   Gibbs free energy 

H   enthalpy 

I   current 

M   molarity 

P   power 

Q   quantity of electric charge 

R   universal gas constant 

Ri   resistance, i 

S   entropy 

T   temperature 

U   voltage 

V   volume 

i   current density 

�̇�   mass flow 

p   pressure 

z   number of moles of electrons transferred in a reaction 

 

Greek letters 

 

α   charge-transfer coefficient 

δ   thickness 

ε   void fraction 

ρ   density 

σ   conductivity 

 

Subscripts 

 

HHV   higher-heating-value 

a   anode    

act   activation 

c   cathode 

con   concentration 

d   diffusion 

el   electrolyte 

lim   limiting 

m   gravimetric 

max   maximum 

ohm    ohmic 

rev   reversible   

s   specific 

tn   thermoneutral 

v   volumetric 
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Acronyms 

 

AC   alternating current 

ASTM   American Society for Testing and Materials 
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CAES   compressed air energy storage 
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FCR-D   Frequency Containment Reserve for Disturbances 

FCR-N   Frequency Containment Reserve for Normal operation 

FRR-A   Automatic Frequency Restoration Reserve 

FRR-M  Manual Frequency Restoration Reserve 

GTO   gate turn-off thyristor 

HHV   higher-heating-value 

HIL   hardware-in-loop 

IGBT   insulated gate bipolar transistor 

ISO   International Organization for Standardization 

LFPS   line frequency power supply 

LHV   lower-heating-value 

MEA    membrane electrode assembly 

MOSFET  metal-oxide field effect transistor 

MPPT   maximum power point tracking 

PEM   proton exchange membrane (or polymer electrolyte membrane) 

PGM   platinum-group metal 

PHS   pumped hydro storage 

PV   photovoltaic 

RMS   root mean square 

RPS   resonant power supply 

SNG   substitute natural gas 

SOE   solid oxide electrolyte 

SOFC   solid oxide fuel cell 

SMR   steam methane reforming 

SPS   switching power supply 

URFC   unitized regenerative fuel cell 

YSZ   yttria-stabilized zirconia 
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1. INTRODUCTION 

Decarbonization refers to the act of reducing or eliminating carbon dioxide emissions by 

substituting fossil fuels by renewable energy resources—by natural resources which oper-

ate indefinitely without emitting additional greenhouse gases. These renewable energy re-

sources include hydropower, biomass & waste, wind energy, solar energy, and geothermal 

energy. Nuclear power generation can provide nuclear energy in large quantities without 

CO2 emissions. However, nuclear power has faced, and will likely continue to face, heated 

debate due to the potential long-lasting environmental impacts. The 1986 Chernobyl nucle-

ar disaster sparked Italy to abandon nuclear power and Germany finalized its decision to 

end the use of nuclear energy after the 2011 Fukushima disaster. Nuclear power is not typ-

ically regarded as a sustainable renewable energy resource. 

 

Globally, the challenge is to ensure energy availability and to preserve the environment. 

And this is to be achieved when the global energy demand is expected to increase by a fac-

tor of two and meanwhile CO2 emissions should be reduced by more than a half by 2050 

compared to the 1990 levels. CO2 emissions are globally the dominating greenhouse gas 

source as illustrated in Fig. 1.1. 
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Fig. 1.1 World greenhouse gas emissions in 2005 (Herzog 2009). 

In 2005, CO2 emissions accounted for 77 % of the world’s greenhouse gas emissions. Elec-

tricity & heat is the main energy sector contributing to the global CO2 emissions with the 

final energy consumption of residential and commercial buildings being the dominating 

end use category. Transportation and industry sectors are also major contributors to the 

global CO2 emissions. Cement, chemical, and iron & steel industries are the largest single 

contributors to CO2 emissions in the industry sector. China, United States, and the EU-28 

area are the three major contributors to greenhouse gas emissions. 

 

In 2009, the European Union and the G8 announced an objective to reduce greenhouse gas 

emissions by at least 80 % below 1990 levels by 2050. In developed economies the 2050 

target may vary in the range of 80–95 % (ECF 2010). Practically, this requires a transition 

to a nearly fully decarbonized power sector. EU member countries have set legally binding 

targets for increasing the share of renewable energies by 2020 and are also committed to 

targets set for 2030. For EU-28 countries the share of renewable energy in gross final ener-

gy consumption was 14.1 % in 2012, while the target set for 2020 is 20 %. Finland has 

agreed to achieve 38 % share by 2020, while this share was 34.3 % in 2012 (Eurostat 

2014a). 85 % of Finland’s primary production of renewable energy originates from bio-



 

 

7 

 

mass & waste (Eurostat 2014b). The share of renewable energy in fuel consumption of 

transport in Finland in 2012 was only 0.4 % (Eurostat 2014c). 

 

Finland, the EU-28 countries, and the rest of the world still have a long way to go to 

achieve nearly fully decarbonized power sectors. In order to ensure energy availability, in-

crease sustainability, and achieve the goals set for 2050, plans and actions to increase the 

share of wind and solar power generation have gained worldwide interest. The historical 

development of installed wind and solar photovoltaic (PV) capacity worldwide is illustrat-

ed in Fig. 1.2. 

 

(a) 

 

(b) 

Fig. 1.2 Global cumulative installed (a) wind (GWEC 2015) and (b) solar PV capacity (Fraunhofer ISE 

2015a). The label texts indicate the increase in installed capacity in percentage. 



 

 

8 

 

From 2007 to 2013, the installed solar PV capacity has increased by a factor of 15—

resulting in a total capacity of 138.9 GW. At the same time the solar PV module price has 

decreased by a factor of five (Fraunhofer ISE 2015a). Since 1980, the price of PV modules 

has followed a price experience curve with an average learning rate of 20.9 % (Fraunhofer 

ISE 2015a). The learning rate describes the cost decrease for each doubling of the cumula-

tive capacity. The increase of wind capacity has not been as rapid and sudden, but still fol-

lows a trend of exponential growth. The average learning rate for the price of wind farms 

has been estimated to be 15–23 % (Junginger et al. 2005).  

 

Naturally, wind and solar PV power generation are highly intermittent and seasonal, varia-

ble on multiple time scales. And this creates challenges related to electricity generation and 

transmission. Conventional power grids operate in such a way that electricity is consumed 

at the same time as it is generated. This means that supply and demand of electricity have 

to be in balance in order to preserve the grid stability. Increasing the share of intermittent, 

uncontrollable, and unpredictable renewable power generation will eventually result in 

power generation which cannot guarantee the availability and flexibility that the power 

system requires. This increases the risk of imbalances in the power system. The intermit-

tent nature of wind and solar PV power generation in Germany is illustrated in Fig. 1.3(a). 

Finland’s load profile and net imports are illustrated in Fig. 1.3(b). 
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(a) 

 

(b) 

Fig. 1.3 (a) Wind power generation, solar PV power generation, conventional power generation (> 100 MW), 

load, and spot prices in Germany in August 2014 (Fraunhofer ISE 2015b). Windy weather and erroneous 

projection of load caused the day-ahead spot price to plummet to -59.01 €/MWh on Sunday 17.8.2014. And 

(b) Finland’s load profile, net import, and day-ahead spot price in August 2013 (NPS 2015a). 

As shown in Fig. 1.3(a), the unpredictability of wind and solar power generation can even 

introduce negative spot prices, if renewable generation is unexpectedly high. On the other 

hand, less than projected renewable generation during large load demand can increase the 

price of electricity significantly. Annually, Finland imports around a fifth of its electrical 

energy, and the spot price is dependent on the supply and demand balance in the Nordic 

countries (Nord Pool Spot market). Hydro power accounts for around half of the annual 

electricity demand of the Nordic countries, and thus supply is affected by the annual rain 

and snow fall (NPS 2015b). 
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Additionally to being unpredictable, the increased share of intermittent renewable genera-

tion will eventually contribute to the amount of surplus production. Transmission network 

interconnections then limit how much of the surplus electricity can potentially be exported. 

To secure that the supply always meets the demand, the renewable power generation could 

be designed for overcapacity. The generation can be distributed to a wider area in order to 

minimize the effect of regional weather conditions—surplus energy from one region could 

be distributed to regions with higher demand. But this solution requires costly transmission 

grid expansions and cannot still be dependable at all times. 

 

The fluctuating wind and solar PV power generation, characterized by rapid changes and 

high peaks, would require conventional generators to operate with increased flexibility to 

stabilize grid frequency. Generators participating in the grid frequency containment as 

spinning reserves either increase or decrease their output according to demand. Increasing 

the share of undependable capacity would require the conventional generators to increase 

their output margins and compromise their energy efficiency. On the demand side, con-

sumers could be attracted off the on-peak hours in order to decrease highest peaks in de-

mand. As an example of this demand-side management, if consumer’s electricity price 

would be defined by their maximum consumption and additionally by the consumption 

during on-peak hours, consumers would have a financial incentive to shift their consump-

tion to off-peak hours.  

 

As the share of renewable wind and solar PV energy increases, the power system reaches a 

point where optimization of flexibility management cannot secure the supply on multiple 

time scales—daily, weekly, and seasonally. Thus, the inadequate flexibility creates a need 

for electrical energy storage technologies. Electrical energy storages can provide back-up 

power when intermittent renewables are not producing energy. And additionally, electrical 

energy storages can utilize the surplus production. Extensive storage of surplus production 

is one potential factor decreasing and stabilizing the cost of renewable electricity in the fu-

ture. Energy storages also contribute to the grid stability and energy availability. 

 

Electrical energy storage technologies can be characterized based on the form of energy 

used; chemical, electrical (capacitors and coils), electrochemical (secondary and flow bat-

teries), mechanical, and thermal storages. Mechanical storage systems include compressed 

air energy storages (CAES), flywheels, and pumped hydro storages (PHS). In 2012, ap-
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proximately 128 GW of electrical energy storage capacity was installed around the world 

and 99 % of that capacity was PHS (Decourt et al. 2014). Comparison of different chemi-

cal, electrochemical, and mechanical energy storage technologies is presented in Fig. 1.4. 

 

Fig. 1.4 Capacity and discharge time of renewable energy storage systems (Specht 2009). 

The different storage technologies don’t necessarily compete with each other, but rather 

can fulfil requirements of different applications. Flywheels, which store rotational energy, 

can be used for brief (seconds to minutes) storage of electricity, for example in industrial 

power quality applications. Batteries are able to store electrical energy on a time scale of 

hours and can be, depending on the characteristics of the battery technology (power densi-

ty, energy density, lifetime, discharge time etc.), used for various applications. For exam-

ple, German energy company WEMAG deployed a 5 MWh Li-Ion battery storage system, 

which is used in the primary regulating energy market in Germany to stabilize grid fre-

quency (Younicos 2015).  

 

For medium to long discharge time storage, PHS is a mature and well-established technol-

ogy capable of storing energy in large capacities. However, for seasonal storage of large 

capacities of energy a concept often referred to as Power-to-Gas has shown increasing in-

terest. The principle of Power-to-Gas is to first decompose water into hydrogen and oxy-

gen by water electrolysis using renewable electrical energy, and then use carbon dioxide 

and hydrogen to create synthetic natural gas (SNG) CH4. The SNG, or methane, can be 

used in various applications, for example as a fuel in the mobility sector or reconverted in-

to electricity in combined-cycle gas turbines (CCGT). However, due to the multiple con-

version steps the round-trip efficiency is low in Power-to-Gas technologies. Comparison of 
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electrical energy storage technologies based on round-trip efficiency and invest cost is il-

lustrated in Fig. 1.5. 

 

  

(a) (b) 

Fig. 1.5 Comparison of different storage types. (a) Round-trip efficiency and storage cycle time of different 

electricity storage types. (b) Power vs. energy-specific invest cost (ETOGAS 2013). 

The volumetric energy density of methane is high and existing natural gas infrastructure 

could be used to transport and store methane. Hydrogen, on the other hand, is the most 

abundant element in the universe and has the highest energy density of any fuel on a mass 

basis. However, hydrogen also forms the smallest and lightest molecule of any gas, and on 

a volume basis, the energy density is around a third of methane’s (Lehner et al 2014). But 

hydrogen’s potential can be seen in its versatility—hydrogen could be stored and recon-

verted into electricity and heat, used in methanation, used as a fuel in the mobility sector, 

or used as a feedstock for the chemical industry. 

 

Even though the energy density of hydrogen on a volume basis is not as high as methane’s, 

it’s still higher compared to other bulk-electricity-storage technologies. And due to hydro-

gen versatility as an energy carrier, chemical storage provides multiple possibilities besides 

storing electrical energy at grid-scale or in distributed, independent electricity generation. 

Water electrolysis could help to integrate the electricity sector into the heating and trans-

portation sectors thus decreasing the CO2 emissions in those sectors. In the long-term hy-

drogen-based energy conversions could potentially be in an essential role as the EU-28 

member states progress towards decarbonized energy systems. Interestingly, a recent study 

claimed that a 100 % renewable resources -based energy system, supported by electrical 
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energy storage technologies, will become the least-cost option in North-East Asia by 2025 

(Breyer et al. 2014). Understanding of water electrolyser systems, their integration into re-

newable power generating systems, and the required interaction with the power grid is 

needed. 

1.1 Objectives of the work 

The objective of this thesis is to describe the thermodynamics and electrochemistry associ-

ated with water electrolysis and compare the main water electrolyser technologies. This 

thesis aims to review the present state hydrogen production by water electrolysis, how wa-

ter electrolysis can be integrated into renewable power generating systems, and describe 

the global role of hydrogen and the possibilities that hydrogen-based energy conversions 

can enable. The literature review section aims to provide the grounds for Lappeenranta 

University of Technology’s Laboratory of Control Engineering and Digital Systems to start 

experimental research in the field of water electrolysis and Power-to-Gas. Finally, this the-

sis provides the initial design of a Power-to-Hydrogen laboratory setup for Lappeenranta 

University of Technology. 

1.2 Outline of the thesis 

Chapter 2 explains the basic theory of water electrolysis, describes the associated thermo-

dynamics and electrochemistry, and presents the various ways to express the efficiency of 

a water electrolysis process. Steady-state MATLAB simulations are provided to illustrate 

the addressed scientific laws. 

 

Chapter 3 presents the main water electrolysis technologies with state-of-the-art specifica-

tions. The maturity and industrial suitability of the main water electrolysis technologies is 

analysed based on literature review. Key performance indicators associated with different 

water electrolysis processes are analysed. 

 

Chapter 4 addresses the current global state of hydrogen production and the end-use of 

hydrogen. The role of water electrolysis is analysed based on literature review and visits to 

electrolytic hydrogen producers in Germany and Finland. The Power-to-Gas concept is 

presented and possibilities for the use of electrolytic hydrogen and oxygen are analysed. 

Finally, the main hydrogen storage technologies are described. 
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Chapter 5 focuses on the integration of water electrolysis processes and renewable power 

generating systems. The different applications for water electrolysis are presented and the 

suitability of water electrolysis processes to participate in the electric grid frequency con-

trol processes is discussed. This chapter is concluded by the description of the different 

power supply configurations of the water electrolyser systems. 

 

Chapter 6 is dedicated to the factors concerning the design of electrolytic hydrogen pro-

duction facilities. Hydrogen safety as well as directives and legislation concerning hydro-

gen generation using the water electrolysis process in Finland are discussed. 

 

Chapter 7 discusses proposals for future work and research. 

 

Chapter 8 summarizes the topics discussed in this thesis.  
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2. FUNDAMENTALS OF WATER ELECTROLYSIS 

The principle of water electrolysis is to pass a direct current between two electrodes im-

mersed in an electrolyte. Hydrogen is formed at the cathode and oxygen at the anode (posi-

tive terminal). The production of hydrogen is directly proportional to the current passing 

through the electrodes. More commonly, Michael Faraday’s laws of electrolysis state that 

(Sundholm et al. 1978): 

1. The mass of a substance altered at an electrode during electrolysis is directly pro-

portional to the quantity of electricity Q transferred. 

2. For a given quantity of electric charge Q, the mass of an elemental material altered 

at an electrode is directly proportional to the element’s equivalent weight. The 

equivalent weight of a substance is equal to its molar mass divided by the change 

in oxidation state it undergoes upon electrolysis. 

The electrodes should be resistant to corrosion, have a good electric conductivity, exhibit 

good catalytic properties and show a suitable structural integrity. Furthermore, the elec-

trodes should not react with the electrolyte (Ursúa et al. 2012a). The overall chemical reac-

tion of water electrolysis without required thermodynamic energy values can be written as 

 
H2O (l) → H2(g) +

1

2
O2 (g). (2.1) 

Implementation of a diaphragm or separator is required to avoid recombination of the hy-

drogen and oxygen to preserve efficiency and safety. The electrodes, the separator, and the 

electrolyte form the electrolytic cell. Water electrolysers and fuel cells use similar technol-

ogy, and the process in fuel cells is the reverse; hydrogen is converted into electricity and 

heat. In general, water electrolysers are more efficient than fuel cells (Decourt et al. 2014).  

2.1 Thermodynamics 

In water electrolysis, electrical and thermal energy are converted into chemical energy, 

which is stored in hydrogen. The energy required for the reaction described in (2.1) to take 

place is the enthalpy of formation of water ∆H. Only the free energy of this reaction, called 

Gibbs free energy change ∆G, has to be supplied to the electrodes in the form of electrical 

energy (McAuliffe 1980). The remainder is thermal energy, which is the product of pro-
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cess temperature T and entropy change ∆S. Enthalpy change can be expressed as (Bard & 

Faulkner 1980) 

 
∆𝐻 = ∆𝐺 + 𝑇∆𝑆 = 𝑧𝐹 [𝑇 (

𝜕𝑈rev

𝜕𝑇
)

𝑝
− 𝑈rev], (2.2) 

where z (for hydrogen, z = 2) is the number of moles of electrons transferred in the reac-

tion, F the Faraday constant (96485.3365 C/mol), Urev the reversible voltage, and p the 

prevailing pressure (Pa). The reversible cell voltage Urev is the lowest required voltage for 

the electrolysis to occur and is also known as the equilibrium cell voltage, or the electro-

motive force. The electrical work done by an electrolytic cell is equal to the free energy 

change occurring (at constant temperature and pressure and positive electromotive force) 

 ∆𝐺 = −𝑧𝐹𝑈rev. (2.3) 

Without thermal energy—heat generation or absorption—the minimum voltage required 

for water decomposition is the thermoneutral voltage Utn. At the standard ambient tempera-

ture and pressure (T = 298.15 K, p = 1 bar), the calculated reversible and thermoneutral 

cell voltages are Urev = 1.23 V and Utn = 1.48 V (∆G = 237.21 kJ/mol, ∆S = 0.16 kJ/mol∙K, 

∆H = 285.84 kJ/mol). The idealized effect of temperature on the cell voltages is illustrated 

in Fig. 2.1 (Tilak et al. 1981). 

 

Fig. 2.1 Cell potential for ideal electrolytic hydrogen production as a function of temperature. The presented 

temperature range is 25 °C to 250 °C. The green line represents the reversible cell voltage Urev and the red 

line corresponds to the thermoneutral voltage Utn. 
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As the electrolyte temperature increases, the ideal voltage required to pull water molecules 

apart decreases. If the cell potential is under the reversible voltage, hydrogen generation is 

impossible. The thermoneutral voltage is the actual minimum voltage that has to be applied 

to the electrolytic cell; below this voltage the electrolysis is endothermic, above it is exo-

thermic and waste heat is produced. If the reaction would take place in the orange-shaded 

area (Fig. 2.1), the efficiency would be 100 %, and water splitting would take place by ab-

sorbing heat from the environment. Ideal cell potentials with illustrative cell efficiencies 

and hydrogen production rates are illustrated in Fig. 2.2. 

 

Fig. 2.2 Illustrative cell efficiency and H2 production rate as a function of cell voltage (Decourt et al. 2014). 

The ideal cell efficiency is inversely proportional to the voltage, when operating above the 

thermoneutral voltage. The ideal hydrogen production rate is directly proportional to the 

transfer rate of charge (Ursúa et al. 2013). The ideal single cell efficiency increases as 

voltage decreases. Different definitions for water electrolyser efficiencies are further dis-

cussed in Subsection 2.3. 

Vapour pressure is the pressure exerted by a pure component at equilibrium, at any tem-

perature, when both liquid and vapour phases exist. Vapour pressure can be calculated 

from the Antoine equation (Speight 2005) 

 
log 𝑝∗ = 𝐴 −

𝐵

𝑇 + 𝐶
, (2.4) 
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where p* is the vapour pressure of a pure component. Estimated parameters A, B, and C for 

pure water are presented in Table 2.1. 

Table 2.1 Estimated Antoine equation parameters for pure water. Calculated vapour pressure is in bar. 

A B C Tmin [°C] Tmax [°C] 

5.1962 1730.63 233.426 1 100 

5.2651 1810.94 244.485 99 374 

By using (2.4) the calculated vapour pressure of pure water is illustrated in Fig. 2.3. 

 

Fig. 2.3 Vapour pressure of pure water as a function of temperature. Temperature ranges from 1 °C to 

374 °C. 

For aqueous water electrolysis, the reversible voltage can be written as a function of tem-

perature and pressure (LeRoy et al. 1980) as 

 
𝑈rev(𝑇, 𝑝) = 𝑈rev(𝑇) +

𝑅𝑇

𝑧𝐹
ln [

(𝑝 − 𝑝v)1.5𝑝v
∗

𝑝v
], (2.5) 

where R is the universal gas constant (8.3144621 J∙mol-1∙K-1), pv the vapour pressure of the 

electrolyte solution (atm), and pv
* the vapour pressure of purified water (atm). Urev(T) can 

be expressed according to (LeRoy et al. 1980) and (Tilak et al. 1981) as follows 

 𝑈rev(𝑇) = 1.5184 − 1.5421 ∙ 10−3𝑇 + 9.523 ∙ 10−5𝑇 + 9.84 ∙ 10−8𝑇, (2.6) 

where temperature is in degrees Kelvin.  The effect of pressure on the reversible cell volt-

age—calculated using (2.5) and (2.6)—is illustrated in Fig. 2.4. 
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Fig. 2.4 Reversible voltage as a function of pressure at temperatures T = 25 °C, T = 75 °C, and T = 100 °C in 

aqueous water electrolysis.  Calculations are for 30 wt% KOH electrolyte which has an electrolyte molality 

of 7.64 mol/kg. 

At T = 25 °C, the reversible voltage increases approximately 7 % as the pressure changes 

from 1 to 100 bar. For the equal increase in pressure, the increases in reversible voltage for 

temperatures of 75 °C and 100 °C are 9 % and 12 %, respectively. The influence of pres-

sure and temperature on the reversible voltage has also been calculated in (Onda et al. 

2004) and (Roy et al. 2006). 

 

Before expressing the influence of pressure and temperature on the thermoneutral voltage, 

it is necessary to introduce the higher-heating-value voltage UHHV. In a water electrolysis 

system, the heat losses reflect the energy losses and may be described by comparing the 

cell voltage with the higher-heating-value voltage. Higher-heating-value voltage as a func-

tion of temperature can be written according to (LeRoy et al. 1980) and (Roy et al. 2006) 

as follows 

 𝑈HHV = 1.4756 + 2.252 ∙ 10−4𝑇 + 1.52 ∙ 10−8𝑇2, (2.7) 

where the temperature is in degrees Celsius. Tilak et al. (1981, p. 15) wrote (2.7) as a func-

tion of temperature in degrees Kelvin. Thermoneutral voltage can be expressed as (LeRoy 

et al. 1980) 

 
𝑈tn = 𝑈HHV +

1.5𝑝w𝑌

(𝑝 − 𝑝w)𝑧𝐹
, (2.8) 

where 
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𝑌 = 42960 + 40.762𝑇 − 0.06682𝑇2  (

J

mol
), (2.9) 

where the temperature is in degrees Celsius. According to LeRoy et al. (1980, p. 1958) 

(2.9) is applicable over the temperature range of 25 °C ≤ T ≤ 220 °C.  

 

The influence of pressure and temperature on the thermoneutral and higher-heating-value 

voltages is presented in Fig. 2.5. 

  

(a) (b) 

Fig. 2.5 Voltage behaviour as a function of pressure at temperatures of T = 25 °C, T = 75 °C, and T = 100 °C. 

Calculations are for 30 wt% KOH electrolyte. (a) Thermoneutral voltage and (b) higher-heating-value volt-

age. 

As pressure increases, the thermoneutral voltage decreases, however, only slightly at the 

standard ambient temperature of 25 °C. This suggests that pressurised water electrolysis 

would be favourable if the electrolysis takes place under well-insulated conditions. As op-

posed to the idealized cell voltages presented in Fig. 2.1, the temperature dependence pre-

sented in (LeRoy et al. 1980) implies that the thermoneutral voltage increases more notice-

ably with the increasing temperature, since the total energy requirement must include the 

amount of energy required to heat the feedwater from 25 °C up to T °C. This temperature 

dependence was later referred to in (Roy et al. 2006).  The higher-heating-value voltage 

depends on pressure, however, only slightly. Roy et al. (2006, p. 1966) calculated that 

UHHV at 75 °C decreases 0.4 % when pressure changes from 1 atm up to 700 atm. 

2.2 Electrochemistry 

In electrolytic hydrogen production, the cell voltage increases with increasing reversible 

voltage. This is mainly caused by overvoltages and parasitic currents, which generate ener-
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gy losses and limit the cell efficiency. The cell voltage is the sum of the reversible voltage 

and additional overvoltages appearing in the cell (Ursúa et al. 2012a) 

 𝑈cell = 𝑈rev + 𝑈ohm + 𝑈act + 𝑈con, (2.10) 

where Ucell is the cell voltage, Uohm the overpotential due to ohmic losses in the cell ele-

ments, Uact the activation overvoltage, and Ucon refers to the concentration overvoltage. 

The ohmic losses in water electrolysis are related to wastage of electrical energy in the 

form of heat formation according to the Ohm’s law and are proportional to the electric cur-

rent. The opposition of the ions flow of the electrolyte, the formation of the gas bubbles on 

the electrode surfaces, and the diaphragm are also a part of the electrical resistance. The 

dominant ohmic losses are the ionic losses caused by the electrolyte. For alkaline electroly-

sis, the area specific ionic resistance can be calculated from (Milewski et al. 2014) 

 
𝑟ion𝑠 =  

𝛿el

𝜎𝑒𝑙(𝑇, 𝑀)
, (2.11) 

where δel is the thickness of the electrolyte layer and σel the ionic conductivity of the alka-

line solution as a function of temperature T and molarity M. In proton exchange membrane 

(PEM) electrolysis, the ionic losses are calculated similarly to (2.11) by dividing the mem-

brane thickness by the conductivity of the membrane (García-Valverde et al. 2012). 

The activation voltage is overvoltage in the electrodes caused by the electrode kinetics. 

Even when the necessary reversible voltage is supplied, the electrode reactions are at zero 

or inherently slow. The charge between the chemical species and the electrodes has to be 

overcome and it depends on the catalytic properties of the electrode materials. The anodic 

half-reaction produces a higher activation overvoltage (Uact,a) than the half-reaction at the 

cathode (Uact,b). The activation overvoltage is nonlinear with respect to the electric current 

passing through the cell and can be calculated from the Butler-Volmer equation (Milewski 

et al. 2014) 

 
𝑖 = 𝑖0 [𝑒(

𝛼a
𝑅𝑇

𝑧𝐹𝑈act,a) − 𝑒(
𝛼c
𝑅𝑇

𝑧𝐹𝑈act,c)], (2.12) 

where i is the current density, i0 the exchange current density, and αa/c the charge-transfer 

coefficients. The charge-transfer coefficients describe the share of the energy barrier be-

tween the electrodes and are dependent on the temperature. The exchange current density 
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is strongly dependent on the materials and the geometry of the electrodes. The Butler-

Volmer equation can be approximated using the logarithmic Tafel equation (Hammoudi et 

al. 2012) 

 
𝑈act,a/c = 2.3026

𝑅𝑇

𝑧𝐹𝛼a/c
log (

𝑖

𝑖0
). (2.13) 

The last term of the sum (2.10), the concentration voltage Ucon, is caused by mass transport 

processes. Transport limitations reduce reactant concentration of the products in the inter-

face between the electrode and the electrolyte. Usually, the concentration overvoltage is 

much lower than Uohm and Uact (Ursúa et al. 2012a). Exemplary overvoltages excluding the 

concentration overvoltage are illustrated in Fig. 2.6. 

 

Fig. 2.6 Exemplary overvoltages as a function of current density in alkaline electrolysis at T = 75 °C and p = 

30 bar. Main parameters used in simulation are presented in Appendix 1. Concentration overvoltage Ucon was 

not included in simulations. 

The overvoltages presented in (2.10) can be expressed as related resistances. These re-

sistances can then be presented in a corresponding electrical circuit of series connected re-

sistances illustrated in Fig. 2.7. 

 

Fig. 2.7 A simplified circuit analogy of a water electrolysis system (Zeng & Zhang 2010). 

Rbubble,O2R1 Ranode Rions Rbubble,H2 R’1Rmembrane Rcathode

+ -

e
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R1 and R’1 are the electrical resistances of the wirings and connections at the anode and 

cathode, respectively. Ranode and Rcathode originate from the overpotentials of the oxygen and 

hydrogen evolution reactions on the surfaces of the electrodes. Rbubble,O2 and Rbubble,H2 are 

the resistances due to gas bubble formation, which hinder the contact between the elec-

trodes and the electrolyte. Rions and Rmembrane resistances originate from the electrolyte 

(Zeng & Zhang 2010).  

2.2.1 Transport resistances 

Convective mass transfer plays an essential role in the ionic transfer, heat dissipation and 

distribution, and gas bubbles’ behaviour in the electrolyte. The viscosity and flow field of 

the electrolyte determine the ionic mass transfer, temperature distribution and bubble sizes, 

bubble detachment and rising velocity, and hence influence the current and potential distri-

butions in the electrolytic cell. During the water electrolysis process the concentration of 

the electrolyte increases resulting in increased viscosity. Water is usually continuously 

added to the system to maintain a constant concentration of the electrolyte. Greater mass 

transfer results in greater reaction rates, but on the downside leads to increased gas bubble 

formation, which can hinder the contact between the electrodes and the electrolyte. Depar-

ture of the gas bubbles can be accelerated by recirculating the electrolyte. This recircula-

tion also evens the concentration levels in the electrolyte, thus aiding to prevent additional 

overvoltages from occurring. Furthermore, the circulation of the electrolyte distributes heat 

more evenly (Zeng & Zhang 2010). 

2.2.2 Bubble phenomena 

Situation, in which forming gas bubbles in a water electrolysis system cannot be removed 

rapidly enough, can lead to high overpotential. Thus, identifying the effect that gas bubble 

formation has on energy consumption is essential in optimization of water electrolysis sys-

tems. In water electrolysis, the formed bubble layer adjacent to electrode consists of two 

layers; 1) bubbles covering the electrode surface and 2) rising bubbles dispersing in elec-

trolyte. On the electrode surface, bubbles grow gradually until a critical size is reached, 

which causes disengagement from the electrode surface. Bubbles absorbed on the anode 

and cathode cover active areas disturbing current distribution and reduce efficient areas 

(Wang et al. 2014). The gas bubbles on the surface of the electrodes locally increase the 

electrical resistance due to the lower conductivity of the gas with respect to the electrolyte. 
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This decrease in electrical conductivity can be calculated using the approximation pro-

posed by Bruggeman (Milewski et al. 2014) 

 𝜎𝜀

𝜎0
= (1 − 휀)1.5, (2.14) 

where σ0 is the conductivity in the bubble-free electrolyte, σε the conductivity in presence 

of gas bubbles, and ε the void fraction in the electrolyte. The void fraction—a measure of 

the volume of voids in the total volume of the electrolyte—of hydrogen and oxygen gas is 

proportional to the current, the diameter of the bubble, rising velocity of the bubble, and 

the geometry of the electrode (Tangphant et al. 2014). In alkaline water electrolysis, e.g. 

the so-called zero-gap cell geometries can reduce the bubble formation and thus potentially 

improve the cell efficiency. In the zero-gap design, the distance between the electrode and 

the diaphragm is minimized (Hammoudi et al. 2012). Increasing the operating pressure will 

decrease the diameter of the bubbles, which increases the effective areas on the surface of 

the electrodes. Increasing the current density will increase the formation of bubbles, since 

according to the Faraday’s laws of electrolysis, the hydrogen production rate is directly 

proportional to the current. 

2.3 Electrolyser efficiency and performance 

There are number of ways to express the efficiency of electrolysis depending on the as-

sessment in question. Voltage efficiency ηvoltage of an electrolytic cell can be calculated 

from (Zeng & Zhang 2010) 

 
𝜂voltage =

𝑈anode − 𝑈cathode

𝑈cell
, (2.15) 

where Uanode is the potential at the anode and Ucathode  the potential at the cathode. The 

thermal efficiency ηthermal can be calculated from Gibbs free energy and enthalpy change as 

(Zeng & Zhang 2010) 

 
𝜂thermal =

∆𝐻

∆𝐺 + 𝐿𝑜𝑠𝑠𝑒𝑠
=

𝑈tn

𝑈cell
, (2.16) 

Faraday efficiency or current efficiency ηF, which it describes the parasitic current losses 

along the gas ducts, is defined as the ratio between the actual and theoretical maximum 

amount of hydrogen produced in the electrolyser (Ulleberg 2003). Using the Faraday effi-
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ciency and assuming that the same current Icell flows through every electrolytic cell, the 

hydrogen production rate fH2 in Nm3/h (normal cubic meters per hour) can be expressed as 

(Ursúa et al. 2012a) 

 
𝑓H2 = 𝜂F

𝑁cell𝐼cell

𝑧𝐹

22.41

1000
3600, (2.17) 

where Ncell is the number of cells in the electrolysis module and Icell the cell current. Vol-

ume 22.41 l corresponds to the volume occupied by one mole of ideal gas at standard tem-

perature and pressure. One essential term related to hydrogen production rate is the specific 

energy consumption Es, which can be calculated for a given time interval ∆t by (Ursúa et 

al. 2012a) 

 

𝐸s =
∫ 𝑁cell𝐼cell𝑈cell𝑑𝑡

∆𝑡

0

∫ 𝑓H2𝑑𝑡
∆𝑡

0

. (2.18) 

This specific energy consumption takes into account only the electrolysis process. There-

fore, for comprehensive system performance review the energy consumption of the auxilia-

ry equipment in the system should be included in the calculation. Finally, based on the 

specific energy consumption the electrolyser efficiency ηE can be calculated from (Ursúa et 

al. 2012a) 

 
𝜂E =

HHVH2

𝐸s
, (2.19) 

where HHVH2 is the higher-heating-value of hydrogen (at the standard ambient tempera-

ture and pressure HHVH2 = 3.54 kWh/Nm3 = 39.4 kWh/kg). The higher-heating-value as-

sumes that all the heat from water can be recovered by restoring the water temperature 

back to its initial ambient state—all energy absorbed by water is thus regarded as potential-

ly useful. Liquid water is usually used as a feedstock in water electrolysis, and therefore 

the energy required to evaporate water should be taken into account. The lower-heating-

value of hydrogen is 33.3 kWh/kg, which excludes the heat of water vaporization. LeRoy 

et al. (1980, p. 1959) asserted that the water electrolyser efficiency is often calculated by 

dividing the higher-heating-value voltage by the observed voltage 

 
𝜂E =

𝑈HHV

𝑈cell
. (2.20) 
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Using (2.20), the water electrolyser efficiency can be calculated at different temperatures 

and pressures for an exemplary alkaline electrolyser. The cell voltage is estimated by cal-

culating the reversible voltage at each point and adding estimated corresponding activation 

and ohmic overpotentials. Resulting efficiencies are illustrated in Fig. 2.8. 

 

Fig. 2.8 Simulated alkaline electrolyser cell efficiency (HHV) with varying temperature and pressure with a 

constant current density i = 0.2 A/cm2.  Efficiency is not simulated at points where the prevailing pressure is 

lower than the vapour pressure of pure water. 

The estimated cell efficiency map shows that efficiency increases with the increasing tem-

perature. The estimated efficiency appears to be highest closer to the vapour pressure of 

water at temperatures 100–220 °C.  Based on the higher-heating-value of hydrogen (39.4 

kWh/kgH2), the efficiencies of 75 % and 90 % would correspond to specific energy con-

sumptions of 53 kWh/kgH2 and 44 kWh/kgH2, respectively. Efficiency of power condition-

ing, feedwater pumping, and compression was not included in efficiency simulations in 

Fig. 2.8. The pressurised operation is further discussed in Subsection 3.4.3. Cell efficien-

cies at different temperatures and current densities are presented in Fig. 2.9. 
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Fig. 2.9 Simulated alkaline electrolyser cell efficiency with varying temperature and current density at con-

stant pressure p = 30 bar.  

As the theoretical higher-heating-value voltage at each temperature is compared to the 

simulated cell voltage at each current density and temperature point, the resulting efficien-

cy appears to increase with the temperature. Lower current density increases this theoreti-

cal efficiency, since activation and ohmic overpotentials are then lower. Lower current 

densities also decrease gas bubbling. However, low current density results in low hydrogen 

production rate according to (2.17).  
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3. OVERVIEW OF WATER ELECTROLYSIS TECHNOLOGIES 

There are two basic cell configurations for electrolysis modules: the unipolar and the bipo-

lar. These configurations are illustrated in Fig. 3.1 and Fig. 3.2. 

 

Fig. 3.1 Monopolar cell configuration where electrolysis cells are connected in parallel to form larger mod-

ules. UM is the voltage of the electrolysis module and IM is the current of the module. 

In monopolar configuration (tank-type), the total cell voltage is equal to the voltage be-

tween individual pairs of electrodes. Module current IM is a sum of cell currents. Each elec-

trode has a single polarity, hence the name monopolar. 

 

Fig. 3.2 Bipolar cell configuration where electrolytic cells are connected in series. 
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In bipolar configuration (filter-press-type), only the two end electrodes are connected to 

the DC power supply. The module voltage UM is a sum of cell voltages in the module. Bi-

polar cells are characterized by their relatively low unit cell voltages, which is due to the 

shorter current paths in the electrodes and possibility to achieve narrow interelectrode gaps 

(Tilak et al. 1981). The advantages and disadvantages of monopolar and bipolar cells are 

presented in Table 3.1. 

Table 3.1 Comparison of monopolar and bipolar cells (Tilak et al. 1981). 

Monopolar   Bipolar 

  Advantages   

Simple and rugged design  Lower unit cell voltages 

Relatively inexpensive parts  Higher current densities 

Simple fabrication techniques  Intercell busbars greatly reduced 

Few gasketed surfaces  Rectifier costs more easily optimized 

Individual cells easily checked  Can readily operate at higher pressures 

and temperatures 

Cells easily isolated for maintenance  Pressure operation eliminates compres-

sors 

No parasitic currents in system  Easier to control  entire system for tem-

perature and electrolyte level 

Minimum disruption to production (say 

by, single cell failure) for maintenance 

problems 

 Fewer spare parts required 

Cells easily maintained on site  Individual cell frames can be very thin, 

thus providing a large gas output from a 

small piece of equipment 

No pumps or filters required  Fallout from military and aerospace pro-

grams in fuel cells as well as hydrogen 

oxygen production generation has great-

ly assisted bipolar cell development 

Simple internal gas lift circulation  Mass production of plastic cell compo-

nents could result in lower capital costs 

   Potential to operate at very high current 

densities 

   Electrical arrangements of electrolysers 

can allow a ground potential where the 

gases and electrolyte leave the system, or 

electrolyte enters the system 

  Disadvantages   

Difficult to achieve small interelectrode 

gaps 

  Sophisticated manufacturing and design 

techniques required 

Heavy intercell busbars   Parasitic currents lower current efficien-

cy 

Inherently higher  power consumption 

from potential drop in cell hardware 

  External pumping, filtration, cooling, 

and gas disengaging  system required 

Cell pressures and temperatures limited 

by mechanical design 

  Malfunction of a unit cell difficult to 

locate 

Each cell requires operator attention for 

temperature, electrolyte level, and gas 

purity 

  Repair to a unit cell requires entire elec-

trolyser to be dismantled (in practice) 

Sludge and corrosion products collect 

within cell 

  Higher disruption to production for 

maintenance problems 
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Many manufacturers have developed their electrolysers from bipolar electrolysis modules 

since they are considered more suitable than monopolar ones for hydrogen production due 

to their significantly lower ohmic losses (Lehner et al. 2014). Additionally to previously 

presented basic configurations, electrolysers can also assemble series, parallel, and mixed 

connections of modules to achieve the desired production rate. An actual electrolytic hy-

drogen production plant requires also additional equipment for gas cooling, purification, 

compression, and storage. Production plants also require power supplies, appropriate pow-

er conditioning, and safety control systems (Ursúa et al. 2012a). 

3.1 Alkaline water electrolysers 

Alkaline electrolysis is widely recognized as a mature technology and the most developed 

water electrolysis technology—William Nicholson and Anthony Carlisle were the first de-

compose water into hydrogen and oxygen by electrolysis already in 1800 (Millet & 

Grigoriev 2013).  Alkaline water electrolysers account for the majority of the installed wa-

ter electrolysis capacity worldwide. Commercial alkaline electrolysis system sizes range 

from 1.8 to 5300 kW. Hydrogen production rate (fH2) for commercial systems is 0.25–

760 Nm3/h (Bertuccioli et al. 2014). Currently alkaline electrolysers are the most suitable 

option for large-scale hydrogen production. The operating principle of an alkaline electrol-

ysis cell is described in Fig. 3.3. 

 

Fig. 3.3 The operating principle of an alkaline electrolysis cell. Applied DC voltage decomposes water mole-

cules and the diaphragm passes hydroxide ions from the cathode to the anode. Hydrogen is formed at the 

cathode and oxygen at the anode. 
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In an alkaline electrolysis cell, which is typically housed in a steel compartment, the two 

electrodes are separated by a gas-tight diaphragm submerged in a liquid electrolyte. To im-

prove the ionic conductivity of the electrolyte, the electrolyte is usually a 20–40 wt% 

aqueous solution of potassium hydroxide (KOH), which is preferred over sodium hydrox-

ide (NaOH) due to its higher conductivity. Neglecting physical losses, the liquid electrolyte 

is not consumed. Since water is consumed in water electrolysis, it has to be supplied con-

tinuously (Lehner et al. 2014). Product gases leaving the cell are separated from the re-

maining electrolyte which is pumped back into the cell. The electrolyte distribution system 

and gas separation from the liquid electrolyte is illustrated in Fig. 3.4. 

 

Fig. 3.4 Overview of a typical alkaline electrolysis plant viewed from the hydrogen side. Product (wet) gases 

from the electrolyser stacks rise to the gas separator tanks where they are separated from the remaining elec-

trolyte. Oxygen gas is treated in its own gas separator tank. Water is continuously added into the system to 

maintain the desired electrolyte concentration (Tilak et al. 1981) [modified]. 

As an adverse effect to increasing the conductivity of the electrolyte, potassium hydroxide 

gives the electrolyte solution a corrosive nature. The electrodes are usually made of nickel 

or nickel plated steel (Lehner et al. 2014). The diaphragms have previously been made of 

asbestos (McAuliffe 1980), but nowadays they are mainly based on sulphonated polymers, 

polyphenylene sulphides, polybenzimides, and composite materials. The diaphragm must 

keep the product gasses apart to maintain efficiency and safety. The diaphragm also has to 

be permeable to the hydroxide ions and water molecules. The electrical resistance of the 

diaphragm is frequently three to five times that of the electrolyte (Otero et al. 2014). 
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Chemical reactions taking place in alkaline electrolysis at the cathode and the anode, re-

spectively, are as follows (Ursúa et al. 2012a) and (Ursúa et al. 2012b) 

 2H2O + 2e− → H2(g) + 2OH− (3.1) 

 
2OH−(aq. ) →

1

2
O2(g) + H2O(l) + 2e−. (3.2) 

Hydrogen is formed at the cathode where water is reduced according to (3.1). Hydroxide 

anions circulate across the diaphragm to the anode. The formed hydrogen can reach a puri-

ty level between 99.5–99.9998 % (Bertuccioli et al. 2014). Water fed to an alkaline electro-

lyser has to be pure with an electrical conductivity below 5 μS/cm. Characteristics of alka-

line electrolysers are listed in Table 3.2. 

Table 3.2 Alkaline electrolyser characteristics. Values collected from (Bertuccioli et al. 2014) except (1) from 

(Lehner et al. 2014) and (2) from (Decourt et al. 2014). 

Maturity Commercial 

Current density 0.2–0.4 A/cm2 

Cell area (1) < 4 m2 

Hydrogen output pressure 0.05–30 bar 

Operating temperature 60–80 °C 

Min. load 
20–40 % 

5 % (state of the art) (2) 

Overload (1) < 150 %(nominal load) 

Ramp-up from minimum load to 

full load 
0.13–10 %(full load)/second 

Start-up time from cold to mini-

mum load 
20 min – several hours 

H2 purity 99.5–99.9998 % 

System efficiency (HHV) (2) 68–77 % 

Indicative system cost 1.0–1.2 €/W 

System size range 
0.25–760 Nm3/h 

1.8–5300 kW 

Lifetime stack 60 000–90 000 h 

 

The minimum partial load of alkaline electrolysers is limited by the diaphragm, which can-

not completely prevent the product gasses from cross-diffusing through it. The diffusion of 

oxygen into the cathode side reduces the electrolyser’s efficiency by forcing the oxygen to 
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catalyse back to water with the hydrogen. Hydrogen diffusion to the anode side also occurs 

and must be avoided to preserve efficiency and safety. The cross-diffusion of product gas-

ses is particularly severe at low loads and can result in flammable gas mixtures, hence the 

typically high minimum partial load of alkaline electrolysers. The current density of alka-

line electrolysers is limited by the ohmic losses across the liquid electrolyte and the dia-

phragm. The liquid electrolyte also results in a bulky stack design configuration (Carmo et 

al. 2013). Additionally, the liquid electrolyte renders alkaline electrolysers unable to quick-

ly react to changes in input power due to the delay caused by the inertia of the liquid. 

 

Ulleberg (2003, p. 23) listed three basic improvements that can be implemented in the de-

sign of advanced alkaline electrolysers; 1) new cell configurations to reduce the surface-

specific cell resistance (e.g. zero-gap cells and low-resistance diaphragms), 2) higher pro-

cess temperatures up to 160 °C, and 3) new electrocatalysts to reduce the electrode overpo-

tentials (cobalt oxide at the anode and Raney-nickel coatings at the cathode). 

3.2 Proton exchange membrane electrolysers 

In proton exchange membrane—or polymer electrolyte membrane—(PEM) electrolysis, 

where the current density is higher than in typical alkaline electrolysers, the concentration 

overvoltage can have a more significant effect. The concentration overvoltage can be cal-

culated according to the Nernst equation (Marangio et al. 2009) 

 
𝑈con =

𝑅𝑇

𝑧𝐹
ln (

𝐶1

𝐶0
), (3.3) 

where C0 is the starting concentration of the reagent at the electrode, and C1 the changed 

concentration due to mass transfer (mol/m3). The concentration overvoltage can also be 

expressed as (Sundholm et al. 1978) 

 
𝑈con = −

𝑅𝑇

𝑧𝐹
ln (1 −

𝑖d

𝑖lim,d
), (3.4) 

where id is the diffusion current density, and ilim,d is the limiting diffusion current density 

that is directly proportional to the concentration of the reagent. The concentration over-

voltage is negligible when the operating current density is below 1 A/cm2 (Nieminen et al. 

2010). However, García-Valverde et al. (2012, p. 1930) asserted that concentration overpo-
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tential would be significant only at “very high current densities” and would therefore be 

hardly seen in commercial PEM water electrolysers. Simulated cell voltage for a proton 

exchange membrane electrolyser is illustrated in Fig. 3.5. 

 

Fig. 3.5 Simulated cell voltage in PEM water electrolysis at T = 75 °C and p = 30 bar. Limiting current densi-

ty was given a constant value of 2 A/cm2 as noted in (Nieminen et al. 2010). 

Commercial PEM electrolysers typically operate at current densities of 0.6–2.0 A/cm2 

(Carmo et al. 2013). According to Fig. 3.5, the concentration overvoltage is more signifi-

cant in PEM water electrolysis, but can be ignored in alkaline electrolysis where the cur-

rent density is typically below 0.5 A/cm2. The operating principle of a PEM electrolysis 

cell is illustrated in Fig. 3.6. 
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Fig. 3.6 Operating principle of proton exchange membrane electrolysers. The electrolyte is a gas-tight thin 

polymeric membrane, which has a proton H+ conducting ability. H+ protons pass through the polymer electro-

lyte membrane and at the cathode combine with electrons to form hydrogen. 

In PEM electrolysers, thin (50–250 μm) proton conducting membrane is used as a solid 

polymer electrolyte rather than liquid electrolytes typically used in alkaline water electro-

lysers (Lehner et al. 2014). The polymer electrolyte membranes have a strongly acid char-

acter and are mechanically strong. Common theme is to use sulphonated fluoropolymers, 

usually fluoroethylene. The most established one of these is Nafion™. The basic polymer, 

polyethylene, is modified by substituting fluorine for the hydrogen and this chemical com-

pound is further sulfonated by adding a side chain ending with sulphonic acid HSO3. Thus, 

a polymeric electrolyte is formed. The added HSO3 group is ionically bonded and due to 

the ionic bonding there’s a strong mutual attraction between H+ and SO3
- from each mole-

cule. An essential property of sulphonic acid is that it attracts water, and the conductivity 

of the polymer electrolyte membrane is dependent on hydration—decreasing water content 

decreases conductivity. Mixing of water and the ionic bonding of the sulphonic acid group 

enable the H+ protons to move through the molecule structure (Larminie & Dicks 2003). 

 

General Electric developed the first water electrolyser based on the polymer electrolyte 

membrane by 1966 and began to commercialize the concept in 1978 (Ursúa et al. 2012a).  

Today, PEM electrolysis is regarded as a commercial technology only at small and medi-

um scale applications (Bertuccioli et al. 2014). One exception to this statement is that Sie-

mens AG is building a large-scale PEM electrolysis system to Germany with a peak rating 
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of 6 MW, which is planned to be operational by spring 2015 (Siemens 2014). Still, only a 

few companies are manufacturing PEM water electrolysers due to their higher investment 

cost and typically shorter lifetime compared to alkaline water electrolysers. The high in-

vestment cost is due to the material requirements set by the corrosive low pH conditions of 

the polymer electrolyte membrane. The corrosion resistance requirement applies also to 

current collectors and separator plates. This creates a demand for scarce, expensive materi-

als and components such as noble catalysts (platinum-group metals (PGM) e.g. platinum, 

iridium, and ruthenium), titanium-based current collectors, and separator plates (Carmo et 

al. 2013). Chemical reactions taking place in PEM electrolysis at anode and cathode, re-

spectively, are as follows (Ursúa et al. 2012a) 

 
H2O(l) →

1

2
O2(g) + 2H+(aq. ) + 2e− (3.5) 

 2H+(aq. ) + 2e− → H2(g). (3.6) 

Deionized water is fed to the anode side where the oxygen evolution reaction occurs. Wa-

ter travels in separator plates and diffuses through the current collectors. Then the water 

reaches the anode catalyst layer (IrO2) and decomposes according to (3.5). Formed oxygen 

has to travel against the water flow back to the separator plates and out of the cell. Elec-

trons’ path from the catalytic layer of the anode is through the current collectors and sepa-

rator plates to the cathode side. Protons leave the anode catalytic layer through an ionomer 

(typically Nafion ionomer) and crossing through the membrane to the cathode side of the 

cell. On the cathode side, the protons combine with the electrons to form hydrogen gas at 

the cathode catalyst layer (Pt). Formed hydrogen gas then has to flow through the cathode 

side’s current collector and separator plate to leave the cell (Carmo et al. 2013). Example 

of a PEM electrolyser cell stack is illustrated in Fig. 3.7. 
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Fig. 3.7 High-pressure PEM electrolyser cell stack comprising 12 series-connected cells with a 160 cm2 ac-

tive area per cell. The cathode pressure in normal operation can be 35 bar while the anode pressure stays at 

3.5 bar (Marangio et al. 2009). 

Due to a low gaseous permeability provided by the solid polymer membrane, the product 

hydrogen purity is higher than in alkaline electrolysis, typically above 99.99 % without the 

need of auxiliary equipment. The electrical conductivity of water fed to a PEM electrolyser 

has to be below 1 μS/cm (Ursúa et al. 2012a). Appendix 2 notes that this limitation is not 

true for every PEM water electrolyser. Characteristics of PEM water electrolysers are 

listed in Table 3.3. 
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Table 3.3 Proton exchange membrane electrolyser characteristics. Values collected from (Bertuccioli et al. 

2014) except (1) from (Carmo et al. 2013), (2) from (Lehner et al. 2014), and (3) from (Decourt et al. 2014). 

Maturity 
Commercial medium and small 

scale applications 

Current density 
1.0–2.0 A/cm2 

0.6–2.0 A/cm2 (1) 

Cell area (2) < 0.3 m2 

Hydrogen output pressure 
10–30 bar 

< 200 bar (2) 

Operating temperature 50–80 °C 

Min. Load 5–10 % 

Overload (2) < 200 %(nominal load) 

Ramp-up from minimum load to 

full load 
10–100 %(full load)/second 

Start-up time from cold to minimum 

load 
5–15 min 

H2 purity 99.999.9999 % 

System efficiency (HHV) (3) 62–77 % 

Indicative system cost 1.9–2.3 €/W 

System size range 
0.01–240 Nm3/h 

0.2–1150 kW 

Lifetime stack 
20 000–90 000 h 

< 20 000 h (1) 

The water-assisted proton conduction of PEM electrolysers limits the operation tempera-

ture below 80 °C (Lehner et al. 2014). Increasing the pressure increases adverse gas cross-

permeation. Pressures above 100 bar will require the use of thicker membranes (Carmo et 

al. 2013). The gas crossover rate is, however, much lower than in alkaline water electrolys-

ers enabling the use of almost the whole range of rated power. Additionally, the solid pol-

ymer membrane enables the electrolyser to respond more quickly to fluctuations in the in-

put power. Thus, PEM electrolysers can be operated in a much more dynamic fashion than 

alkaline electrolysers. Due to the lack of liquid electrolyte and the associated equipment 

(pumps, gas separators, see Fig. 3.4), PEM electrolysers allow a more compact system de-

sign. The compact character of electrolysis modules and the structural properties of the 

membrane electrode assemblies (MEA), allow high operating pressures. The electrolysis 

modules can also endure big pressure differences between electrode compartments. This 

enables e.g. production of hydrogen at 35 bar and oxygen at atmospheric pressure (Ursúa 
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et al. 2012a). Back-pressure valves can be used to adjust the pressure levels on the anode 

and cathode sides. The comparison of alkaline and PEM electrolysis is presented in Table 

3.4.  

Table 3.4 Comparison of alkaline and PEM electrolysis technologies (Carmo et al. 2013). 

Alkaline   PEM 

  Advantages   

Well established technology   High current densities 

Non-noble catalysts   High voltage efficiency 

Long-term stability   Good partial load range 

Relative low cost   Rapid system response 

Stacks in the MW range   Compact system design 

Cost effective   High gas purity 

    Dynamic operation 

  Disadvantages   

Low current densities   High cost of components 

Crossover gases   Acidic corrosive environment 

Low partial load range   Possibly low durability 

Low dynamics   Commercialization 

Low operational pressures   Stacks below MW range* 

Corrosive liquid electrolyte     

To summarize, alkaline and PEM are the two main water electrolysis technologies, which 

are commercially available. Alkaline water electrolysis is the more matured and 

widespread of the two technologies. The high cost of components and scale-up procedures 

in PEM electrolysis have limited the number of PEM electrolyser manufacturers. 

Furthermore, alkaline electrolyser cells typically have longer lifetimes than PEM 

electrolyser cells. However, PEM technology has various advantages over alkaline 

systems, such as compact system design, lack of liquid electrolyte, wide partial load range, 

and high flexibility in modes of operation. Therefore, PEM electrolysis is an intriguing 

option when integration into renewable power generating systems is considered. 

Additionally, PEM technology has been studied in unitized regenerative fuel cell (URFC) 

systems. A URFC is a reversible electrochemical device, which can operate either as an 

electrolyser producing hydrogen and oxygen from water or as a H2/O2 fuel cell producing 

electricity and heat (Grigoriev et al. 2011). 

                                                 
* PEM systems are expected to catch up alkaline systems in size between 2015 and 2020 (Bertuccioli et al. 

2014). 
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3.3 Solid oxide electrolyte electrolysers 

Solid oxide electrolyte (SOE) electrolysis is the third main water electrolysis technology 

besides alkaline and PEM technologies. SOE electrolysis is the least mature of the three 

main electrolysis technologies, still being in R&D stage (Lehner et al. 2014). The SOE 

technology is not new, since pioneering work was done in the late 1960s (Ursúa et al. 

2012a). SOE technology is gaining growing interest due to its potential to increase the effi-

ciency of water electrolysis by using high operating temperatures, typically 700–1000 °C. 

Therefore, SOE is actually steam electrolysis. However, such high temperatures cause se-

verely fast degradation of the cell components, and thus keep SOE electrolysis in the R&D 

stage. Understanding of the detailed mechanisms behind degradation is still not well estab-

lished (Moçoteguy & Brisse 2013). To gain thermal stability of the materials, research ef-

forts are focusing on SOE systems operated at 500–700 °C. For the same reason, current 

densities are kept in the range of 0.3–0.6 A/cm2. The corresponding cell voltages are 

around 1.2–1.3 V, which result in low electrical energy consumptions. Taking the energy 

demands for electricity and heat into account, the system efficiencies are typically over 

90 % (Lehner et al. 2014). SOE electrolysers can also be operated in reverse mode and 

used in URFC systems. SOE electrolyser cells are actually often modified from solid oxide 

fuel cells (SOFC). Reverse mode operation of SOFCs has been studied e.g. in (Brisse et al. 

2008). 

 

Chemical reactions taking place in SOE electrolysis at cathode and anode, respectively, are 

as follows (Ursúa et al. 2012a) 

 H2O(g) + 2e− → H2(g) + O2− (3.7) 

 
O2− →

1

2
O2(g) + 2e−. (3.8) 

Water vapour is fed to the cathode where it is decomposed to hydrogen according to (3.7). 

Oxide ions migrate through the electrolyte to the anode where they recombine to oxygen 

molecules according to (3.8). The operating principle of solid oxide electrolyte electrolysis 

is illustrated in Fig. 3.8. 
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Fig. 3.8 Operating principle of solid oxide electrolyte electrolysers. 

Core components are typically made of ceramic materials. Most widely used electrolyte 

material in high-temperature SOE electrolysis is yttria-stabilized zirconia (YSZ) (Lehner et 

al. 2014). In studies regarding electrolyte materials for SOFC, scandia-stabilized zirconia is 

known to exhibit highest conductivity (Sarat et al. 2006). Anode materials are typically 

composite electrodes of YSZ with perovskite type mixed oxides, e.g. lanthanum strontium 

cobalt ferrite used in SOFCs. Cathode materials are commonly a mixture (cermet) of Ni 

and ion conducting particles similar to the electrolyte material (Lehner et al. 2014). PGM 

catalysts are not needed due to high operating temperatures, but precious metal are used for 

thin electrical contact layers.  

3.4 Key performance indicators 

The performance of a water electrolysis process should be evaluated on a system level in 

order to comprehensively compare different technologies. A typical water electrolyser sys-

tem consists not only of electrolytic cells, but also power conditioning systems and neces-

sary components for automatic system operation, e.g. a water circulation pump, a water 

deionizer, and a hydrogen gas dryer. Depending on the water electrolyser technology, the 

desired operating pressure, and the hydrogen purity, the list of required system components 

will be defined. Efficiency and lifetime, capital and operational costs, and the desired oper-

ating conditions are essential factors for the performance of a water electrolyser system. 
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3.4.1 Efficiency, lifetime, and voltage degradation 

The theoretical minimum amount of electrical energy to produce one kilogram of hydrogen 

is 39.4 kWh/kg when all energy is provided as electrical energy and feedwater is at ambi-

ent temperature and pressure. On HHV-basis, the system efficiency of commercial water 

electrolysers is typically below 80 %. The cell efficiency of a water electrolyser is limited 

by overvoltages and parasitic currents. As an electrolytic cell ages, the overvoltages in-

crease due to increased resistance caused by cell degradation. This voltage degradation is 

directly relevant to the stack lifetime and efficiency decrease over stack lifetime. For ex-

ample, a cell voltage of 1.8 V would increase to 2.0 V in 40 000 hours with a constant deg-

radation rate of 5 µV/h. Bertuccioli et al. (2014, p. 12) asserted that the electrolyser stacks 

are considered to be at the end of their lifetime when their efficiency has dropped 10 % 

compared to the nominal value. Carmo et al. (2013, p. 4904) characterized voltage degra-

dation rates for alkaline electrolysers being less than 3 µV/h, and for PEM electrolysers 

less than 14 µV/h. The effect of dynamic operation on lifetime is yet to be researched. 

3.4.2 Capital and operational costs 

Bertuccioli et al. (2014, p. 63) estimated the system cost—including power supply, system 

control, and gas drying—for alkaline electrolysers to be 1000–1200 €/kW, and for PEM 

electrolysers 1860–2320 €/kW. Ursúa et al. (2012a, p. 416) reported an estimate of 1000–

5000 $/kW for alkaline electrolyser investment cost. During this study, alkaline and PEM 

manufacturers were contacted in search of roughly 5 kW electrolysers to be acquired for 

Lappeenranta University of Technology. Received proposals showed that electrolyser sys-

tem prices are considerably higher when the rated power of the water electrolyser is at this 

low range. The price range for alkaline electrolyser systems was 3300–20000 €/kW, and 

for PEM electrolyser systems 4500–18400 €/kW. Technical details of the water electrolys-

ers, excluding price information, are presented in Appendix 2. Water electrolysers are still 

built in small volumes today, and capital costs can be expected to decrease significantly if 

water electrolyser technologies reach the mass-production stage. Efficient use of active cell 

areas and increase in current density can reduce the required materials and decrease capital 

costs. Indicative system cost breakdown for alkaline and PEM electrolyser systems is illus-

trated in Fig. 3.9. Operational costs for water electrolyser systems, excluding the price of 

electricity and end-of-life stack replacements, have been reported to be roughly 2–5 % of 

the initial capital cost (Bertuccioli et al. 2014). 
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Fig. 3.9 Indicative system costs for alkaline and PEM electrolyser systems (Bertuccioli et al. 2014). 

For both alkaline and PEM electrolyser systems, around half of the system costs are due to 

the electrolyser stacks. The cost of alkaline electrolyser stack components is primarily de-

termined by the size and weight of the components. The lower current densities in alkaline 

electrolysers result in larger cell areas and more materials used. However, in PEM electro-

lysers the materials used are scarcer and thus more expensive. Around half of the PEM 

electrolyser stack cost is due to the bipolar plates, which are typically made of thermally 

sintered, spherically-shaped titanium (Bertuccioli et al. 2014). PEM electrolysers operate 

without the liquid electrolyte and associated equipment, and thus the PEM electrolyser sys-

tem cost is more emphasized by the electrolyser stack. Possible commercialization of PEM 

fuel cell vehicles could result in capital cost decrease of PEM electrolyser stacks. 

3.4.3 Pressurized operation 

Water electrolysers can be categorized into atmospheric and pressurized electrolysers de-

pending on the pressure level at which electrolysis takes place. An overview of these two 

categories is illustrated in Fig. 3.10. 

 

Fig. 3.10 Overview of exemplary non-pressurized and pressurized water electrolyser systems. Hydrogen 

buffer storages store hydrogen gas at around 10–30 bar. From the buffer storage, hydrogen gas may be fur-

ther compressed to 200–700 bar. The highest pressure requirement is in mobility end-use applications, typi-

cally 350–800 bar. 
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The use of the pressurized electrolyser can reduce or eliminate the need of external gas 

compression and associated auxiliary equipment. Water electrolysers, which are capable of 

producing hydrogen at 30 bar, are commercially available and established on the market. 

High output pressure of hydrogen from the water electrolyser may create a need for feed-

water pumping. However, in the case of PEM electrolysers the compact design allows 

pressure differences between the electrode compartments. Thus, the feedwater fed to the 

anode side can be closer to atmospheric pressure while—through electrochemical com-

pression—the hydrogen output can be e.g. at 35 bar from the cathode compartment. The 

pressure-levels can be controlled by back-pressure valves. The pressurization of hydrogen 

during PEM electrolysis is enabled by the low gas permeability and high mechanical re-

sistance of the membrane (Schalenbach et al. 2013). However, a large pressure differential 

will increase gas crossover and result in efficiency loss. Increased gas crossover can then 

limit the safe load range for operation. Increasing the membrane thickness will decrease 

the gas crossover but will also result in increased ohmic losses. Internal gas recombiners 

may be required to maintain safe operation (Carmo et al. 2013). Compressor power con-

sumption can be calculated from (Roy et al. 2006) 

 𝑃compressor,kW = 𝐶p ∙ ∆𝑇 ∙ �̇�, (3.9) 

where Cp is the specific heat capacity of hydrogen gas (kJ∙kg-1∙K-1) and �̇� is the mass flow 

of hydrogen (kg/s).  

If long-term storage of hydrogen gas at high pressure is included in the system, hydrogen 

gas has to be compressed with single- or multi-stage compression—depending on the out-

put pressure of the electrolyser and associated system design. Multi-stage compression 

may be implemented if hydrogen gas is at low pressure to reduce adverse heat generation 

occurring in gas compression to high pressure levels. A cascaded storage bank is a com-

mon option storing gas at low, medium, and high pressure vessels at hydrogen fuelling sta-

tions (Nava et al. 2011). Cascaded storage bank is illustrated in Fig. 3.11. 
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Fig. 3.11 Cascaded storage tank typically used in hydrogen fuelling stations. 

One of the unique properties of hydrogen gas is that it produces heat upon expansion (ISO 

2004). At hydrogen refuelling stations, the hydrogen is stored at high pressure, and upon 

fuelling a fuel cell vehicle, the hydrogen is dispensed to a lower pressure storage. 700 bar 

is currently the agreed pressure-level for fuel cell vehicles, and thus the hydrogen stored at 

fuelling stations has to be dispensed from a minimum 750 bar (Kauranen et al. 2013). 

3.4.4 Dynamic operation 

Renewable, electrolytic hydrogen production in energy storage applications or balancing 

grid services may require the electrolysers to operate more dynamically as opposed to op-

erating continuously at a set point. As discussed in Chapter 3, PEM electrolysis is general-

ly more suitable to dynamic operation than alkaline electrolysis. The inertia of the liquid 

electrolyte and the low-load restrictions due to the gas cross-diffusion limit the dynamic 

operation of alkaline electrolysers. Additionally to the slower ramping rate, the liquid elec-

trolyte has to be within an optimal operating temperature range. Thus, even when the alka-

line electrolysers are not operating, a stand-by operation is typically taking place to main-

tain a lower limit for the operating temperature. Due to the large material volumes of alka-

line electrolysers, cold start-ups for these electrolysers can take hours and are typically 

avoided when possible. Water electrolyser systems comprising multiple stack modules, 

which can be started and stopped independently, can provide additional flexibility for the 

system. The effect of rapid changes in the input power to the stack and the system lifetime 

of a water electrolyser are yet to be thoroughly researched. 

3.5 Main features of commercially available electrolysers 

Water electrolyser systems have auxiliary equipment, which enable the automatic produc-

tion of electrolytic hydrogen. Generally, water electrolyser systems comprise the following 

components and subsystems: 

Precooler Dispenser

Compression

High-pressure storage
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 power supply and power converter 

 water deionizer (and a buffer tank for deionized water) 

 water circulation pump 

 gas purification unit 

 gas storage 

 control system 

 ventilation system 

Alkaline electrolysis systems need pumps and filters to continuously supply and distribute 

the liquid electrolyte. Water is consumed and has to be supplied to maintain the correct 

electrolyte concentration. One example of a small alkaline electrolysis system is illustrated 

in Fig. 3.12. 

 

Fig. 3.12 System components of Teledyne Energy Systems’ 40 kW alkaline hydrogen generator (Harrison et 

al. 2009). Measurements of the enclosure are 150 x 178 x 75 cm. 

Internal components of a Proton Energy Systems’ PEM electrolysis system are illustrated 

in Fig. 3.13. 
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Fig. 3.13 System components of Proton Energy Systems’ 7 kW PEM hydrogen generator (Harrison et al 

2009). Measurements of the enclosure are 97 x 79 x 106 cm. 

To preserve the cells of the electrolyser and thus maximize their lifetime the feedwater has 

to be deionized. Two main technical standards on water quality are presented in Table 3.5. 

Table 3.5 Technical standards on water quality by International Organization for Standardization (ISO) and 

American Society for Testing and Materials (ASTM).  

Conductivity [µS/cm] 

  ISO 3696 standard 
 

ASTM D1193-91 standard 

Water Grade 1 Grade 2 Grade 3   Type I Type II Type III Type IV 

Deionized < 0.1 < 1 < 5   < 0.056 < 1 < 0.25 < 5 

Tap 50500 

Sea 50000 

Water electrolyser manufacturers typically specify the required water quality according to 

either the ISO or the ASTM standard. Theoretically, from 1 litre of water a maximum 1.24 

Nm3/h of hydrogen gas can be produced. 

3.6 Alternative conversion technologies for renewable hydrogen production 

Water electrolysis is not the only conversion technology available to produce hydrogen 

from renewable energy sources. For example, renewable hydrogen can also be produced 

from biomass by fermentation. The main production pathways are described in Fig. 3.14. 
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Fig. 3.14 Main hydrogen production pathways from renewable energy sources (Gandia et al. 2013) [modi-

fied]. 

Water electrolysis is the main renewable hydrogen conversion technology. Water thermol-

ysis, photocatalytic water splitting, biophotolysis, photoelectrolysis, and anaerobic fermen-

tation are still in the R&D stage (Kauranen et al. 2013). Common for all the renewable hy-

drogen conversion technologies is the requirement and use of water. 

 

In a recent discovery made by researchers from the University of Glasgow, a new form of 

water electrolysis was reported (Rausch et al. 2014). This claimed advance was made by 

introducing a “recyclable redox mediator that enables the coupling of low-pressure produc-

tion of oxygen via water oxidation to a separate, catalytic hydrogen production step outside 

the electrolyzer that requires no post-electrolysis energy input” (Rausch et al. 2014, p. 

1326). Rausch et al. (2014, p. 1327) describe the process as follows: “At the anode, H2O is 

split into O2, protons, and electrons, while the mediator is reversibly reduced and protonat-

ed at the cathode in preference to direct production of H2. The reduced H6[SiW12O40] is 

then transferred to a separate chamber for H2 evolution over a suitable catalyst and without 

additional energy input after two-electron reduction of the mediator to H6[SiW12O40].” The 

redox mediator is a liquid-based inorganic electrolyte, silicotungistic acid H4[SiW12O40], 

which facilitates the required electron transfer process. A pure hydrogen production rate 30 

times faster than with state-of-the-art PEM electrolysers at equivalent platinum catalyst 

loading was reported. Additionally, this technology is claimed to eliminate the hydrogen 

gas crossover at low current densities since the electrolytic gas productions are decoupled. 
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4. PRESENT STATE OF HYDROGEN PRODUCTION 

The annual global production of hydrogen is about 60 million tons (for hydrogen 1 kg = 

11.1 Nm3). Produced hydrogen is mainly used for ammonia synthesis (51 %), oil refining 

(35 %), and methanol synthesis (8 %) (Gandia et al. 2013). Hydrogen consumption has in-

creased steadily by 5 % a year over the past decade. The increase is partly due to more 

strict sulphur regulations for refineries which use hydrogen to reduce sulphur content of oil 

fractions and to upgrade low-quality heavy-oil. Refineries produce part of the required hy-

drogen themselves as a by-product of catalytic reforming but have turned into net consum-

ers of hydrogen (Decourt et al. 2014). Hydrogen is also used in metallurgical applications, 

electronics industry, food industry (hydrogenation of fats and oils), glass manufacture, 

cooling of power generators, and space applications (fuel) (Ramachandran & Menon 

1998). Additionally, hydrogen is used with oxygen to produce hydrogen peroxide H2O2. 

The majority of the produced hydrogen peroxide is used in paper- and pulp-bleaching. 

 

For global sustainable development scenarios, the extensive use of hydrogen as an energy 

carrier has been envisioned since the 1973 oil crisis (Barreto et al. 2003) and (Gandia et al. 

2013). This first oil crisis coincided with the foundation of the International Association 

for Hydrogen Energy. Various initiatives have been undertaken to identify economic, tech-

nological, and institutional barriers related to the introduction of hydrogen technologies. In 

Europe, the so-called HyWays is a hydrogen energy roadmap and the Fuel Cell and Hy-

drogen Joint Undertaking is a public-private partnership which coordinates funding for hy-

drogen and fuel cell R&D.  

4.1 Role of water electrolysis 

Globally, 48 % of produced hydrogen is obtained from methane (steam reforming), 30 % 

from petroleum fractions in refineries (steam reforming and partial oxidation), and 18 % 

from coal gasification. Only about 4 % of global hydrogen is produced by water electroly-

sis (Gandia et al. 2013). In Finland, the annual production of hydrogen has been around 

140 000 tonnes and the majority of hydrogen is produced by steam reforming of methane 

(Kauranen et al. 2013). In November 2014, Oy Woikoski Ab opened a 9 MW electrolytic 

hydrogen production plant in Kokkola, Finland. The electrolysis plant is capable of pro-

ducing 1800 Nm3/h (160 kg/h) of hydrogen gas. The electrolyser stacks of the Woikoski 

hydrogen plant are illustrated in Fig. 4.1.  
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Fig. 4.1 Three 3 MW pressurized alkaline electrolyser stacks in Woikoski hydrogen production plant in Kok-

kola, Finland. The electrolytic hydrogen production plant comprises three production lines producing hydro-

gen gas at 16 bar. 

Around 2/3 of the electrolytic hydrogen produced in the Woikoski plant is supplied to the 

adjacent Kokkola industrial park, mainly to Freeport Cobalt, which manufactures cobalt 

products. The remainder is pressurized to gas bottles to be used in cooling of power gener-

ators, production of xylitol and margarine, production of Iittala glassware, and heat treat-

ment of Fiskars’ steel blades. 

 

Cost of hydrogen energy production from natural gas, coal, renewable and nuclear energies 

are presented in Fig. 4.2. 
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Fig. 4.2 Categorized hydrogen energy production costs for storage, transport, long-term storage of carbon, 

hydrogen production, electricity production, compression, and liquefaction. GH2 and LH2 refer to gaseous 

and liquefied hydrogen, respectively (Winter 2009). 

Steam reforming of natural gas is generally the lowest cost option, while the renewable 

hydrogen transported in liquid form is the most expensive pathway. On the other hand, the 

electrolytic hydrogen produced from renewable energy sources drops the CO2 emissions in 

the H2-production category to zero. It should be noted that the cost of electrolytic hydrogen 

is strongly affected by the price of electricity and the pricing environment, which is illus-

trated in Fig. 4.3. 
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(a) 

 

(b) 

Fig. 4.3 (a) Estimated hydrogen production costs in 2012 for industrial alkaline water electrolysis, industrial 

PEM water electrolysis, and steam methane reforming (SMR). Electrolytic hydrogen costs are estimated with 

a 100 % load factor. (b) Average electricity cost to industrial electrolysers in 2012 (Bertuccioli et al. 2014). 

Bertuccioli et al. (2014, p. 4) asserted that industrial hydrogen from electrolysis is not des-

tined for specific industry segments but is used where it is cost-effective. The small pro-

portion of hydrogen produced by water electrolysis (4 % of total production) is generally 

used in energy applications, mostly in sustainable transport programmes and in renewable 

energy storage. In these applications, water electrolysers provide hydrogen near the point 

of use. Power-to-Gas applications are one of the emerging employers of water electrolys-

ers. The objective in Power-to-Gas is to integrate water electrolysers into renewable energy 

generating systems and thus improve the utilization of intermittent and seasonal renewable 

energy sources by producing alternative energy carriers, such as hydrogen and methane. 

Alternatives to converting renewable energy into chemical storage mediums include cata-

lytic conversion into methane or into various fuels via Fischer-Tropsch-synthesis. These 
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pathways are often referred to as Power-to-Fuels or Power-to-Liquids (Lehner et al. 2014). 

An example of a Power-to-Gas pilot plant is illustrated in Fig. 4.4. 

 

Fig. 4.4 One of the three 2 MW (220 V, 9000 A) atmospheric alkaline electrolysers at the Audi e-to-gas plant 

in Werlte, Germany. The 6 MW electrolysis plant is capable of producing 1300 Nm3/h (117 kg/h) of hydro-

gen gas.  

In the Audi e-to-gas plant, the produced electrolytic hydrogen (H2) and carbon dioxide 

(CO2) obtained from an adjacent biogas plant are used to produce synthetic methane (CH4) 

using thermochemical methanation. Produced hydrogen is compressed to 10 bar pressure 

to pressure vessels from which hydrogen gas is supplied to the methanation process. The 

produced synthetic methane can be distributed through the existing natural gas network. 

Natural gas vehicles can then be fuelled at compressed natural gas fuelling stations. The 

Power-to-Gas concept is illustrated in Fig. 4.5. 
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Fig. 4.5 Overview of the Power-to-Gas concept with hydrogen and methane storage mediums. 

At the Audi Power-to-Gas plant the oxygen produced in water electrolysis is released into 

the atmosphere. In different local conditions the utilization of oxygen may become eco-

nomically feasible. Produced pure oxygen could be used e.g. in waste water treatment or 

steelmaking. Besides using the electrolytic hydrogen in methanation, hydrogen could dis-

tributed in its own distribution grid, injected into the natural gas grid, or transported by 

truck or train for subsequent energy conversion or feedstock for industry. Missing hydro-

gen infrastructure and maximum allowable concentration of hydrogen in the natural gas 

grid can still be limiting factors for the transport and use of hydrogen. On the other hand, 

extensive hydrogen distribution networks may not be needed as one of the advantages of 

water electrolysis is in decentralized production. Existing electric grids could be utilized to 

power the distributed water electrolysers. 

4.2 Hydrogen storage 

Since the volumetric energy density of hydrogen is low, advantage should be taken of hy-

drogen’s high energy density on a mass basis. The main ways to increase hydrogen’s vol-

umetric energy density and to store hydrogen are presented in Table 4.1. 
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Table 4.1 The six main hydrogen storage methods and the associated phenomena, where ρm is the gravimetric 

density and ρv the volumetric density (Züttel 2007). 

Storage method ρm [mass%] ρv [kgH2/m3] T [°C] p [bar] Phenomena and remarks 

High pressure gas 

cylinders 
13 < 40 25 800 

Compressed gas (molecular 

H2) in light weight composite 

cylinder 

Liquid hydrogen 

in cryogenic 

tanks 

Size dep. 70.8 −252 1 

Liquid hydrogen (molecular 

H2), continuous loss of a few % 

per day of hydrogen at room 

temperature 

Absorbed on in-

terstitial sites in a 

host metal 

≈ 2 150 25 1 

Hydrogen (atomic H) intercala-

tion in host metals, metallic 

hydrides working at room tem-

perature are fully reversible 

Absorbed hydro-

gen 
≈ 2 20 −80 100 

Physisorption (molecular H2) 

on materials e.g. carbon with a 

very large specific surface area, 

fully reversible 

Complex com-

pounds 
< 18 150 > 100 1 

Complex compounds ([AlH4]- 

or [BH4]-), desorption at ele-

vated temperature, adsorption 

at high pressures 

Metals and com-

plexes together 

with water 

< 40 > 150 25 1 

Chemical oxidation of metals 

with water and liberation of 

hydrogen, not directly reversi-

ble? 

 

Compression to pressurized tanks is currently the preferred option and hydrogen can be 

compressed using standard piston-type mechanical compressors (Züttel 2007). If the cy-

cling rate of the storage is high, pressurized tanks are a suitable and cost-effective method 

in small- and medium-scale applications (Decourt et al. 2014). Large-scale storage of pres-

surized hydrogen in salt caverns could be a possibility.  

 

The boiling point of hydrogen is −253 °C (ISO 2004). Therefore, a lot of energy is needed 

in hydrogen liquefaction and liquid storage. In small- to medium-scale storage of electro-

lytic hydrogen, liquefaction is an ill-suited option (Decourt et al. 2014). Additionally to the 

energy requirement of the liquefaction, the continuous boil-off of hydrogen limits the pos-

sible applications for liquid hydrogen storage systems (Züttel 2007).   

 

Hydrogen reacts at elevated temperature with many transition metals and their alloys to 

form metal hydrides, for example LaNiH6. Metal hydrides enable a very high volumetric 

density and have been identified as an effective method to store hydrogen safely (Züttel 

2007). The safety of a metal hydride storage of hydrogen is due to the strong binding of 
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atomic hydrogen (H) in the metal hydrides. The absorption and desorption of hydrogen is 

controlled by heat exchange. However, Züttel (2007, p. 360) noted that exploring the prop-

erties of light weight metal hydrides is still a challenge. All the reversible hydrides close to 

ambient temperature and pressure consist of transition metals and therefore the gravimetric 

hydrogen density is limited. Alternatively, hydrogen could be stored in liquid hydrocar-

bons, such as methanol and ethanol, or gaseous hydrocarbons, such as methane.  
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5. RENEWABLE HYDROGEN PRODUCTION AND ENERGY STORAGE 

Wind and solar PV power productions are variable and difficult to predict. Introduction of 

electrolytic hydrogen into an intermittent renewable power generating system can increase 

the flexibility of the system. Hydrogen is then often regarded as an energy storage or ener-

gy carrier. The produced hydrogen could be stored locally, fed into the natural gas infra-

structure, and be used in transport, heating, re-electrification in power plants, or as feed-

stock for the chemical and petrochemical industries. Renewable electrolytic hydrogen pro-

duction can be divided into autonomous and grid-connected applications based on the 

presence and employment of an electric grid connection. 

5.1 Autonomous applications 

In autonomous applications, renewable systems and electrolysers are not connected to the 

main electric grid and the produced hydrogen is then practically completely renewable. In 

the case where only electrolytic hydrogen is produced, the electrolysers are subject to the 

variability of the wind and solar PV power generation. In solar PV applications, DC/DC 

power condition is typically implemented for the electrolysers. In wind power generating 

systems, the power conditioning can be carried out with AC/DC or DC/DC converters. 

Dependence on the intermittent wind and solar resources creates a demand for dynamic 

operation and optimization for quick load changes. Low part-load operation can decrease 

the power electronic conversion efficiency as well as the efficiency of the electrolyser it-

self. To improve the efficiency in the power conditioning stage at low-load operation, a 

direct connection to the renewable power generating system can be implemented (Ursúa et 

al. 2012a). In solar PV systems, this direct coupling would require design of a PV genera-

tor to match the I-V characteristics of the electrolyser. In wind systems, a DC electric ma-

chine would be required for the direct coupling with the electrolyser. 

 

Alternatively to focusing on the production of electrolytic hydrogen, hydrogen can be con-

verted back to electricity by fuel cells. Then, the renewable hydrogen production system 

can be used to supply energy to small grids in remote areas, which are unable to access the 

main electric grid. In these cases, the surplus renewable energy can be used to produce 

electrolytic hydrogen, which is then stored for later use and conversion. When the energy 

demand is greater than the energy produced by the renewable sources can produce, stored 
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hydrogen can be fed to the fuel cells to meet the demand. Additionally, the hydrogen could 

be used in house heating or fuelling of fuel cell vehicles. 

5.2 Grid-connected applications 

Ursúa et al. (2012a, p. 412) divided grid-connected renewable electrolytic hydrogen pro-

duction applications into three main categories: 

1) The water electrolyser is separated from the fluctuations occurring in wind and so-

lar PV power generation and operated at a constant profile, which is related to the 

average electrical energy supplied by the renewable system. The electric grid virtu-

ally smoothens the renewable electricity generated and increases the capacity factor 

of the electrolysis system. The renewable electrical energy generated by the wind 

and/or PV system is directly fed into the electric grid at all times. 

2) The water electrolyser power input is taken from the available wind and/or solar 

PV supply rendering the produced hydrogen completely renewable. Surplus renew-

able energy, which the electrolysis system cannot utilize, is injected into the electric 

grid. The capacity factor of the electrolysis system is decreased due to the depend-

ence on the intermittent energy source. 

3) The water electrolyser system participates in the adjustment between the energy 

produced and the energy demanded by the loads connected to the electric grid. The 

hydrogen systems can take part in the implementation in wind and PV power plants 

of grid operation services. Water electrolysis systems can also help to ensure the 

power production forecast of renewable power plants. 

 

In Finland and the Nordic power system, the electric grid frequency control processes in-

clude the Frequency Containment Reserve (FCR) and the Frequency Restoration Reserve 

(FRR). These reserves aim to ensure the supply meets end-use demand and to prevent 

power outages, equipment damage and human injury. FCR is used for the constant control 

of frequency, while FRR is used to return the frequency back to its normal range and to 

release active FCRs back into use. The reserve products used in Finland are illustrated in 

Fig. 5.1. 
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Fig. 5.1 Frequency control processes in Finland (Fingrid 2014). 

Normal operation containment reserves (FCR-N) are active power reserves that react au-

tomatically to maintain the frequency in the range of 49.9–50.1 Hz. If the frequency ex-

ceeds the upper dead band limit of 50.05 Hz, down regulation is used and the plant partici-

pating to normal operation containment increases its load. If the frequency drops below 

49.95 Hz, up regulation is used and the plant has to decrease power. This is illustrated in 

Fig. 5.2. 

 

Fig. 5.2 Exemplary adjustment of load in an industrial water electrolyser participating to normal grid opera-

tion containment. Increase in the grid frequency indicates surplus supply in the power system, and thus the 

load of the water electrolyser has to be increased to balance supply and demand. When the demand in the 

power system exceeds the supply, the load of the electrolyser has to be decreased. 

Frequency containment reserves for disturbances (FCR-D) aim to replace the production 

deficit when a generator or interconnector unexpectedly gets disconnected from the power 

system. The frequency restoration reserves (FRR) consist of automatically activated cen-
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tralized reserves and manually activated reserves. Technical requirements for different re-

serve products are presented in Table 5.1. 

Table 5.1 Technical requirements for different reserve products in Finland (Fingrid 2015a). 

  Minimum size  Full activation time 

Frequency Contain-

ment Reserve for 

Normal operation 

(FCR-N) 

0.1 MW 3 min 

Frequency Contain-

ment Reserve for Dis-

turbances (FCR-D) 

1 MW 30 s 

Automatic Frequency 

Restoration Reserve 

(FRR-A) 

5 MW 2 min 

Manual Frequency 

Restoration Reserve 

(FRR-M) 

10 MW 15 min 

FCR products can participate either in hourly or yearly markets. The hourly market price is 

higher on average, but it contains a risk of zero price. For FCR-N products in 2014, the an-

nual capacity compensation was 15.8 €/MWh, while the average hourly compensation was 

31.93 €/MWh (Fingrid 2015b). This makes the hourly market more tempting, but it should 

be noted that the market volume for annual contracts is much more significant. Dynamic 

operation characteristics of alkaline and PEM electrolysis technologies are presented in 

Table 5.2. 

Table 5.2 Comparison of dynamic operation characteristics of alkaline and PEM electrolysers (Bertuccioli et 

al. 2014).  

  Alkaline PEM 

Min. load 20–40 % 5–10% 

Ramp-up from minimum 

load to full load 
0.13–10 %(full load)/second 10–100 %(full load)/second 

Ramp-down from full load 

to minimum part load 
10 %(full load)/second 10–100 %(full load)/second 

Start-up time from cold to 

minimum load 
20 min – several hours 5–15 min 

For example, a 6 MW alkaline electrolyser operating at 50 % of nominal load would take 

10–770 s to ramp-up to full load. It should be noted that the ramp-up time solely in terms 

of electrical load is typically much quicker. Upon fast ramp-up the electrical load can in-

crease quickly even in case of the alkaline water electrolysers, but then the efficiency of 

the electrolysers would be reduced until normal operating conditions are reached. Modern 
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PEM electrolysers can react on a time scale of hundreds of milliseconds and are generally 

suitable to the FCR processes. The minimum capacity required in the FRR services can set 

restrictions to both alkaline and PEM technologies. Participation to the frequency restora-

tion reserve is not generally as feasible as to normal frequency containment in the case of 

Power-to-Gas applications. 

 

In water electrolysers, higher currents result in higher overpotentials. At cell and stack lev-

el the best efficiency can then be achieved at lower loads. The system efficiency is also af-

fected by the sizing of auxiliary components and the power converters. Sizing the auxiliary 

components and power converters based on the maximum overload point would imply that 

the best efficiencies would be achieved at low loads.  Bertuccioli et al. (2014, p. 67) men-

tioned electrolyser systems where the best efficiencies are achieved at 40–60 % capacity. 

The Woikoski 9 MW alkaline water electrolyser system operates at the best efficiencies at 

60–70 % of nominal load, while the capacity can be adjusted between 20100 % of full 

nominal load (K Korjala 2015, pers. comm., 22 January). This makes participation to fre-

quency control processes, especially to FCR-N, intriguing since the load can be either in-

creased or decreased from the optimal operation point.  

 

Typically, MW-scale alkaline electrolysers are kept in stand-by mode to avoid cold start-

ups, which especially for alkaline electrolysers, can take an adversely long period of time. 

The cold start-up time is proportional to the mass of the liquid electrolyte and steel that has 

to heated up to the operating temperature. Avoiding cold starts requires that the tempera-

ture of the liquid electrolyte is maintained at an adequate level. For example at the Audi e-

to-gas plant, the temperature of the electrolyser is typically kept at a minimum of 40 ºC 

even when the electrolysers are not operating. Then, when low priced electricity is availa-

ble, the electrolysers can reach the designated optimal operating temperature of 70 ºC more 

quickly. The cold start-up time then becomes relevant when the electrolyser is forced to be 

shut down, usually in the case of extensive maintenance or under economically infeasible 

conditions. Utilization of locally available waste heat (e.g. heat produced in the electrolysis 

or methanation) may determine whether this minimum temperature can be maintained or 

not.  

 

If the Power-to-Gas plant produces methane in addition to electrolytic hydrogen and oxy-

gen, the dynamics of the methanation process may set limitations to the overall system. 
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Water electrolysers generally operate much more dynamically and with a wider load range 

compared to both chemical and biological methanation processes. Frequent start-up and 

shut-down cycles or even significant load changes are not possible in methanation. There-

fore, an intermittent storage of hydrogen is typically required to connect the more flexible 

water electrolysers to the steady operation of methanation processes (Lehner et al. 2014). 

5.3 Power electronic systems 

A water electrolyser is a DC load and thus the input power for the electrolyser has to be 

either AC/DC or DC/DC conditioned. The control of the power conditioning stage enables 

the selection of suitable output power. Principle idea of power conditioning and control is 

described in Fig. 5.3. 

 

Fig. 5.3 General scheme of a power electronic system (Mohan et al. 2003) [modified]. 

The power electronic system is responsible for the control of the hydrogen production pro-

cess. Measurements of the electrolyser system can provide control signals on how to 

achieve optimal operation. The I-V curve of a water electrolyser, which is dependent on the 

operating temperature and pressure, determines the power profile for the water electrolys-

er. The amount of hydrogen generated in water electrolysis during a certain time interval 

corresponds to the mean value of the current flowing through the electrolyser cell stack. 

Water electrolysers are typically characterized by their requirement for high currents and 

low voltages, which generally are not typical requirements for power electronic converters 

in the industrial sector. Due to these requirements, the power electronics in conventional 

grid-connected water electrolyser systems are typically based on thyristors and diodes. Wa-

ter electrolysis modules can also be assembled in mixed assemblies of series- and parallel-

connection to match the output of one or more rectifiers (Tilak et al. 1981). The advantage 

provided by thyristors is the ability to withstand high currents and possibility to use less 

passive components to reduce cost and weight. However, thyristors and diodes are semi-
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conductors, which switch on and off naturally according to the used line frequency (50 or 

60 Hz). Naturally commutating converters can be either uncontrolled (diode-based) or 

semi-controlled (thyristor-based) rectifiers (Ursúa et al. 2013). 

 

Additionally to line frequency converters, there are switching converters and resonant con-

verters. The switching converters consist of semiconductors, whose switching type is 

forced commutation, as opposed to the natural commutation of thyristors and diodes. 

Forced commutation, or controlled switching, is common for insulated gate bipolar transis-

tor (IGBT), metal-oxide field effects transistor (MOSFET), and gate turn-off thyristor 

(GTO). These switches are turned on and off—at turn-on and turn-off states—at consider-

ably higher frequencies compared to the line frequency. The high frequency of up to tens 

of kilohertz reduces the size of filters required to decrease the harmonic content in voltage 

and current. The third group, resonant electronic converters, implement semiconductors 

that are switched at zero voltage or current. These converters enable high switching fre-

quencies due to low switching losses, but can also introduce high voltage and current reso-

nant peaks (Ursúa et al. 2013). However, resonant converters require more complex con-

trol circuits, which can increase the cost.  

The electric power is generally supplied to a water electrolyser by a power supply. Similar-

ly to power electronic converters, power supplies can be categorized based on the commu-

tation type of the adopted converter: line frequency power supply (LFPS), switching power 

supply (SPS), and resonant power supply (RPS). The advantages and disadvantages of the 

three different power supply types are listed in Table 5.3. 
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Table 5.3 Comparison between the different power supply types (Ursúa et al. 2013) & (Mohan et al. 2003).  

LFPS 
 

SPS 
 

RPS 

Advantages 

Widely used technology in 

high-power applications 

  Introduced harmonics are 

often low-amplitude and 

high-frequency 

  Zero-voltage and/or zero-

current switching 

Large current-handling 

capabilities 

High-frequency Very low switching losses 

  Controllable High-frequency 

Controllable 

Disadvantages 

Switching at grid frequen-

cy 

  Electromagnetic interfer-

ence must be considered 

in high-frequency switch-

ing 

  Electromagnetic interfer-

ence must be considered 

in high-frequency switch-

ing 

Semi-controllable, control 

of the firing angle (thyris-

tor) 

Suitability for high-power 

applications 

Potentially high voltage 

and current resonant peaks 

Low-frequency, high am-

plitude harmonics 

  Size requirement for semi-

conductors due to resonant 

peaks 

Relatively large and heavy 

transformers needed 

Suitability for high-power 

applications 

LFPS group power supplies switch at the electric grid frequency and thus introduce har-

monics with a high amplitude and low frequency. These low-frequency harmonics can de-

crease the efficiency of the water electrolyser system and are costly to filter out. LFPS 

power supplies are still most widely used in conventional grid-connected water electrolys-

ers (Ursúa et al. 2013). Two characteristic LFPS power supplies are illustrated in Fig. 5.4. 

In all power supply illustrations, a three-phase interconnection is used, since single-phase 

interconnections are generally only applicable at very low power levels. 

 

 

 



 

 

65 

 

  

(a) (b) 

Fig. 5.4 Overview of the LFPS group electrolyser power supplies: (a) AC/DC conversion structure compris-

ing a transformer and a three-phase half-controller rectifier with thyristors and diodes, (b) AC/DC conversion 

structure consisting of a thyristor three-phase AC/AC voltage controller, a transformer, and a three-phase 

diode rectifier (Ursúa et al. 2013). 

The configuration presented in Fig. 5.4(b) is commonly adopted in high-power water elec-

trolysis. By controlling the firing angle of the thyristors in the AC/AC voltage controller, 

the root mean square (RMS) value of the AC output voltage can be controlled. The fre-

quency remains unchanged through this AC/AC conversion stage. The function of the 

transformer is to galvanically isolate the electric grid and the water electrolyser, and addi-

tionally to step down the grid voltage to a more suitable level. SPS power supplies are used 

in grid-connected applications as well, but more commonly in cases when the rated power 

of the water electrolyser is lower. Three characteristic grid-connected SPS power supplies 

are illustrated in Fig. 5.5. 
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(a) (b) 

 

 

(c)  

Fig. 5.5 Overview of the SPS group electrolyser power supplies of following AC/DC conversion structures: 

(a) a transformer, a three-phase diode rectifier, and a buck DC/DC converter (IGBT), (b) a three-phase diode 

rectifier, an IGBT inverter, a high-frequency transformer, and a second three-phase diode rectifier, and (c) 

wind turbine output connection to an IGBT rectifier (Ursúa et al. 2013). 

In Fig. 5.5(a), the diode rectifier supplies DC voltage and current to the IGBT-based buck 

(step-down) converter. This DC/DC converter then supplies the controlled and desired DC 

current to the water electrolyser. In Fig. 5.5(b), first the three-phase diode rectifier supplies 

a DC voltage and current for a three-phase IGBT inverter, which then generates a high-

frequency, three-phase AC voltage waveform. The output voltage level of the IGBT in-

verter can then be controlled correspondingly to the desired hydrogen production rate. Due 

to the relatively low voltage requirement of water electrolysers, the voltage level is reduced 

by a high-frequency transformer and rectified to the DC voltage and current by a diode 

bridge. 

 

Power supply to water electrolysers, which have been integrated into renewable power 

generating systems, is typically made using SPS-type supply. The buck converter is a 

commonly adopted DC/DC conversion structure, which is also used in the maximum pow-

er point tracking (MPPT) in solar PV plants. A buck-boost (step-down and step-up) con-

verter can also be used when electrolysers are connected to solar PV power generators. The 

power supply can then provide a wider operating range for the solar PV generator and wa-

ter electrolyser. In the case of integrating water electrolysers into wind power generation, 

an AC/DC conversion is needed. The AC/DC conversion consisting of an IGBT rectifier, 

illustrated in Fig. 5.5(c), or a combination of a diode rectifier and a buck converter could 
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be considered. In standalone renewable power generating systems, a DC bus is typically 

used to connect the main system components. Buck converters are commonly used in the 

connection between the DC bus and the water electrolyser (Ursúa et al. 2013).   
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6. DESIGN OF A LABORATORY SETUP FOR WATER ELECTROLYSIS 

A small-scale Power-to-Hydrogen infrastructure will be built at Lappeenranta University 

of Technology to research the production, storage, and end-use of hydrogen. The proposed 

infrastructure will be integrated into the existing LUT Green Campus to form a practical 

environment to research and demonstrate the integration of chemical energy storages into 

renewable power generating systems. This small-scale Power-to-Hydrogen system is envi-

sioned to be later expanded to comprise a hydrogen refuelling station and production units 

for hydrocarbons, such as synthetic natural gas or methanol. The acquisition of the re-

quired chemical compounds, namely water and carbon dioxide, from the environment can 

be experimented to research the independent operation of Power-to-Gas, or Power-to-

Liquids, technologies. The produced renewable hydrogen and hydrocarbons can then be 

utilized as a renewable energy storage, feedstock for the chemical industry, and fuel for 

transportation. The envisioned Power-to-Gas plant is illustrated in Fig. 6.1. 

 

Fig. 6.1 Overview of the Power-to-Gas plant plan at the Lappeenranta University of Technology. 

The LUT Green Campus comprises a 20 kW wind turbine and 208.5 kWp of currently in-

stalled solar PV capacity. The solar PV power plant has various installations: flat roof, wall 

mounting, carport, and a two-axis solar panel MPPT tracking system. Measurements can 

be recorded and stored at a one second interval separately from each solar power plant and 

at a 0.1 ms interval from the wind turbine. These measurements can be used as an input 

reference to the water electrolysers. The planned water electrolysers would be connected to 

the electric grid, but data from real intermittent renewable sources could be utilized. Addi-
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tionally, electricity price could be used as input data to operate the system in grid-

connected mode with a least-cost strategy. 

 

The first phase of the desired Power-to-Gas plant plan is to acquire and build a household-

size PEM water electrolyser system—a container that would include a water deionizer, wa-

ter electrolyser, hydrogen gas dryer, ventilation, hydrogen storage, and necessary equip-

ment to maintain the indoor temperature in the specified range. Additionally in this first 

phase, a hardware-in-loop (HIL) test system will be designed. The HIL system would emu-

late real-time production of hydrogen and energy conversion. Models of different water 

electrolyser technologies and control strategies could be tested. Industrial electrolysers 

could be tested in smaller scale to optimize their operation, which could provide valuable 

results for power electronic systems and system optimization. 

6.1 Hydrogen safety 

Hydrogen is colourless, odourless, and tasteless in its gaseous state and forms the smallest 

and lightest molecule of any gas—e.g. 14 times less dense than air. Hydrogen gas (H2) 

permeates more easily through materials, passes through small leak paths, diffuses rapidly 

in surrounding media, and has a greater buoyancy than other gases. Inside confined spaces, 

hydrogen leaks can create flammable mixtures with air. Exposing pure hydrogen to an ig-

nition source does not cause ignition by itself—an oxidizer is needed to form a flammable 

mixture. The flammability range for hydrogen in the air under ambient conditions is 4–

75 % volume fraction. Contrary to many other gases, hydrogen gas expansion produces 

heat. Releasing compressed hydrogen to the atmosphere does not produce enough heat to 

cause ignition by itself. However, under high pressures, hydrogen has a high potential en-

ergy and a rapid release of this energy can generate a blast wave. It should be noted that 

the autoignition temperature of hydrogen is 585 ºC, but the minimum ignition energy can 

be as low as 17 µJ. By comparison, the ignition energy of gasoline is 240 µJ. Hydrogen 

combustion produces UV-radiation and only small amount of infrared radiation. Therefore, 

hydrogen flame in the air can be difficult to see with the naked eye and hard to sense even 

in close proximity (ISO 2004). Hydrogen flame is difficult to extinguish and the most effi-

cient and safe way to do so is to turn off or isolate the hydrogen source. Extinguishing a 

hydrogen fire should be avoided unless it is absolutely necessary since leaking and re-

igniting hydrogen may cause detonation (AGA 2012). 
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The materials used in vessels and other components can lose their structural strength when 

exposed to hydrogen. This phenomenon is known as hydrogen embrittlement and can be 

counteracted with the proper selection of materials. For example, aluminium, copper, and 

stainless steel are highly resistant to hydrogen embrittlement. Hydrogen gas is non-

corrosive and non-toxic (ISO 2004). 

 

The unique properties of hydrogen should be acknowledged to eliminate and minimize the 

risks associated with the use of hydrogen. Hydrogen has been extensively used in petro-

chemical and chemical industries and has a safe history in industrial applications—

hydrogen can be used as safely as other fuels used today. But extending the use of hydro-

gen to new energy applications firstly requires that this change can be carried out safely. 

To minimize the risks in electrolytic production of gaseous hydrogen and its pressurized 

storage, the following general actions should be taken into account (ISO 2004): 

 Isolation of hydrogen from oxidizers 

 Use of welded joints in connecting piping 

 Ventilation guarantee in confined spaces where hydrogen leaks could potentially 

occur 

o Installation of ventilation fans and verification of differential pressure 

 Installation of hydrogen and fire detectors and associated alarm devices 

o Commonly used concentration level for alarm is 1 % volume fraction of 

hydrogen in air, which is 25 % of the lower flammability level 

 Equipping hydrogen storage vessels with vent and pressure-relief systems 

 Elimination of ignition sources and use of non-sparking devices 

 Placement of emergency stop switches and auto-triggering of emergency stop by 

alarm devices 

o Upon emergency stop all hydrogen production should stop, an isolation 

valve should isolate hydrogen storage to prevent back flow, and all excess 

hydrogen should be purged. The system may enter to a nitrogen (inert gas) 

purge mode. 
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6.2 Directives and legislation 

Directives concerning the safety of water electrolysis applications are listed in Table 6.1. 

The list of directives is based on the VTT report on the safety of fuel cell and hydrogen 

refuelling, but they generally apply to water electrolysis applications as well. 

Table 6.1 Directives on the safety of hydrogen generators using water electrolysis process (Nissilä & Sarsa-

ma 2013). 

Prevention of fire and explosion risks 

 ATEX Directive 94/9/EC on equipment and protective systems in-

tended for use in potentially explosive atmospheres 

 ATEX Directive 1999/92/EC on minimum requirements for improv-

ing the safety and health protection of workers potentially at risk 

from explosive atmospheres 

 ATEX Directive 2014/34/EU on the harmonisation of the laws of the 

Member States relating to equipment and protective systems intend-

ed for use in potentially explosive atmospheres (applicable from 

20.4.2016) 

 Seveso II (Directive 96/82/EC) on prevention of major accidents 

involving dangerous substances, to be overwritten by  Seveso III (Di-

rective 2012/18/EU) on 1.6.2015 

Safety of pressure equipment  

 Directive 97/23/EC on the approximation of the laws of the Member 

States concerning pressure equipment 

Safety of machinery 

 Machinery Directive 2006/42/EC 

Electrical safety 

 Low Voltage Directive 2006/95/EC 

 Electromagnetic Compatibility Directive EMC-D 2004/108/EC 

Definitions of Ex zones for gases, mists, or vapours (Tukes 2012): 

 Zone 0: An atmosphere where a mixture of air and flammable substances in the 

form of gas, vapour or mist is present frequently, continuously or for long periods. 

 Zone 1: An atmosphere where a mixture of air and flammable substances in the 

form of gas, vapour or mist is likely to occur in normal operation occasionally. 

 Zone 2: An atmosphere where a mixture of air and flammable substances in the 

form of gas, vapour or mist is not likely to occur in normal operation but, if it does 

occur, will persist for only a short period. 

The Finnish Institute of Occupational Health gives a rough guideline for the different 

zones of explosive atmospheres. For Zone 0, explosive atmospheres would occur over 

1000 h/a. For Zone 1, the suggestion is 10–1000 h/a, and for Zone 2 less than 10 h/a 

(Korhonen 2010). If an atmosphere is categorized as an Ex zone, all the equipment and 
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protective systems should be appropriate to be used in such atmospheres according to Di-

rective 94/9/EC. Equipment are categorized, similarly to Ex zones, into three categories. 

These equipment classes are: 

 Equipment class 1: very high level of safety, required in Ex Zone 0 areas 

 Equipment class 2: high level of safety, required in Ex Zone 1 areas 

 Equipment class 3: normal level of safety, appropriate in Ex Zone 2 areas.  

Before commissioning of the hydrogen handling facilities, a safety analysis should be car-

ried out. The procedure of categorizing and zoning of potentially explosive atmospheres in 

Finland is described and instructed in (SFS 2012). If an area is identified as a potentially 

explosive atmosphere, an explosion protection document has to be created by the natural or 

juristic person governing the facility and the employer (Tukes 2012). If selection of 

equipment or protective systems deviates from the Directive 94/9/EC, it has to be reported 

in the explosion protection document. All measures to manage risks should be document-

ed. The procedure of risk assessment and categorization of potentially explosive atmos-

pheres is, in general form, described in Fig. 6.2. 

 

Fig. 6.2 Identification of explosive atmospheres and the recommended approach to risk management (Korho-

nen 2010) [modified]. 

Phase III (Fig. 6.2) of eliminating explosive atmospheres calls for measures to prevent the 

occurrence of explosive atmospheres altogether. In the case of hydrogen gas, proper venti-

lation and automatic safety systems can prevent the Ex zone rating, if this elimination is 

continuously confirmed with measurements. The risk assessment has to be documented 

with clear justifications. 
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According to the Seveso Directive the minimum amount of handled hydrogen, which will 

require an official declaration, is 100 kg. This declaration of small-scale industrial handling 

of chemicals is to be delivered to the local department of emergency services before the 

commissioning of the hydrogen handling facilities. The limit for extensive use hydrogen in 

Finland is 2 tonnes. When the amount of handled hydrogen is more than 5 tonnes, a docu-

ment of operating principle is required. If the amount of hydrogen exceeds 50 tonnes, an 

investigation on operation safety is required as well. In Finland, the supervising body of 

the extensive industrial use of hydrogen is the Finnish Safety and Chemicals Agency 

(Tukes). If the amount of handled hydrogen is less than 100 kg, no official declaration is 

required. However, Finnish law 390/2005 on the safety of handling dangerous chemicals 

and explosives has to be abided by. The law 390/2005 works towards improving safety in a 

general manner. 

6.3 Laboratory setup 

The natural or juristic person governing the future water electrolysis laboratory at Lap-

peenranta University of Technology is, on the grounds of Directive 1999/92/EC, obliged 

to: 

 Conduct an assessment of explosion risks 

 Create an explosion protection document 

 Account for the safety of workplaces (e.g. indicate potentially explosive atmos-

pheres, create a code of conduct, and brief personnel accordingly). 

The hydrogen generator system will be an outdoor installation container, placed adjacent to 

the Lappeenranta University of Technology. A three-phase 400 VAC power supply con-

nection and a feedwater supply (2.5–6 bar) has to be provided to the container. A descrip-

tive layout of the system is presented in Fig. 6.3. 
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Fig. 6.3 Overview of the PEM electrolyser container layout. 

The container could be divided into a general purpose area and a hydrogen production ar-

ea, which can be categorized as an Ex zone. To prevent possible flammable mixtures of air 

and hydrogen, the hydrogen production area should be equipped with a hydrogen detector 

and a ventilation system. The ventilation system would guarantee necessary air flow from 

the container, and the hydrogen detector would be connected to the safety system to auto-

matically perform an emergency stop. The upper limit for hydrogen in air is 1 %, which 

corresponds to 25 % of the lower explosion limit. The hydrogen detector has to be regular-

ly calibrated and tested to ensure safe operation. Emergency stop would isolate the hydro-

gen storage system from the hydrogen production area, stop the electrolyser, and purge the 

remaining hydrogen gas out of the container. The container itself is recommended to be 

wool insulated due to fire safety. The partition wall separating the two areas should be EI 

60 fire-rated—fire protection for 60 minutes—to provide increased fire resistance, if the 

hydrogen production area is categorized as an Ex zone. This was the recommendation from 

the department of emergency services in Lappeenranta, Finland. A minimum temperature 

of 2 °C has to be ensured inside the hydrogen handling area. An air source heat pump can 

be installed on the side of the general purpose area to provide control over the indoor tem-

perature and intake air. Oil-filled radiators can be placed in both rooms to maintain a suffi-

cient indoor temperature in Nordic conditions.  

 

A household-size PEM water electrolyser, with a rated power of roughly 5 kW, will be ac-

quired. The PEM technology can enable a large differential pressure between the anode 

(water inlet) and the cathode (hydrogen gas outlet) compartments. A PEM water electro-

lyser capable of producing hydrogen gas at high pressure is recommended. Then, the pro-
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duced hydrogen gas would not require subsequent gas compression for storage. The pro-

duced hydrogen gas could be stored in standard composite gas cylinders (V = 350 l, pmax = 

250 bar), which can form a modular storage. A nominal hydrogen production rate of 1 

Nm3/h (0.0899 kg/h) is expected from a 5 kW water electrolyser. Feedwater requirement 

will be in the range of 1–5 l/h, depending on whether the electrolyser is air- or water-

cooled. At 50 bar pressure and at T = 0 °C, a 350 litre gas storage can hold 0.8 kg of hy-

drogen gas according to the ideal gas law. At the nominal production rate this would corre-

spond to a hydrogen storage for 8½ hours. Two 350 l composite cylinders could be consid-

ered to provide storage capacity for one day’s hydrogen production. A small-scale fuel cell 

could be acquired to consume the produced hydrogen by reconverting it into electricity and 

heat. This fuel cell will have to fulfil the electric grid code, since the electricity would be 

injected back into the electric grid. A process and instrumentation diagram of a high-

pressure hydrogen system is presented in Appendix 3.  

 

Operation of the hydrogen system should be monitored and measured for research purpos-

es. Operating temperature, pressure, power, stack and individual cell voltages, and stack 

current should be measured. Water inlet could be monitored based on the water pressure 

and water flow as well as water conductivity. Increase in conductivity of the deionized wa-

ter will inform when the water deionizer has to be serviced (ion exchange filter replaced). 

Measurements on the hydrogen production rate will be important to assess the specific en-

ergy consumption of the water electrolysis system. A measurement PC with LabVIEW can 

serve as the external controlling and data logging instrument for the hydrogen system. 
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7. DISCUSSION 

Naturally commutating power converters have typically been used in conventional grid-

connected water electrolysers. In addition to the proposed PEM water electrolysis system 

proposed in this work, a HIL test setup for water electrolysis is recommended to enable 

further research on control methods and power electronics, and also on how power 

electronics could automatically identify the state of a water electrolysis process. Modular 

assembly of electrolysis modules and the use of more advanced power converters could be 

studied to improve the efficiency of conversion. Jointly with the actual hydrogen system, 

the HIL setup can be used to verify mathematical models of different water electrolysis 

processes and systems. Existing industrial water electrolysers could be simulated in smaller 

scale with the HIL setup, regardless of the water electrolysis technology in question. This 

could reveal methods to improve the operation of both existing and future water 

electrolysis systems. A second Master’s thesis work has been started to design the HIL 

laboratory setup. 

 

One of the important research questions is how dynamic operation affects the lifetime of 

the electrolytic cell. Dependence on intermittent renewable power generation creates a 

demand for dynamic operation and its effects should be understood. The laboratory setup 

proposed in this work can be used to study the energy efficiency of the water electrolysis 

process, from power conversion to the storage of chemical energy. This can provide results 

on the optimization of the water electrolysis process; how the system components should 

be selected and what are the optimal operating conditions and control methods. LUT Green 

Campus can provide real-life data on renewable power generation and this can be used to 

analyse both on- and off-grid applications. The price of electricity can also be used as an 

input for the hydrogen system. Participation to frequency control processes could be 

assessed. Combining the hydrogen system with carbon capture from air and methanation 

process modules would enable the demonstration of renewable hydrocarbon production. 

Both carbon capture from air and methanation set their limitations on the overall system, 

and the optimization of the resulting independent Power-to-Gas, or Power-to-Fuels, system 

could be analysed. To demonstrate independent off-grid operation, a rainwater harnessing 

system could be installed to the small-scale hydrogen system. 
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8. CONCLUSION 

The motivation for this thesis is that the EU-28 countries, and the rest of the world, are fac-

ing an energy transition from a fossil-fuel-based energy system to a system, which is dom-

inated by the use of renewable energy. The task of reaching a nearly fully decarbonized 

power system by 2050 requires planning and understanding of the possible technologies 

and synergies. Research and predictions of this energy transition will be crucial and will 

create global business opportunities. As the share of variable and unpredictable renewable 

power production increases significantly in a power system, large-scale and long-term en-

ergy storage will be required to maintain the balance between supply and demand. This 

seasonal, TWh-scale storage of electrical energy will be difficult to achieve with electro-

chemical storages, such as battery technologies. Hydrogen shows promise due to its ability 

and to serve as a long-term chemical energy storage, a versatile energy carrier, and a feed-

stock for various industries. The whole transportation sector, including airliners and heavy 

working machines, cannot be directly electrified. Renewable hydrogen or renewable hy-

drocarbons could be used to indirectly electrify and, as a result, assist in decarbonizing the 

transportation sector. Renewable hydrogen could also be used to lower the CO2 emissions 

in the chemical and petrochemical industries. Ammonia synthesis, oil refining, and metha-

nol synthesis are the largest consumers of hydrogen. Globally, around 60 million tonnes of 

hydrogen is produced a year and the majority of that hydrogen comes from fossil re-

sources. 

 

The objective of this thesis is to conduct a literature review of water electrolysis technolo-

gies and their integration into renewable power generating systems. Also thesis aims to an-

alyse the possibilities of electrolytic hydrogen production in the energy system. Water can 

be split into its structural elements, hydrogen and oxygen, by supplying a direct current and 

a sufficient electric potential. There are two established commercial water electrolysis 

technologies: alkaline and PEM. Alkaline water electrolysis is the most established tech-

nology in this field and has been the obvious choice when industrial scale is considered. 

Unlike the alkaline technology, PEM water electrolysers do not implement any liquid elec-

trolyte, which enables the design of more compact systems. PEM water electrolysers ap-

pear more suitable to integration into renewable power generating systems due to their 

faster dynamic response times and generally wider load ranges. However, PEM water elec-

trolysers still require scarce materials, which increases the investment cost. PEM technolo-
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gy is now starting to appear in MW-scale as well. Additionally, the development and 

commercialization of PEM fuel cells, in stationary and transport applications, could help to 

decrease the cost of PEM water electrolysers.  

 

Water electrolysers are DC loads, and therefore power electronics systems are needed for 

power conditioning and control of the hydrogen production process. The power profile of a 

water electrolyser is affected by the operating temperature and pressure. Control of the 

electrolyser power, selection of the power conversion topology, and monitoring of the wa-

ter electrolysis process can improve the overall efficiency and lifetime. Increase in operat-

ing temperature can improve the cell efficiency, but a large temperature increase can ad-

versely affect the lifetime. 

 

Steam methane reforming has enabled lower hydrogen production costs compared to water 

electrolysis. Only 4 % of global hydrogen production is from water electrolysis. Water 

electrolysers have not necessarily been employed in any specific industries, but rather are 

used where they are cost-effective. Participation to normal grid operation containment can 

improve the economic feasibility of the electrolytic hydrogen production. However, the 

effect of dynamic operation on the lifetime of electrolytic cell has not yet been thoroughly 

researched. Water electrolysers are modular, can be decentralized, and can enable renewa-

ble production of hydrogen, oxygen, and indirectly hydrocarbons. Hydrogen can be recon-

verted into electricity and heat in fuel cells or thermal combustion turbines, albeit with a 

low round-trip efficiency. Need for a separate hydrogen distribution system can be reduced 

by employing decentralized water electrolysers that are connected to the electric grid. Re-

newable hydrogen can be an important link between the electricity, transportation, heat, 

and chemical sectors and their decarbonization. 

 

Finally, this study investigates the factors affecting the design and commissioning of 

hydrogen generators in Finland. This investigation notes the directives, legislation, and 

general recommendations on the design of water electrolysis systems. This thesis then 

forms the minimum requirements for the small-scale hydrogen system to be acquired for 

the Lappeenranta University of Technology. The proposed laboratory setup for testing and 

demonstrating renewable hydrogen production systems is an outdoor installation container. 

High-pressure PEM water electrolysis renders the first hydrogen gas compression stage 

unnecessary. The PEM technology provides electrochemical compression in the electrolyt-
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ic cell, which means that the feedwater pressure does not have to be significantly in-

creased. Additionally, there is no need for liquid electrolyte and the associated equipment. 

Water electrolysers are still expensive, and therefore the proposed system will be small-

scale. The proposed hydrogen generator will be capable of producing 1 Nm3/h of hydrogen 

gas, which can be stored in composite cylinders. The hydrogen system will include a fuel 

cell to reconvert the produced hydrogen into electricity and heat. The hydrogen system will 

be integrated into the existing LUT Green Campus to form a practical environment to re-

search and demonstrate the integration of chemical energy storages into renewable power 

generating systems.  
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APPENDIX 1: Loss-estimate model of an alkaline electrolysis cell 
 
%% Alkaline electolysis simulation in MATLAB 

%  Model fitting parameters for loss-estimate model from (Milewski et al. 2014) 

clear all; close all; clc; 

 

F = 96485;        % Faraday constant 

R = 8.3144621;    % gas constant [J/(mol*K)] 

z = 2;            % number of moles of electrons transferred in the reaction 

m = 7.64;         % electrolyte molality for 30% KOH solution 

M = 8;            % molarity [mol/l] 

  

i = 0:0.01:0.5;   % current density [A/cm^2] 

ilim = 30;        % limiting current density [A/cm^2] 

  

p = 30;           % prevailing pressure [bar] 

p = p*0.986923267;      % [atm] 

t = 75;           % [°C] 

T = t + 273.15;   % [K] 

 

for(j = 1:length(t)) 

    pw(j) = getWaterPressure(t(j))*0.986923267; % [atm] 

end 

pKOH = exp(0.01621 - 0.138*m + 0.1933*m^0.5 + 1.024.*log(pw)); 

  

% Calculate the reversible cell voltage according to T and p 

Urev1 = 1.5184 - 1.5421e-3.*T + 9.523e-5.*T.*log(T) + 9.84e-8.*T.^2; 

Urev = Urev1 + 4.309e-5.*T.*log(((p-pKOH).^1.5.*pw)./pKOH); 

  

% Activation losses Uact 

alpha_a = 0.0675 + 0.00095.*T;   % anode (Ni) charge-transfer coefficient 

alpha_b = 0.1175 + 0.00095.*T;   % cathode (Ni) charge-transfer coefficient 

i0 = 3.15e-4;      % exchange current density [A/cm^2] 

  

Uact_a = 2.306*R.*T./(z*F.*alpha_a)*log10(i./i0); 

Uact_b = 2.306*R.*T./(z*F.*alpha_b)*log10(i./i0); 

Uact = Uact_a + Uact_b; 

  

% Ohmic losses Uohm 

delta = 0.66;          % electrolyte thickness [cm] 

sigma = -2.041*M - 0.0028*M^2 + 0.001043*M^3 + 0.005332*M.*T + 207.2*M./T - 

0.0000003*M^2.*T.^2;      % conductivity of KOH solution [S/cm] 

 

% Calculate the effect of bubble phenomena 

eps = 0.0153*(i./ilim).^0.3;  % void fraction of the electrolyte 

sigma_eps = (1-eps).^1.5*sigma;  % electrical conductivity in the presence of bubbles 

[S/cm] 

r = delta./sigma_eps;     % area specific resistance [cm^2/S] 

Uohm = r.*i; 

  

% Cell voltage 

Ucell = Urev + Uact + Uohm; 

  



 

 

 

 

APPENDIX 2: Technical details of commercial water electrolysers 

 

 



 

 

 

 

APPENDIX 3 : Process and instrumentation diagram of a high-pressure hydrogen 

system (IRD 2015) 
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