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High percentages of renewable energy sources are expected to be connected to the power grid.
These energy sources have a disadvantage in that the production is not constant due the in-
termittent and seasonal nature of renewable energy. Renewable hydrogen is needed to store
excess energy in chemical form as hydrogen gas and to produce carbon neutral fuels for trans-
portation, as well as to produce raw materials for the chemical industry. Hydrogen is thus seen
as the most promising pathway to meet the emission targets set by international agreements
to limit the climate warming to under 2 ◦C. Adoption of water electrolysers in industrial scale
offers a pathway to tackle these challenges.

Water electrolyzers are currently used for only around 4% of the global hydrogen production
while the rest is produced using other methods such as steam reforming which produces CO2
emissions. Still combining hydrogen production with renewable energy using water electrolyz-
ers is attracting more interest because of sustainability and increased flexibility of the resulting
energy system. The increased interest has brought up many questions especially regarding the
energy efficiency, lifetime, and degradation of the electrolyzers. Power quality been brought up
as one of the potential factors affecting both efficiency and degradation of water electrolyzers.
These topics have still seen only very limited amounts of research because of very slow nature
of electrolyzer degradation mechanisms. Yet research into these phenomenons is required to
improve the lifetime of water electrolyzers and to improve their competitiveness.

In this thesis, different factors of instability affecting the water electrolyzer systems are studied.
The electrolyzer degradation mechanisms and effects are described and measurement methods
are presented. Finally other electrolyzer test stations are investigated to design a test station to
study how power quality affects the energy efficiency and degradation of electrolyzers which
can be used to verify the literature claims presented in this thesis.
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Uusiutuvan energian osuuteen sähköverkon tuotannosta on odotettavissa suurta kasvua tule-
vaisuudessa. Näiden energian lähteiden ongelma on, että niiden tuotanto ei ole tasaista vaan
se riippuu ajoittaisista ja kausittaisista muutoksista niiden olosuhteissa. Uusiutuvalla vedyn
tuotannolla ylimääräinen energia saadaan talteen kemialliseen muotoon vety kaasuksi, jota
voidaan käyttää hiilineutraaleiksi polttoaineiksi liikenteseen sekä kemianteollisuuden raaka-
aineeksi. Tämän takia vety nähdään yhtenä lupaavimmista keinoista täyttää emissio tavoitteet,
jotta ympäristön lämpeneminen saataisiin rajoitettua alle 2 ◦C. Veden elektrolyysin käyttöön-
otto teollisuusmittakavassa tarjoaa mahdollisuuden vastata näihin haasteisiin.

Veden elektrolyysillä tuotetaan tällä hetkellä vain noin 4% maailman käytetystä vedystä kun
taas loput on valmistettu käyttäen kaasun reformointia, josta syntyy hiilidioksidi päästöjä.
Nykytilanteesta huolimatta vedyn tuotannon yhdistäminen uusiutuvan energian tuotannon kans-
sa käyttäen veden elektrolyysereitä on saanut osakseen kasvavaa mielenkiintoa lopullisen en-
ergia järjestelmän joustavuuden ja kestävyyden takia. Tämä on nostanut esille myös paljon
kysymyksiä liittyen elektrolyysereihin, varsinkin niiden käyttöiästä ja degradaatiosta halut-
taisiin lisää tietoa. Sähkönlaadun on havaittu vaikuttavan näihin osa-alueisiin ja olisinkin
tärkeää ottaa se huomioon parempien elektrolysaattorien suunnittelun kannalta. Tämän takia
tutkimusta näihin ilmiöihin kaivataan, jotta elektrolyysereiden elinaikaa saitaisiin pidennettyä
ja niiden kilpailukykyä näin parannettua.

Tässä tutkielmassa eri tekijöitä elektrolyyseri järjestelmien epävakauteen tutkitaan. Elektrolyy-
sereiden degradaatio mekanismit ja vaikutukset selitetään sekä niiden mittaustavat esitetään.
Viimeisenä kolme elektrolyyseri testipenkkiä kuvataan ja niiden pohjalta suunnitellaan testi-
penkki veden elektrolyysereiden testaamiseen, jolla sähkönlaadun vaikutuksia degradaatioon
ja energia tehokkuuteen voidaan tutkia.



Contents

1 Introduction 8
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.1.1 Power-to-X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.1.2 Energy storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3 Problem definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Delimitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Research methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.6 Thesis organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Electrolyzers and applications 15
2.1 Fundamentals of water electrolysis . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.2 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.3 Electrochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Electrolyzers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Alkaline water electrolysis . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 High temperature alkaline electrolysis cell (HT-AEC) . . . . . . . . . . 20

2.2.3 Anion exchange membrane electrolysis (AEME) . . . . . . . . . . . . 22

2.2.4 Solid oxide electrolysis (SOE) . . . . . . . . . . . . . . . . . . . . . . 24

2.2.5 PEM water electrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 Performance of PEM electrolysis 30
3.1 Origins of performance losses . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1.1 How degradation effects performance . . . . . . . . . . . . . . . . . . 31

3.2 Degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1 Dynamic operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.2 Membrane degradation . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.3 Catalyst layer degradation . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2.4 Bipolar plate degradation . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.5 Current collectors degradation . . . . . . . . . . . . . . . . . . . . . . 43

3.2.6 Electrical measurements and degradation . . . . . . . . . . . . . . . . 44

3.2.7 Temperature/pressure/current density induced degradation . . . . . . . 47

4 PEM electrolyzer test stations in literature 49
4.1 Electrolyzer test stations 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



4.2 Electrolyzer test stations 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3 Electrolyzer test stations 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.4 Summary of studied test stations . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 PEM Electrolyzer test station 60
5.1 Pressure control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Temperature control system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Gas measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.4 PSU . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.4.1 Waveform generation . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.5 Water refill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.6 Water circulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.7 Electrolyzer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.8 Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.9 Modifications for needed for stack testing . . . . . . . . . . . . . . . . . . . . 74

6 Discussion and conclusion 75
6.1 Limitations and suggestions for future research . . . . . . . . . . . . . . . . . 76

APPENDIX 95



Roman characters

A Area

F Faraday constant

G Gibbs free energy

H Enthalpy

U Voltage

I Current

i Current density

P Power

Q Thermal energy

R Resistance

S Entropy

T Temperature

z Transferred electrons in moles

Greek characters

α Charge transfer coefficient

η Faraday efficiency

δ Thickness

σ Ionic conductivity

Subscripts

a Anode

act Activation

c Cathode

crit Critical

con Concentration

el Electrolyte layer

ohm Ohmic

rev reversible

tot total

tn thermoneutral

∆H Enthalpy change

5



Acronyms

AC Alternating current

AFM Atomic force microscopy

AEM Anion exchange membrane

AEME Anion exchange membrane electrolyzis

ASTM American society for testing and materials

AWE Alkaline water electrolysis

BOP Balance of plant

BP Bipolar plate

CAES Compressed air energy storage

CAPEX Capital expenditure

CCM Catalyst coated membrane

DC Direct current

EIS Electrochemical impedance spectroscopy

FRR Fluoride release rate

HAZOP Hazard and operability study

HFR High frequency resistance

HT-AEC High temperature alkaline electrolyzer cell

IL-TEM Identical location transmission electron microscope

LEL Lower explosion limit

LSV Linear sweep voltammetry

MEA Membrane electrode assembly

OER Oxygen evolution reaction

PSU Power supply unit

SER Sulfur emission rate

SO Solid oxide

SOEC Solid oxide electrolyzer cell

SMES Super conducting magnetic energy storage

P&ID Piping and instrument diagram

PEM Proton exchange membrane

PEMFC Proton exchange membrane fuel cell

PFSA Perfluorosulfonic acid

PGM Platinum group metals

PHES Pumped hydro energy storage

6



PTL Porous transport layer

PtX Power-to-X

PV Photovoltaic

R&D Research and development

SEC Specific energy consumption

UPD Under potential deposition

USFCC US fuel cell council

XRD X-ray power diffraction



1 Introduction

High percentages of renewable energy sources are expected to be connected to the power grid.

These energy sources have a disadvantage in that the production is not constant. Renewable

hydrogen is needed to store excess energy in chemical form as hydrogen gas and to produce

carbon neutral fuels for transportation, as well as to produce raw materials for the chemical

industry. Adoption of water electrolysers in industrial scale offers a pathway to tackle these

challenges.

Implementing this kind of “Hydrogen Economy” has since its inception been a slow process

because hydrogen doesn’t appear in molecular form in nature. This means that hydrogen has

to be produced by means of an energy input and thus far the most used method of hydrogen

production is steam reforming of fossil fuels, such as propane, gasoline, diesel, methanol or

ethanol (Ni et al. 2007, Rostrup-Nielsen et al. 2002). Problems with steam reforming are

apparent as it doesn’t produce high quality hydrogen needed in chemical applications and it

also doesn’t relieve the dependencies on fossil fuels or help to reduce pollution caused by

them. High quality hydrogen (above 99.99% hydrogen concentration) can be produced by

the electrochemical conversion of water to hydrogen and oxygen through process called water

electrolysis.

For hydrogen production, water electrolysis has multiple upsides like pollution free production

if renewable energy sources are used, water is plentiful, and the process is simple (Barbir 2005).

Even though water electrolysis was discovered around 200 years ago (Trasatti 1999) it has still

not garnered much use in industrial applications. Increasing electricity price has delayed the

production of electrolytic hydrogen. This could change in the near future as renewable energy

sources like solar PV and wind power become more and more utilized. Using water electrolysis

would then also help with the problems caused by the daily and seasonal discrepancies between

energy availability and demand. As water electrolysis could be used to produce hydrogen

which could then be stored and converted back to energy at later date when energy demand

exceeds the availability (Gandı́a et al. 2007).

1.1 Background

In industrial electrolytic hydrogen production, there are two competing technologies present

currently: alkaline water electrolysis (AWE) and proton exchange membrane (PEM). AWE

is mature production method with durability of 90,000 h with degradation rate of <3 µV h−1

while PEM electrolyzers have durability of 20,000 h with degradation rate of <14 µV h−1

(Carmo et al. 2013). PEM electrolyzers have many advantages over AWE counterparts as they
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can use higher current densities and the usage of membrane electrolyte allows the produc-

tion of compressed hydrogen without need for external compressor unit which reduces system

complexity and CAPEX (Sun et al. 2014). AWEs can also be run with differential pressure

but that requires use of specific diaphragm materials to avoid extensive cross-permeation of

gasses. Transient response of PEM electrolyzers is also in the range of 50 ms, which makes

them suitable for renewable energy sources that have varying output. Despite those advantages

PEM water electrolysis process suffers from expensive system cost (Carmo et al. 2013) and

considerably lower durability compared to the alkaline technology. Increasing durability of

PEM water electrolysis is still a challenging task because the objectives are very ambitious.

Fuel Cell and Hydrogen Joint Undertaking have a durability target of 90,000 h and only 10 %

efficiency losses (Bertuccioli et al. 2014a). Consequently, the causes of performance degrada-

tion in PEM water electrolyzers are becoming subject of great interest around the scientific and

industrial community. The limiting factor with degradation testing is the fact that the test have

to be run for extended periods of time (thousands of hours) to get reliable results of degradation

mechanisms in real operation conditions (1.5 A cm−2 and 80 ◦C) after the first 1000 h. Millet

et al. reported two main degradation mechanisms, one that is reversible and is directly related

to the purity of the feed water used in the process which was also confirmed by Wei et al.. The

second degradation mechanism was irreversible and caused by the degradation of the MEAs.

It is related to uneven current distribution which could create hot spots and local membrane

swelling. Understanding the degradation phenomena will help us to design better and more

durable electrolyzers.

Power quality has been shown to affect the specific energy consumption (SEC) of PEM water

electrolyzers and could also play a substantial role in electrolyzer degradation (Koponen et al.

2020). Studying the effects of power quality on the energy efficiency and degradation of water

electrolyzers is seen as an important step towards future where hydrogen will be used in most

sectors of society as an energy carrier or as raw resource for chemical industry (Babic et al.

2017). Generating all of this hydrogen is not going to be possible with current methods such

as steam reforming natural gas or other fossil fuels as this would only increase our dependency

on non-renewable fuels and accelerate global warming.

1.1.1 Power-to-X

Power-to-X (PtX) is a re-conversion pathway that decouples power from the electricity sector

for use in other sectors such as transportation or chemistry. The electric energy is used to

produce various types of energy carriers, such as hydrogen to store electricity and balance grid

during the peak times. As hydrogen can be converted between chemical and electrical energy

while having a high heating value and potential for a long-term energy storage is valuable in
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energy systems. Water electrolysis presents sustainable solution for the production of hydrogen

and could be coupled with renewable energy sources like solar and wind. PEM is especially

suitable technology for operating with alternating energy sources because of its dynamic range

and ability to quickly ramp up and down (Carmo et al. 2013, Stansberry & Brouwer 2020).

There are multiple reasons to use PtX but all relate to integrating high shares of renewable

energy to wide range of energy sectors. Production of electricity-based fuels for transportation,

households, small consumers and industry as well as the production of chemicals for these

industries could be the main driver for PtX. Fig. 1 shows an overview of the PtX concept and

the possible connections between different components of the system. As can be seen different

sectors of the society, business and transportation could be using the same energy sources that

would be used to make the needed end products.

Hydrogen would be the main resource used in this new process chain. Which makes study-

ing the production important part for achieving good efficiency throughout the whole system.

Electrolyzers are seen as a major part of this hydrogen generation (Wulf et al. 2018) and for

this fact studying and optimizing the performance of them is very important. PEM electrolyz-

ers would provide flexibility to the hydrogen production thanks to having short start-up and

fast response times compared to alkaline and SOEC electrolyzers. (Carmo et al. 2013)

Water is going to be one of the main inputs in all of the Power-to-X chains, which is split in the

hydrogen and oxygen by use of water electrolyzers. This water needs to be sufficiently pure

before it can be used which means that normal tap water must be filtered before use. This means

de-ionized water is recommended in these processes (Turner et al. 2008, Symes et al. 2012). As

large quantities of water are required for electrolysis, water resources could become a limiting

factor depending on the location and should be considered to avoid scarcities. Production of

1 kg hydrogen requires 10 l of water with alkaline water electrolyzers and 18 l of water with

PEM water electrolyzers (Jan Koj et al. 2017, Mehmeti et al. 2018).

Integrating carbon dioxide capture into PtX system offers a way to avoid its direct emission

into the atmosphere. This is seen as a cornerstone to the circular energy economy where waste

carbon is converted into products (Cheah et al. 2016, Naims 2016). Carbon dioxide can be

captured from multiple different sources: fossil power plants, large industrial processes, biogas

plants and ambient air. Different sources and separation technologies go together with different

energy inputs and accompanying efficiencies. How carbon is produced to the PtX system has

a noteworthy impact on the efficiency of the whole process chain according to Schmidt et al

(Schmidt et al. 2016).
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Figure 1: Overview of Power-to-X concept (Koj et al. 2019).

Integration of high shares of renewable energy sources into the energy market is going to be

the main reason behind transition to PtX. Converting this variable energy to easily storable

chemical form is needed to create flexibility between consumption and production.

1.1.2 Energy storage

Even though there have been many advancements in the renewable energy sector that could

lead to much higher percentage of global energy production going renewable currently no

satisfactory storage method exists. To achieve high integration of renewable energy, it is nec-

essary to have ability to store the excess energy for those times when the consumption exceeds

production and also couple different sectors together using hydrogen gas. Fig. 2 presents the

different choices of available energy storage technologies. As can be seen some technolo-

gies such as flywheels and super capacitors can store smaller amounts of energy (10 MW) for

shorter amount of time (up to one hour) with very high energy efficiency, they are not suitable

for the excess energy storage. For these use cases we have to consider Compressed Air Energy

Storages (CAES), Pumped Hydro Energy Storages (PHES) and hydrogen.

Today the most used method of storing large amounts of energy for extended amount of time is
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PHES as it has good balance between discharge time and the power rating. The big disadvan-

tage of PHES is that it requires geographical height and storing large amounts of water which

dictates specific geographic features for the installation. Because of this there is only very

limited number of places where PHES can be considered as an energy storage method. This

is why hydrogen production is seen as a very promising method for its high energy capacity,

transportability and energy density (SBC Energy Institute 2013, Mahlia et al. 2014).

Figure 2: Current energy storage options. Color coded by efficiency. 1SMES: Super conduct-
ing Magnetic Energy Storage, 2PHES: Pumped Hydro Energy Storage (SBC Energy Institute
2013)

Because of low volumetric density (12.7 MJ m−3) and also low boiling point (−273 ◦C at

1 atm pressure) which make liquefaction very energy intensive option. There are multiple other

options of storing the hydrogen gas such as using high pressure gas cylinders, physisorption

(molecular H2) on materials e.g. carbon with a very large specific surface area, compressed

underground storage in aquifers or salt caverns and chemical oxidation of metals with water

and liberation of hydrogen (Züttel 2007).

Progress must be made to increase the competitiveness of hydrogen storage which will then

help the adoption and accelerate us towards the zero emission goals. As such issues like ef-

ficiency, cost of production, storage and transport are all concepts that need research. Many

companies, research centres and governments are already tackling these issues.

1.2 Motivation

Hydrogen is seen as the most promising pathway to meet the emission targets. Paris agreement

states that climate warming should be limited by about 2 ◦C by the year 2100. (Paris Agreement

2015) If we want to stay in these limits, we have to make sure that electricity, transportation,

industry, heat and agriculture sectors all have almost net zero emissions by year 2050. Renew-
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able electricity combined with water electrolysis produces emission free hydrogen that can be

used to further produce hydrocarbons. This means that the demand for hydrogen is going to

increase significantly. Using hydrogen as chemical storage for energy is also needed to account

for variable electricity production of renewable energy sources. The same hydrogen could also

be used to power fuel cell vehicles or turned into ordinary fuels and used with existing auto-

mobiles further increasing the viability of hydrogen economy. Hydrogen can also be used in

food production as certain microbes use it and CO2 to produce proteins that could be used as

a food source for humans.

1.3 Problem definition

According to Faraday’s law the hydrogen production rate of a water electrolyzer is directly

proportional to the mean value of the DC current supplied to the electrodes, which means that

the main contributor of cost is the electricity price. Most of the industrial water electrolyzers

use old thyristor and diode rectifiers in the power supplies. These generate harmonics to the

supplied current and voltage causing additional heat losses in the water electrolyzer process.

In general, there is not enough information available about how power quality affects the dura-

bility and efficiency of water electrolyzer. Test station is needed to study and understand these

effects. This information can then be used to design and build better water electrolyzers.

This master’s thesis tries to present design and implementation of electrolyzer test station for

PEM and alkaline water electrolyzers. The test station is used to test hypothesis that by de-

creasing the DC power AC ripple, the energy efficiency and durability of water electrolyzers

can be improved.

• To study different factors of instability (for example: temperature, pressure, flow rates)

in water electrolyzer testing systems

• To study degradation methods and how degradation could be measured

• To design degradation testing station that takes into account the different identified fac-

tors of instability

1.4 Delimitation

This thesis is going to focus on PEM and alkaline water electrolyzers as those are the most

popular ones currently on the market. Especially PEM electrolyzers are going to be at the cen-

ter of the thesis. Also, only preliminary test runs are going to be done and further electrolyzer

testing is going to be published in future papers.
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1.5 Research methodology

This thesis consists of a literature review of different electrolyzer technologies and degradation

methods of PEM and alkaline water electrolyzers. It also describes and presents a design for

a system that is capable of measuring degradation in both electrolyzer types. Thus, this thesis

should give a good representation of the current state of water electrolyzer degradation research

and present a testing station that can be used to further current knowledge.

1.6 Thesis organization

The thesis is split into 6 chapters, in chapter 2 different electrolyzer types are studied and their

differences discussed. In chapter 3 literature review of performance losses, and degradation

mechanisms is carried out. Chapter 4 studies three selected electrolyzer test stations from

literature. Chapter 5 introduces the finished degradation test bench design with full P&ID

diagram. Chapter 6 concludes the topics and suggestions for future research is given.
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2 Electrolyzers and applications

2.1 Fundamentals of water electrolysis

2.1.1 Principle

Water electrolysis uses direct current supplied to two electrodes to split water molecules into

hydrogen and oxygen. Hydrogen is produced at the cathode side and oxygen is produced at

anode side. The production is directly proportional to the amount of current passed through

the electrodes. Overall, the reaction is as follows (Ursua et al. 2012):

H2O+Heat+Electricity−−→ H2 +
1
2

O2 (1)

To keep the gaseous hydrogen and oxygen separated a diaphragm or separator is used, in the

case of PEM electrolysis this separator also acts as a solid electrolyte. The electrodes, the

separator and the electrolyte form an electrolysis cell.

2.1.2 Thermodynamics

Water electrolyzer is an electrochemical device that converts electric and thermal energy into

chemical energy stored in a fuel (hydrogen). The process happening in an electrolysis cell can

be described by thermodynamics. (Onda et al. 2004). This means that the energy required for

the reaction (1) is determined by the enthalpy of water formation (∆H). Electrical energy is

needed to make this reaction happen. The amount of electrical energy needed corresponds to

so called Gibbs free energy change (∆G). Rest of the energy is thermal energy (Q), which is

the product of process temperature (T ) and the entropy change (∆S). Relation among these

thermodynamic magnitudes can be presented as follows (Ursua et al. 2012):

∆G = ∆H−Q = ∆H−T ·∆S (2)

The lowest required voltage for the electrolysis process to take place is called reversible voltage

(Urev). This voltage can be expressed as function of ∆G as shown in the following equation

(Ursua et al. 2012)

Urev =
∆G
z ·F

(3)

where z is the number of electron moles transferred per hydrogen mole (z = 2) and the F is

the Faraday constant (96485.33 C mol−1). If the thermal energy T ·∆S is provided by means

of electricity, as is done in most commercial electrolyzers, the minimum voltage for water

electrolysis to occur is called thermoneutral voltage (Utn). If ideal electrolysis process is used

Utn is equal to the enthalpy voltage (U∆H) because of the total energy required is equal to the
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enthalpy change ∆H. So following equation can be used to obtain both U∆H and Utn (Ursua

et al. 2012)

U∆H =
∆H
z ·F

ideal process−−−−−−−→Utn =U∆H (4)

Still in real water electrolysis process the thermoneutral voltage is higher than the enthalpy

voltage as additional energy is required because of thermodynamic irreversibilities.

At standard temperature of 298.15 K and pressure of 1 atm, ∆G = 237.21 kJ mol−1, ∆S =

0.1631 kJ mol−1 K, ∆H = 285.84 kJ mol−1 (Dieguez et al. 2008). Using these values we can

calculate reversible and thermoneutral cell voltages from (3) and (4) which gives us Urev =

1.229 V and Utn = 1.481 V . It can also be noted that increasing temperature decreases the ideal

voltage required to split water molecules apart.

2.1.3 Electrochemistry

When electrolysis process is used to produce hydrogen the cell voltage (Ucell) increases from

reversible voltage Urev. This is caused by the cell irreversibilities, mainly parasitic currents

and overvoltages, which generate energy losses and limit the cell efficiency. The electroly-

sis cell voltage Ucell can be calculated from the sum of reversible voltage and the additional

overvoltages that appear in the cell (Ursua et al. 2012)

Ucell =Urev +Uohm +Uact +Ucon, (5)

where Uohm is the overpotential caused by ohmic losses in the cell elements, Uact is the activa-

tion overvoltage, and Ucon is the concentration overvoltage.

Ohmic overvoltages are caused by electrical resistances present in the electrolyzer cell and are

mainly proportional to the electric current that flows through the cell. To calculate the ohmic

overpotentials first area specific ionic resistance must be calculated from (Milewski et al. 2014)

rions =
δel

σel + rother
, (6)

where δel is the thickness of the electrolyte layer and σel is the ionic conductivity. Rest of the

effects are combined to single value rother for simplicity. In PEM electrolysis the ionic losses

can be calculated by dividing the membrane thickness by the conductivity of the membrane

(Garcı́a-Valverde et al. 2012). Ohms law can then be used to calculate ohmic losses

Uohm = r · i (7)

where r is area specific resistance which is calculated from (6).
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Activation overvoltage is caused by electrode kinetics as charge transfer between the molecules

and the electrodes needs energy. This is mainly caused by electrode materials and catalytic

properties which define the amount of energy needed to go from the reactants to the electrodes

and vice versa. The anodic half-reaction produces much higher activation overvoltage com-

pared to the half-reaction on the cathodic side. Activation overvoltage is nonlinear, it can be

calculated using Butler-Volmer equation (Milewski et al. 2014)

i = i0
[
exp
(

αa

RT
zFUact,a

)
− exp

(
αc

RT
zFUact,c

)]
, (8)

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

coefficients. These coefficients describe the share of energy barrier between the electrodes and

are dependant on the temperature (Parsons 1974). The exchange current density is affected by

the nature of the electrode such as physical parameters and structure. With larger values of

overpotential it can be noted that the second term becomes negligible which means that the

equation can be approximated by the Tafel logarithmic equation (Hammoudi et al. 2012)

Uact,a/c = 2.3026
RT

zFαa/c
log
(

i
i0

)
(9)

The last term Ucon of the voltage sum (5) is known as concentration overvoltage, is caused

by mass transport processes (convection and diffusion). Transport limitations reduce reactant

concentration while at the same time increasing the concentration of the productions in the

interface between the electrode and the electrolyte. Usually this overvoltage is much smaller

than ohmic- and activation overvoltages.

2.2 Electrolyzers

Starting from the discovery of electrolytic splitting of water into hydrogen and oxygen to de-

velopment of modern water electrolyzers, water electrolysis technology has been constantly

evolving and progressing the past 200 years (Trasatti 1999). Water electrolysis has the advan-

tage of producing extremely pure hydrogen, but its applications have mostly been limited to

small scale hydrogen production. Only 4% of the worlds hydrogen production is using wa-

ter electrolysis, but in recent years with increasing concerns of global warming and climate

change (King 2004) hydrogen has become very popular as it only emits water, it can be used

with any energy sources with renewable sources being the most attractive (Steinfeld 2002) and

it works with fuel cells (Grigoriev et al. 2006) as a backbone of so-called “hydrogen economy”

(Bockris 2002).

There are currently multiple water electrolysis technologies present in the market. These can
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be divided into alkaline, proton exchange membrane (PEM) and solid oxide (SO) electrolysis

cells, according to the electrolyte used. Alkaline and PEM electrolyzers are considered to be

the most developed options and are used in many industrial applications.

2.2.1 Alkaline water electrolysis

Since discovery of the electrolysis phenomenon by Troostwijk and Diemann in 1789 (Trasatti

1999), alkaline water electrolysis has become a well-matured technology for hydrogen pro-

duction. It is used up to the megawatt range and constitutes the most extended electrolytic

technology at a commercial level worldwide (Ursua et al. 2012). Because of this alkaline wa-

ter electrolysis is the most used form of water electrolyzers, it is one of the easiest methods for

hydrogen production, thus offering the advantage of simplicity.

Alkaline electrolysis is characterized by having two electrodes immersed in a liquid alkaline

electrolyte consisting of a caustic potash or sodium hydroxide solution. Electrolyte is used to

increase ionic conductivity of water, which decreases the resistance of the electrolysis reaction.

Diaphragm separates the electrodes and keeps the product gases apart from each other. This

is done to increase efficiency and improve safety of the system. The diaphragm must also

permeate hydroxide ions and water molecules. Table 1 lists the reactions happening in the

electrodes and the whole reaction. Carmo et al. (2013)

Figure 3 shows the basic working principle of alkaline water electrolyzer. Both sides of the

electrolyzer are submerged in liquid electrolyte, which carries the ions from one electrode to

the other. Electrodes are supplied with direct current (DC) which provides the energy necessary

to create or discharge the ions in the electrolyte. This reaction produces hydrogen on the

cathode side where water is reduced as can be seen from Table 1. Producing hydroxide anions

that pass through the diaphragm to the anode and form water and oxygen. Carmo et al. (2013)

Table 1: Alkaline water electrolyzer chemical reactions.

Reaction
Anode 2OH– −−→ 1

2 O2 + H2O + 2e–

Cathode 2H2O + 2e– −−→ 2OH– + H2

Total H2O−−→ H2 + 1
2 O2
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Figure 3: Alkaline water electrolyzer working principle.

As was mentioned earlier alkaline water electrolyzers have been used in commercial applica-

tions for some time already. Alkaline technology is well established electrolyzer technology

and has seen the most research when compared to other electrolyzer technologies. Main driv-

ing factor has been low cost compared to other available electrolyzer solutions that is due to

amount of development done to the alkaline electrolyzer and use of low-cost non-noble cata-

lysts, usually nickel based. As alkaline water electrolyzers have been used for tens of years

already there is good evidence showing long-term stability and relatively low degradation.

Stacks in the megawatt range have been built for commercial use.

Alkaline electrolyzers have three major issues associated with them, low operating pressure,

low partial load range, and increased investment costs limit the practically achievable cur-

rent densities. The diaphragm doesn’t completely prevent gasses from passing through which

means that some gas cross-over happens constantly. The diffusion of oxygen into the cathode

chamber reduces the efficiency of the electrolyzer, since oxygen will be catalyzed back to wa-

ter with hydrogen. In addition, hydrogen cross-over to the oxygen evolution chamber must be

avoided to preserve the efficiency and safety of the system. This issue is particularly severe at

low loads (<40%) where the oxygen production rate is low, thus drastically increasing the hy-

drogen concentration to unwanted and dangerous levels (lower explosion limit >4 mol% H2).

This is caused by hydrogen gas getting carried to the oxygen evolution chamber by the elec-

trolyte circulation. Second drawback for alkaline electrolyzers is the low maximum achievable
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current density, because of the high ohmic losses across the liquid electrolyte and diaphragm.

The use of liquid electrolyte also increases the volume of the electrolyzer and introduces iner-

tia in the operation making alkaline electrolyzers unable to react to fast input power changes.

This can be somewhat alleviated with the use of heat storages that are employed to heat up the

alkaline electrolyzer when needed.

Currently state of the art composite porous separators made of zirconium dioxide and poly-

sulfone are susceptible to degradation when alkaline electrolysis is used as zirconium dioxide

can be dissolved in highly alkaline solutions (Pourbaix 1974). With intermittent operation

Schiller tested alkaline electrolyzer cell for more than 13,000h with nickel-based electrodes

and a porous Zirfon-type separator. No degradation was noticed with the cell or with its com-

ponents. Formation of nickel hydrides and hydrogen embrittlement could display a source of

degradation when stack is operated long-term (Robertson et al. 2015, Hall et al. 2013). But no

research seems to be done with long-term testing to show these effects in detail.

Adoption of alkaline water electrolysis is helped by the simplicity of the electrolyzer system.

The fact that alkaline electrolyzer don’t use any rare noble metals also means that they are not

limited by supply of those in the future. As with all the other water electrolyzers, electrolyzer

degradation is very important part of the future evolution of the technology. Renewable en-

ergy sources are going to increase the value of all electrolyzers and thus future for alkaline

electrolyzers seems promising.

2.2.2 High temperature alkaline electrolysis cell (HT-AEC)

Research on increasing efficiency of traditional alkaline electrolyzers has brought up promising

results for increasing cell operation temperature. This has created a new category of alkaline

electrolyzers that are operated at high temperatures (>150 ◦C). Increasing the temperature of

alkaline water electrolyzer cell has been shown to decrease the voltage needed for electrolyzer

operation (Ferreira et al. 1988). Lowering the operation voltage allows increasing current den-

sities, which comes down to nominal operation point dimensioning and the achieved energy

efficiency at nominal loads, as this is one of the main problems with conventional alkaline

electrolyzers. These improvements would increase the operation efficiency of the whole elec-

trolyzer system (Miles et al. 1976).

Commercial alkaline electrolyzers are usually operated at temperatures below 100 ◦C. Increas-

ing the temperature influences both the thermodynamics and the electrode performance of the

system and the system has to be kept pressurised to keep water in liquid form. Working prin-

ciple is otherwise identical to traditional alkaline electrolyzers as only thing changing is the

temperature. This of course adds constraints to the electrodes and electrolyte materials used
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because those have to withstand the higher temperatures. Fig. 3 and Table 1 show the working

principle of the electrolyzer and the reactions happening at anode and cathode.

As mentioned, conventional alkaline electrolyzers are operated below 100 ◦C at these temper-

atures the operating voltage is usually around 1.8–2.4 V (Carmo et al. 2013). This means that

according to thermodynamics looked at chapter 2.1.2 more electrical energy is consumed than

is necessary (operation above the thermoneutral voltage). The excess energy has to be removed

from the system, which means that extra cooling is necessary. Conductivity of the electrolyte

can be increased by increasing the operation temperature this also causes ohmic losses in the

electrolyte to decrease (Divisek 1990). Because of the increased conductivity with tempera-

ture, a rise in the operation temperature allows for significant energy savings.

The main issues with HT-AEC is the durability of the electrolyzer cell. Study done by Miles

et al. (1976) using nickel-based electrodes, showed that while the increased temperature did

have an desired effect on the conductivity of the electrolyte it also had caused reduced dura-

bility of cell materials which came into contact with the corrosive electrolyte. Finding durable

materials for HT-AEC is extremely difficult because of very demanding operation conditions

caused by the highly corroding electrolyte solution and the high temperatures (Hauch et al.

2008). Platinum and palladium could be used to lower the polarization for oxygen evolution

but due the economic restrictions, nickel is used almost exclusively in conventional alkaline

electrolyzers and it also has seen the most interest in HT-AEC. Nickel electrodes have been

shown to withstand temperatures of at least 200 ◦C as they were used in the Apollo fuel cell

system, which operated at temperature of 204 ◦C.

High temperature operation requires also increasing the operation pressure because at elevated

temperatures the electrolyte solution has high vapor pressure (Ebbesen et al. 2014). The boiling

point for a 50 wt % KOH electrolyte is close to 180 ◦C at pressure of 1 atm (Washburn & West

1928). Thus separating the product gasses becomes increasingly important when oxygen be-

comes highly soluble in the electrolyte (Hauch et al. 2008). For low temperature electrolyzers,

this separator can be made of polymer, asbestos or nickel oxide. Both the polymer and asbestos

cannot be used at elevated temperatures (>120 ◦C) as they become unstable. Currently most

used materials in HT-AWE operation are made of brittle ceramics which need more research

and development to increase their durability.

High temperature alkaline water electrolysis has potential to increase the efficiency of the well-

established alkaline electrolyzer process. Still research studying alkaline electrolyzers operated

at elevated temperatures are scarce and very limited amount of experimental data for alkaline

electrolyzers at temperatures above 150 ◦C has been reported (Ferreira et al. 1988, Ganley

2009, Fischer et al. 1980). Material durability is going to be a main concern for HT-AECs
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more general usage and as such, more R&D is needed.

2.2.3 Anion exchange membrane electrolysis (AEME)

Anion exchange membrane electrolyzers have seen lesser interest but in the recent years they

are emerging as a relatively new technique thanks to advances in the component materials,

especially the anion exchange membranes (AEM) which was a critical point in the past when

considering the ion exchange capacity and stability (Vincent & Bessarabov 2018). AEMEs aim

to improve current density and operation range compared to alkaline electrolyzers and keep the

system cost low by using non-noble materials, which is the main problem with PEM electrolyz-

ers. So the advantages AEMEs have include: 1) they have all the merits of PEM electrolyzers,

without the need for expensive precious metal group electrocatalysts and titanium components,

which account for large portion of costs associated with PEM systems (Carmo et al. 2013); 2)

no requirement for high concentration KOH electrolyte as feedstock unlike conventional AEL,

low concentration KOH/other typers of salts or deinized water are possibilities which are less

corrosive and thus easier to handle; 3) Hydrogen side can be pressurised which can improve

the system efficiency.

AEMEs split water into hydrogen and oxygen by using anion exchange membrane between

the cathode and the anode. AEMEs can be operated with water circulation on both anode and

cathode side or with only anode side water circulation. When water is circulated through anode

side, it diffuses trough the AEM to cathode where it is split into hydrogen and hydroxyl ions

by addition of two electrons. The hydroxyl ions pass through the AEM to the anode side where

the ions combine to oxygen and water. The components of AEME are illustrated in Fig. 4 and

the chemical reactions happening at anode and cathode are shown in Table 2.

Table 2: Anion exchange water electrolyzer chemical reactions.

Reaction
Anode 2OH– −−→ 1

2 O2 + H2O + 2e–

Cathode 2H2O + 2e– −−→ 2OH– + H2

Total H2O−−→ H2 + 1
2 O2
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Figure 4: Working principle and the components of anion exchange membrane electrolyzer.

The chemical reaction of AEMEs is the same as with traditional alkaline electrolyzers even

though the working principle has changed.

AEM electrolyzers benefit from the fact that they use alkaline electrolyte that enables usage

of non-noble metal electrodes on both cathode and anode. Nickel or nickel-based metals are

popular (Wang et al. 2015, Dionigi & Strasser 2016) as they offer cost effective catalyst for

both anode and cathode. The anion exchange membrane that is used plays an essential role on

the cell performance in terms of ion conductivity, mechanical stability, dimensional stability

and chemical stability. Most used membranes are Fumatech FAA-series (Fumatech corp.,

Germany) and Systainion membrane (Dioxide Material Corp., USA) (Vincent & Bessarabov

2018, Ito et al. 2018). Cationic polymers have also been studied with goal of increasing the

alkaline stability further (Varcoe et al. 2014).

Most important issue with AEMs is the low amount of research that has been done with them.

This also means that no standard testing methods have been developed which makes compar-

ison of studies harder and thus results can’t be easily generalized. Weak points have still been

identified and the main aspects that need improvement are listed as follows: 1) degradation

of AEM and electrodes caused by multitude of different things; 2) Blocking of active sites of

the catalyst when operating at high pressures caused by hydrogen and oxygen being trapped

inside the membrane electrode assembly (MEA); 3) performance is still lower than with PEM

electrolysis due to the higher internal resistance of the MEA (Vincent & Bessarabov 2018).
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These development challenges have to be addressed before AEMEs can be introduced into

larger scale.

Some research has been done to the degradation and performance of long-term usage AEMEs

but comparing the results between different authors is difficult. As was mentioned earlier

the reason lies in the lack of standardized testing protocols that lead to widely different testing

methods and conditions. Some experiments last only few hours (Chen et al. 2019, Seetharaman

et al. 2013) or tens of hours (Aili et al. 2017). The longest lasting experiment that could be

found was performed by Choe et al. in which studied performance over a period of 2000 hours.

In this study significant increase to the cell voltage was observed which was attributed to the

polymer backbone used in testing (based on poly(arylene ether)) which undergoes chemical

degradation in alkaline environment. Better suited polymers for alkaline environment exist but

no proper testing with AEMEs has been done using these polymers (You et al. 2020).

Another issue with AEME long-term performance studies has been that they use usually lower

temperatures than what is used while measuring the voltage-current load curves. These load

curves are usually measured at temperatures of 80 ◦C to 90 ◦C (Vincent et al. 2017, Lim et al.

2019) while the long-term results are typically obtained at temperatures below 60 ◦C (Pavel

et al. 2014, Liu et al. 2017). This clearly shows poor performance stability at higher tem-

peratures which is also noted in literature (Lim et al. 2019) where higher temperatures and

pressures are noted to cause degradation problems.

Although the AEMEs have potential, which has been reported by many studies, the cell com-

ponents, such as membrane, electrodes, current collectors, and electrolytic solution have to be

optimized further. To date, the development of catalysts, membranes and ionomers has been

scattered with very little research done on integration of the different components in MEAs.

This has meant that the best performance results are currently obtained from AEM cells that

use commercial materials. Thus, more research is needed to systematically develop better

component materials for AEMEs and to speed up the commercialization of them. Also testing

with laboratory-scale demonstration units have to be done to validate the technology (Singh

et al. 2017).

2.2.4 Solid oxide electrolysis (SOE)

In 1985 paper published by Dönitz and Erdle first working system for solid-oxide electrolyte

cells (SOECs) was presented. The system was capable of achieving 100% faraday efficiency

with current density of 0.3 A cm−2 at a voltage of 1.07 V (Donitz 1985). This attracted a lot

of interest towards SOECs that caused development of the technology to increase. SOECs are

still nowadays under development but research has seen a large surge of new contributors from
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companies, research centers and universities all around the world. Thus SOECs have seen

fast improvements in the technology and are approaching one megawatt scale. Research is

mainly concentrating on creating low cost and highly durable materials for SOECs as currently

durability of the brittle ceramics used in the electrolyzer is not good enough for scaling up the

technology.

In SOEC both steam and recycled hydrogen are fed to the cathode, where water is splitted to

hydrogen and oxygen according to Table 3. The oxide anions produced in the cathode pass

through the solid electrolyte to the anode, where they recombine according to Table 3 forming

oxygen. The working principle and components of the SOEC are presented in Fig. 5.

Table 3: Solid oxide electrolysis chemical reactions.

Reaction
Anode O2 – −−→ 1

2 O2 + 2e–

Cathode H2O(g) + 2e– −−→ H2 + O2 –

Total H2O(g)−−→ H2 + 1
2 O2
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Figure 5: SOE working principle.

Compared to more traditional PEM and alkaline electrolyzers chemical reactions in SOE

evolve with electrodes in contact with a gas or vapor phase, which is in clear contrast compared

to fluid phase present in PEM and alkaline. Maximizing the surface area contact between the
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electrodes and the gaseous chemical species is difficult which has meant that porous electrodes

are needed. The cathode is a cermet usually consisting of nickel and yttria (Y2O3)-stabilized

zirconia (ZrO2) (YSZ). The anode on the other hand is commonly a composite of YSZ and per-

ovskites such as ferrites (LaFeO3), lanthanum manganites (LaMnO3) or cobaltites (LaCoO3)

partially substituted with strontium to improve structural and electronic defecs which increase

electrocatalytic activity (Hong et al. 2005, Liang et al. 2009).

What makes SOE so promising for future hydrogen production using water electrolysis is the

reduced operating costs by reducing the energy intensity of the process (Salzano 1985). Look-

ing at the thermodynamics of an electrolyzer cell it can be noted that increasing the temperature

increases the total energy demand slightly, the electrical energy needed decreases significantly.

This way larger proportion of the needed energy can be provided in the form of heat. If we

take an example case of going from 25 ◦C to 1000 ◦C we see a increase of 1.48 V to 1.52 V

with thermo-neutral cell voltage. However the reversible cell voltage decreases from 1.23 V to

0.91 V giving us a theoritical possibility to input 40.1% of the energy as heat at 1000 ◦C (Zahid

et al. 2010). With good insulation the SOE system can be kept at desired temperature without

large energy losses. Other option for increasing the efficiency further is using using SOEs with

production plants where surplus high temperature heat is generated but this is not usually pos-

sible as most plants produce lower temperature heat. Renewable sources such as geothermal

energy could also be used as a heat source for steam electrolysis (Sigurvinsson et al. 2007).

Even though high-temperature operation has benefits for efficiency and reduced cell voltages it

presents issues with material durability and sealing of the electrolyzer. In addition, the fact that

the hydrogen gas is mixed with steam when leaving the cathode side complicates the processing

of the resulting gas products before they can be used in other purposes. This increases the

capital cost of using SOE water electrolysis compared to competing electrolyzing methods

such as alkaline and PEM water electrolysis. Especially more material research is needed to

produce durable and cost efficient material options for SOEs.

Conditions that affect the cell degradation of SOECs are operation conditions, cell materials,

and processing. Currently degradation is one of the most important issues in SOECs. Currently

research on the topic is in its infancy and no standardization for testing conditions is available.

As such absolute humidity, steam conversion factor, and current density vary between the

tests. Still three distinct groups of degradation can be classified: structural degradation, chem-

ical/electrochemical degradation, and thermal stress caused structural and mechanical failures

(Moçoteguy & Brisse 2013). Operation parameters affecting these factors during operation

are: operation temparature, cell polarization, current density, steam-to-hydrogen conversion

rate, and properties of the gas supplied (purity and type). Degradation rates vary wildly be-

26



tween different experiments, rates as low as 1.7%/1000 h have been reported by Schefold et al.

(2011) and on the other hand up to 10%/1000 h by Virkar (2010). Stack degradation tends to

be faster than cell degradation because of interconnect contact degradation and accelerated cell

degradation caused by pollution from tubing, interconnects, and seals (Mawdsley et al. 2009).

Currently SOEs are at the R&D stage and multiple research centers and companies are carrying

out work to get it to industrial scale. Advancements have been made on the use of proton-

conducting ceramics such as strontium xirconates instead of the oxide-conducting YSZ. These

ceramics are able to conduct protons at intermediate temperatures, in the order of 700 ◦C, and

advantageously pure hydrogen is obtained from the cathode, which leads to simpler electrolysis

plant (Sakai et al. 2009). This would mean that the electrochemical reactions at the electrodes

would be the same as in the PEM electrolyzers and the concept is considered to have great

long-term potential overall. The main obstacles for broader usage of SOECs is the low long-

term durability of the electrolyzer cell components. Identified problems include electrolyte

aging and electrode deactivation, which have to be focused on to short-term R&D.

2.2.5 PEM water electrolysis

PEM water electrolysis has its roots in the 60s when General Electric developed the first water

electrolyzer based on a solid electrolyte concept (Russell et al. 1973). Where solid sulfonated

polystryrene membrane was used as an electrolyte. Proton exchange membrane (Nafion R©,

fumapem R©) which makes high proton conductivity, low gas crossover, high pressure operation,

and compact system design possible for PEM systems. Thin membrane thickness (around 20–

300 µm) is in part the reason for many advantages of proton exchange membrane (Carmo et al.

2013).

Table 4: PEM water electrolyzer chemical reactions.

Reaction
Anode H2O−−→ 2H+ + 1

2 O2 + 2e–

Cathode 2H+ + 2e– −−→ H2

Total H2O−−→ H2 + 1
2 O2
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Figure 6: PEM water electrolyzer working principle

PEM water electrolyzers have many advantages compared to alkaline systems. High current

densities (above 2 A cm−2) can be used which reduce the operational costs and can also re-

duce the cost of the system as whole. Limiting factor for the current densities are the ohmic

losses. With a thin membrane capable of providing good proton conductivity (0.1 ± 0.02 S

cm−1) (Slade et al. 2002) higher current densities are possible. PEM water electrolyzers pro-

duce high purity hydrogen (99.999%) which also means that the gas crossover rate is low, and

this allows PEM electrolyzers to work in wide range of power input. Also thanks to the proton

transporting membrane PEM electrolyzers can respond quickly to the power input, not delayed

by inertia as in liquid electrolytes allowing dynamic operation even under extreme power tran-

sients on second-to-second time scale (Stansberry & Brouwer 2020). As was discussed earlier,

in alkaline electrolyzers operating at low load both hydrogen and oxygen production reduces

but the hydrogen permeability through the diaphragm remains constant, which causes a larger

concentration of hydrogen on the anode side of the electrolyzer thus leading to hazardous and

less efficient conditions (Barbir 2005). On the other hand PEM electrolyzers can be used

practically in full nominal power density range (10–100 %). The solid electrolyte used in

PEM electrolyzers also means that the electrolyzer structure can be built smaller as no liquid

electrolyte is needed. This means that strong structural properties, in which high operational

pressures (equal or differential across the electrolyte) are achievable. Producing hydrogen at

high pressures eliminates the need for external compressor thus reducing the required energy

and complexity of the whole system.
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High operational pressures can introduce some problems to the system as cross-permeation

phenomenon increases when pressure is increased (Millet et al. 2010). If pressures above 100

bar are used thicker membranes and internal gas recombiners are needed to maintain the critical

concentrations (mostly H2 in O2) within the safety threshold (4 vol % H2 in O2) (Millet et al.

2011). Crossover can also be reduced by adding miscellaneous fillers inside the membrane

material but this usually leads to less conducting materials.

One of the biggest problems for broader use of PEM water electrolyzers is the fact that the

corrosive acidic environment caused by the proton exchange membrane requires the use of

materials that can handle these harsh conditions. These materials must not only resist the

harsh corrosive low pH (∼2) but also withstand the high applied over voltage (∼2 V), relevant

especially in higher current densities. Current collectors and separator plates have to also

be resistant to the corrosion in addition to the catalyst. This leaves only few materials that

meet all the requirements in the described environment which means that expensive and scarce

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

and Ru), titanium based current collectors, and separator plates have to be used to achieve

acceptable performance. Especially iridium is a huge limiting factor as it is one of the rarest

elements in the Earth’s crust and it is projected that if PEM electrolyzer production increased,

it would considerably affect the demand and price of iridium.

Two degradation mechanism have been reported by Millet et al. where one is reversible and

directly linked to the purity of the water. Cleaning procedures where suggested to remove the

metallic impurities from the polymer electrolyte membrane and to recover the MEA perfor-

mance. Sun et al. have also reported this kind of behaviour. The other degradation mechanism

is irreversible and is linked to mechanical degradation such as membrane swelling, thinning

and also pin hole formation. Membrane degradation has been studied extensively on fuel cells

(Borup et al. 2007, LaConti et al. 2010, Gubler et al. 2011). Membrane thinning has been ev-

idenced in water electrolyzers by Stucki et al. where 100 kW demonstration plants were used

to analyze the system degradation. Other parts of the MEA and of the cell also show signs of

degradation during long periods of run time (Feng et al. 2017).

Currently PEM water electrolyzers are commercially available but have some drawbacks that

need special attention in the short term. Currently the main problem is the high investment

cost, mainly associated to the membranes and the noble metal-based electrodes. In addition,

the shorter lifetime of PEM electrolyzer systems is going to be a challenge to tackle and which

this paper tries to help improve. Research and especially modelling efforts looking into the

lifetime performance and degradation of the PEM electrolyzer systems are still in their infancy.

(Feng et al. 2017, Falcão & Pinto 2020, Hernandez-Gomez et al. 2020)
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3 Performance of PEM electrolysis

3.1 Origins of performance losses

As was discussed earlier in the chapter 2.1.3 working electric potential is always higher than

the reversible potential that is caused by the process irreversibilities. This results in energy

losses and limits the cell efficiency. Equation (5) takes into consideration ohmic, activation,

and concentration overvoltages. Concentration overvoltages tend to be so small that they aren’t

usually considered when performance losses are studied. Ohmic overvoltages are caused by

resistance to the flow of ions across the components of the electrolysis cell, especially the mem-

branes and the electrolyte. The value increases linearly with the current density and decreases

with increasing electric conductivity of the electrolyte and membranes and distance between

the electrodes.

Today the cell voltages for commercial alkaline (1.8–2.4 V) and PEM (1.8–2.2 V) water elec-

trolyzers are considerably higher than the thermoneutral voltage, and in turn water electrolysis

is accompanied by the release of heat even though the process being endothermic. This waste

heat allows maintaining the electrolysis temperature and it is produced at a rate, which is

directly proportional to the difference between the actual cell voltage and the thermoneutral

voltage that is presented as follows

Pcell
heat = I · (Ucell−Utn), (10)

where Pcell
heat is the power dissipated as heat in a water electrolysis cell working with an electric

current I and a cell voltage of Ucell between anode and cathode.

Different electrolyzer types also have unique characteristics, which affect the performance of

the electrolyzer. The membrane used in PEM electrolyzers introduces additional ohmic losses

caused by the high thickness of the membrane (120–170 µm). Which is required to reduce

the gas cross-over at higher pressures. Reducing the membrane thickness while keeping the

pressure properties desirable can be used reduce ohmic losses at high current densities while

keeping the gas cross-over at very low levels (Siracusano et al. 2017).

Other important factors for electrolyzer performance are operation temperature and pressure.

Increasing operation pressure has the main benefit that the produced hydrogen doesn’t need

external compressor for pressurization which saves energy and thus increases the efficiency

of the whole system also pressurising water is easier than pressurising hydrogen. In the case

of alkaline electrolyzers, pressure has to be increased to make high temperature operation

possible, as otherwise electrolyte boiling point becomes an issue. Temperature has more direct
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role on the electrolyzer performance; in short, temperature plays a key role in the operation of a

water electrolyzer. Increasing the temperature increases efficiency as the cell voltage decreases

according to following equation (LeRoy et al. 1980)

Urev(T ) = 1.5184−1.5421 ·10−3T +9.523 ·10−5T +9.84 ·10−8T, (11)

where temperature is in Kelvin. This is caused by the decrease of both the reversible potential

and the ohmic overpotentials. Electrode kinetics also increase significantly (Miles et al. 1976).

Subsequently the amount of power dissipated as waste heat decreases as can be seen from

equation (10) as well as the minimum amount of energy that has to be supplied in the form of

electricity.

3.1.1 How degradation effects performance

Important factor that affects the overvoltages and parasitic currents is the degradation of the

electrolyzer cell. As the cell ages different, components of the electrolyzer start to degrade

which leads to non-optimal operation. The degradation is mainly caused by the operation time

of the stack but also other factors such as start and stop cycles (Kannan et al. 2015) and power

quality (Rakousky et al. 2017a) have been presented as factors in degradation phenomena.

Degradation rate is presented as µV/h or as µV/cycle in the case of start-stop cycles which

presents voltage increase per hour/cycle. For example electrolyzer operating at voltage of

1.9 V with degradation rate of 10 µV/h would see its voltage increase to 2.1 V in 20 000 h

if the degradation rate was constant. According to Bertuccioli et al. electrolyzer stacks are

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

when compared to the nominal value. Degradation is usually the factor that keeps electrolyzer

technologies from entering the industrial scale, two of the most used electrolyzer types alkaline

and PEM water electrolyzers have degradation rates of < 3 µV/h and <14 µV/h accordingly.

Comparing these to degradation rate of state-of-the-art SOEC which are currently at 25 µV/h

which is still considerably higher than PEM electrolyzers and around seven times higher than

alkaline electrolyzers (Sun et al. 2019).

3.2 Degradation

The hydrogen production rate of a water electrolyzer is directly proportional to the mean value

of the DC current supplied to the electrodes and thus, the cost of electricity is typically the main

contributor to the cost of electrolytic hydrogen gas. MW-scale water electrolyzers typical DC

voltage level 200–300 V leading to current levels in the kilo ampere range (Solanki et al. 2012).

Because of the requirements for high DC currents the rectifiers in conventional industrial water
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electrolyzers are typically based on thyristors and diodes generating line frequency harmonics

to the supplied voltage and current (Ursúa et al. 2013).

These harmonics have been shown to cause significant effects on the specific energy consump-

tion of water electrolyzers as shown by (Ursúa et al. 2013, 2009), where thyristor-based con-

verter topology was compared with transistor based one. Comparison was done by analyzing

the specific energy consumption for a 5 kW alkaline water electrolyzer. A laboratory-scale al-

kaline water electrolyzer was also analyzed in (Dobó & Palotás 2017) where steady DC current

resulted in a minimized cell efficiency loss. Similar results have also been found with semi-

empirical simulation approach which show that effective electrolyzer cell area would have to

be up to five times larger when 12-pulse thyristor rectifier power supply is used instead of

ideal DC power supply to match the SEC between the two power supply configurations (Ko-

ponen et al. 2020). Modern transistor based rectifiers could offer up to a 14% lower specific

energy consumption in the alkaline water electrolyzer stack compared to a 6 pulse thyristor

rectifier (Koponen et al. 2018). However, the effect of current ripple on the degradation of the

electrolyzer cell is still a key research question for water electrolyzers. It has been suggested

that poor power quality might speed up cell degradation and thus lead to shorter than expected

lifetime (Bertuccioli et al. 2014b, Rakousky et al. 2017b).

Electrolyzer test stations capable of studying the power quality effects on the degradation

of electrolyzer cell have not been documented yet in detail. Electrolyzer test benches have

been built for other research purposes as seen in (Suermann et al. 2017, Briguglio et al. 2013,

Sánchez et al. 2018, Bender et al. 2019). As degradation testing requires very long continuous

test runs and very good accuracy during the whole testing period, these kind of test benches

cannot be used. In the following chapters different degradation mechanisms are presented

mainly for the three most popular electrolyzers: Alkaline, PEM and SOEC water electrolyz-

ers. Where alkaline and PEM present the more mature electrolyzer technologies while SOEC

is still mostly at R&D phase.

3.2.1 Dynamic operation

According to Rakousky et al. there are some indications that dynamic operation might have a

positive effect on the cell voltage. During a 1000 h test period, it was noted that when current

was reduced periodically (6 hours at 2 A cm−2 - 6 hours at 1 A cm−2) degradation rate could be

reduced compared to constant operation at 2 A cm−2. Constant current operation saw 196 mV

voltage increase during the 1000 h test period while the periodic current reduction operation

had 66 mV voltage increase. Improved durability was caused by reducing the buildup of ohmic

losses. Periodic complete current interruptions (6 hours at 2 A cm−2 - 6 hours at 0 A cm−2)
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were also noted to improve durability even further showing a voltage increase of only 16 mV

during the test period. However, more or shorter interruptions (10 minutes at 2 A cm−2 - 10

minutes at 0 A cm−2) appeared to enhance cathode degradation (50 mV during the test period),

which means that interruptions have to be longer or less frequent to cope with this.

Reversible and irreversible degradation are two types of degradation that happen in the elec-

trolyzer cell. As the names imply reversible degradation can be reverted while irreversible

degradation is permanent. Reversible degradation is a fast phenomenon, which has effect that

is more noticeable at high current densities. Recovering the reversible degradation requires

current interrupt, it was shown by Rakousky et al. that interrupt of less than 5 minutes was

sufficient to cause a recovery of 60% of the voltage increase caused by the degradation. They

concluded that reversible degradation can account up to 61 % of the total respective increase

in the cell voltage at 2 A cm−2. Fig. 7 shows the evolution of reversible and irreversible degra-

dation when water electrolyzer is run at constant degradation rate of 5 µV/h for 40 000 h.

Rakousky et al. speculated that the reversible degradation is related to mass transport or ohmic

resistances, as these effects are generally more pronounced at higher current densities. Signs

of a mass transport limitations were seen in the polarization curves after 504 h of operation

at current densities above 2 A cm−2. In addition, analysis of the polarization curves indicated

that the reversible degradation could also be related to an ohmic resistance within the cell. Mil-

let et al. have also reported direct link between feed water purity and reversible degradation.

Circulating highly de-ionized water in the stainless steel circuitry of the electrolysis system

causes concentration of metallic cations to increase (nickel, chromium, iron) in the feed water.

These metallic cations can enter the solid polymer electrolyte (SPE) because of ion-exchange

processes and cause gradual decrease of current at constant stack voltage. Thus Fouda-Onana

et al. suggested that a cleaning operation might help to remove metallic impurities from the

polymer electrolyte membrane leading to recovery of performance. Irreversible degradation

was measured using electrochemical impedance spectroscopy (EIS) which was possible be-

cause in the test setup used reversible degradation recovers before the impedance spectra can

be recorded. Irreversible degradation is mainly caused by structural changes in the membrane,

catalyst layer and other mechanical parts of the cell.
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Figure 7: Reversible (green area) and irreversible degradation (red area) shown for constant
degradation rate of 5 µV/h when electrolyzer is operated for 40 000 h. Ratio of reversible and
irreversible degradation was set to 60/40% according to (Rakousky et al. 2016).

Green colored are of the figure represents the degradation that is caused by reversible phe-

nomenon, which can be restored by interrupting the current input to the electrolyzer cell for

some amount of time. The red portion of the figure shows the irreversible degradation that

cannot be reversed by any means. With no restoration the voltage increase at end of the 40

000 h period is 0.2 V but as can be seen only 0.08 V of this is irreversible which brings the

degradation rate to 2 µV/h if only irreversible degradation is taken into consideration.

3.2.2 Membrane degradation

In conventional PEMWE cell, membrane is one of the most important parts of the cell as its

used to transport protons, separate gaseous reaction products (oxygen, hydrogen), and to sup-

port anode and cathode catalyst layers. Thus membrane used in PEM electrolyzers must have

good mechanical durability, chemical stability, thermal stability, gas-crossover resistance, and

proton conductivity (Carmo et al. 2013). Most used material for this purpose has been Nafion R©

which is a perflourosulfonic acid membrane. In PEMWE applications the related research on

the durability and degradation of membrane is still fairly scarce (Feng et al. 2017). The stability

and durability of the membrane presents a problem for PEMWE commercialization. Also from

the safety point of view, the membrane is exceptionally important part of PEMWE as it keeps

the product gasses from directly recombining and prevents buildup of explosive mixtures.

When compared to other parts of the cell the membrane is known to be the weakest component

for long-term performance (Stucki et al. 1998, Millet et al. 2012). The performance degrada-

34



tion and durability issues of membrane are mainly caused by structural changes and formation

of pinholes and micro-cracks. Even though PEMWE is the same process as PEMFC but in

reverse, mechanical loads and hydration states are different because of operation conditions.

Thus, membranes in PEMWE usually have less chemical degradation compared to PEMFCs.

This is mostly caused by the fact that in electrolyzer use the membrane is immersed in water,

which keeps it fully hydrated and dilutes the generated reactive intermediates.

Mechanical failures of the membrane usually happen at the start of an operation period (<1000

h), which is usually caused by puncture, tearing, cracking, mechanical tresses, reactant pres-

sure, and inadequate humidification (Millet et al. 2012, Sun et al. 2014). Manufacturing plays

huge part in these early failures as pinholes and foreign materials might be introduced to the

MEA, which can lead to cracks, punctures, and tearing when the cell is operated. In such

cases, the lifetime usually suffers and operation failures occur at the start of the operation pe-

riod. When operating PEMWE cell, MEA is sandwiched between bipolar plates and subjected

to a compressive force. Membrane deformation is magnified by inhomogenous compression

which has been confirmed by Millet et al. showing that titanium particles were found deep

inside the membrane which originated from titanium current collectors. Compression can also

worsen the effects of rough surface gas diffusion layers (GDL) as those might increase hydro-

gen cross-over rate and decrease the open-circuit voltage that has been attributed to puncture

in the membrane caused by the GDL (Matsuura et al. 2006). Also as the hydrogen oxygen

reaction is extremely exothermic and causes local heating that can destroy the membrane with

time as was noted in the study made by Millet et al..

Water circulation can also play a significant role in mechanical membrane degradation. Non-

uniform water uptake or water starvation can lead to early stack failure (Liu et al. 2009). Ex-

cessive flow can cause high hydraulic pressure thus leading to membrane damage while on the

other hand insufficient water supply can lead to water starvation. Inhomogeneous water distri-

bution inside the flow channel of bipolar plates leads to inhomogeneous distribution of electric

current. Uneven current distribution can then lead to hot spots and uneven membrane swelling

(Millet et al. 2010), which can contribute to extreme degradation caused by the exothermic

reaction of hydrogen and oxygen across the membrane (Kobayashi et al. 2014).

The chemical degradation of electrolyzer cell membrane can be done in situ either by mea-

suring fluoride release rate (FRR) or by sulfur emission rate (SER) of the effluent water, and

ex situ by measuring the thickness of the membrane at the start and at the end of life. The

degradation is caused by the hydrogen peroxyde (H2O2) and related radical species such as

hydroperoxyl (HO2
•) and hydroxyl (HO•) which are generated by the crossover gases on the

catalytic surface (Feng et al. 2017). These species will attack the ionomer, leading to chain
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scission, unzipping, and loss of functional groups. This leads to degradation of the perfluoro-

sulfonic acid backbone of the membrane, which causes the release of fluoride, and sulfur that

is the source of membrane thinning.

For perfluorinated and partially fluorinated ionomers like Nafion R©, hydrofluoric acid (HF) is

one of the major products of chemical degradation. Measuring the hydrofluoric acid can be

easily implemented using a fluoride ion selective electrode. The fluoride release rate has been

used as a measurement of chemical degradation for a long time (LaConti et al. 1968, Chludzin-

ski 1982). Fluoride loss has also been used to predict fluorocarbon based PEMFC and PEMWE

lifetimes (Baldwin et al. 1990) where FFR can be used to measure the chemical degradation of

the membrane.

Membrane degradation can contribute to decrease in gas purity as cracks and pinholes start to

form on the membrane. This leads to higher gas crossover which in turn reduces the purity

which can also be used as an indicator for membrane degradation (Stucki et al. 1998).

3.2.3 Catalyst layer degradation

Catalyst layer degradation is slow continuous process that occurs during PEMWE operation,

thus the effects are gradual and take time to manifest. Especially the stability of anode electro-

catalyst is important since it is operated at high potentials (>1.5 V). Dissolution of iridium has

been shown in some studies during the anodic treatment (Cherevko et al. 2016, Oh et al. 2016).

Cherevko et al. has proposed that the formation of the soluble iridium (III) complexes leads

to dissolution of iridium catalyst as these complexes (e.g., Ir(OH)3 or Ir2O3) are well known

of causing instability and have relatively high solubility at low PH. The chemical reactions for

formation of these Ir (III) complexes has been documented by the authors and goes as follows:

2IrO2(OH) + 2H2O−−→ 2Ir(OH)3 + O2

2IrO2(OH)−−→ 2HIrO2 + O2

HIrO2 −−→ IrO2 + H+ + e–

Additionally the dissolution rate of anode catalyst is correlated to the oxidizability of iridium

(Oh et al. 2015). A lower oxidation state of catalyst due to metal/metal oxide support inter-

actions have been suggested as a way to slow down catalyst dissolution (Feng et al. 2017).

Higher current densities (4 A cm−2) have been reported to drastically worsen the dissolution

and migration of iridium particles (Lettenmeier, P. et al. 2016). Significant portion of these

particles were observed to diffuse into the membrane after long term test (Lettenmeier, P. et al.

2016).
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Platinum has also been shown to be prone to dissolution and migration on both PEMWE and

PEMFC (Ferreira et al. 2005). The basic principle of platinum dissolution has been reported

by Grigoriev et al. in which they note that anode catalyst particles were observed to dissolve

and migrate into the membrane as cationic (Pt2+) species after 5500 h of operation. Their

study used platinum catalyst on both the anode and cathode side to accelerate degradation by

using higher cell potential than normally possible, which makes it not directly comparable

to traditional PEMWE electrolyzers. Still they found out that the metallic platinum particles

at the surface of the membrane in the catalyst layer are oxidized (Pt2+) during the operation.

These species then start to dissolve into the membrane migrating towards cathode because of

the electric field. Finally the dissolving Pt2+ is chemically reduced to platinum particles by

the permeating hydrogen from the cathode. At the moment there seems to be no evidence to

suggest that same kind of severe migration would take place when iridium is used as anode

catalyst.

Possibility of current reversal when electrolyzer is being shutdown has also been considered as

a possible cause for platinum catalyst degradation (Grigoriev et al. 2017). Electrolyzer might

work in a fuel cell mode until remaining gasses are exhausted which leads to well-known

mechanism of platinum catalyst degradation which causes the migration of platinum particles

from the cathodic catalyst layer and its deposition in membrane’s near cathode region. The

particle loss leads to decrease in activity caused by the decrease in platinum nanoparticles and

the loss of cohesion between them (Grigoriev et al. 2017).

Other causes for particle loss are related to mechanical damage. Improper membrane swelling

and uneven contact pressure can both cause mechanical damage in the assembly process of

the electrolyzer cell. Gas bubble formation can also lead to instability on the catalyst layer

(Li et al. 1992). Reducing the bubble size has been shown to promote bubble detachment,

thus increasing stability. Gas bubbles also prevent the electrode surfaces from participating

in the reaction which leads to increased current pass through for the non-blocked parts of

the electrodes thus causing higher stress on these active parts of the electrode (Zeradjanin

et al. 2014). Membrane thinning mentioned in the chapter 3.2.2 can lower the adhesion of the

catalyst layer, thus inducing layer detachment (Zeradjanin et al. 2014).

Metallic cation impurities such as Na+, Ca2+, Cu2+, Ni2+, and Fe2+ can affect the MEA of

PEMWE. These impurities can originate from the stack components, feed water impurities,

water pipes or from fabrication of the MEA (Pozio et al. 2003). The external cations migrate

to the catalyst layer by exchanging with protons in the Nafion R© electrolyte, which increases the

charge transfer resistance leading to increase in cell overpotential on both anode and cathode.

The Pt electrode on the cathode side of PEMWE electrolyzer can be blocked by the cations
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under potential deposition (UPD) (Andolfatto et al. 1994), thus decreasing the inherent reac-

tivity of the catalyst. Rakousky et al. has also reported that titanium particles originating from

the current collectors can be found in the cathode. This is caused by titanium corroding which

leads to it then migrating to the cathodic catalyst layer, reducing the proton mobility of ionomer

and resulting in a reduced cathodic exchange current density. The authors also believe that both

cathode and anode catalyst layers were polluted by titanium cations. Metallic cation poisoning

is mainly considered to be reversible degradation as it is possible to remove the cations from

the mea by immersing it in liquid acid such as H2SO4 (Sun et al. 2014)

Cherevko et al. suggested that the shared intermediate between the oxygen evolution reac-

tion (OER) and dissolution was a Ir3+ species. In agreement with other publications, it was

proposed that the OER occurs by a cyclic transition between IrV/IrIII states, where IrIII is the

common intermediate between OER and dissolution (Pfeifer et al. 2016, Cherevko et al. 2016).

For hydrous iridium oxides and their dry thermally prepared counterparts, distinctly different

compounds were suggested as the critical IrIII species, thus reflecting the differences in the

Tafel analysis of the solution and oxide routes (OER and LOER). Contrarily to Tafel relations

the authors could not find any relation between exchange current density and dissolution rate.

Thus it might be theoretically possible to have a system that has high activity and low disso-

lution rate. The authors state that the dissolution process is somehow related to the formation

of a three-dimensional hydrous reaction regime for the OER. This reaction scheme is shown

in Fig. 8. According to the authors, IrIII can only form by disproportionation of iridium with a

higher oxidation state at higher potentials.

Figure 8: Simplified Ir dissolution scheme during OER proposed by Cherevko et al.

Catalyst agglomeration can be observed in PEMWE systems reducing the cathodic exchange

current density. In catalyst agglomeration, process the size of single catalyst particles increases

due to sintering or an increase in the crystal size with time, causing significant loss of elec-

trochemical surface area. Hence the cathodic current density reduces (Lettenmeier, P. et al.

2016). Correlation between migration of platinum particles and the applied overpotential has

been studies by Paciok et al. using an Identical Location Transmission Electron Microscope
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(IL-TEM) method. Conclusion of the study was that increase in negative potential induces

an increase of platinum particle migration which leads to formation of platinum aggregates.

Study by Siracusano et al. found that after 1000 h of operation Pt nanoparticles agglomerated

increasing particle size from 2.35 to 2.85 nm at the cathode catalyst layer. Rakousky et al.

have also shown similar agglomeration during a degradation test where platinum crystal size

increased from 3.5 to 7.8 nm.

Iridium particles have also been shown to gradually agglomerate (Lettenmeier, P. et al. 2016).

Agglomeration changes the surface conductivity of the catalyst layer that can be observed

using atomic force microscopy (AFM) analysis. The authors believe that the cause for this

agglomeration lies in ionomer loss. Long term testing (1000 h) has shown slight increase

in anode catalyst particles. The change in particle size could be seen from the X-ray power

diffraction (XRD) patterns of anode taken before and after the 1000 h test (Siracusano et al.

2017). The results indicate according to the authors that this is not the main degradation

mechanism for durability test of the electrolyzer. They indicate that a change in the oxidation

state of the iridium-based anode catalyst is caused by a modification at the interface between

the catalyst and the ionomer that leads to decrease in the capability to absorb the intermediates

oxygen species at the anode and to dissociate absorbed water molecules.

Catalyst layer can also be degraded by passivation of anode support that is caused by oxidized

metal support impeding current flow by forming a nonconductive or semi-conductive oxide

layer during passivation. This surface oxidation can increase the contact resistance between the

anode support and the interconnect thus increasing cell voltage Zeng et al. (2017). Even faster

support passivation at high current densities can be seen when IrO2 is supported with titanium

(Reier et al. 2014). In addition, impurities such as fluoride (in particular F– ) have been reported

to dissolve Ti upon polarization, even in very small concentrations (ppm levels). Fluoride ions

are known to attack TiO2 passive film, resulting in a formation of Ti-F– compound (Wang

et al. 2014). The chemical reaction is as follows

TiO2 + 4H+ + 6F–
aq −−→ TiF2 –

6 + 2H2O

In oxygen rich environment the corrosion rate of titanium can be even higher than stainless

steel when F– ions are present, on the other hand without the F– ions the corrosion rate of

titanium is lower than that of stainless steel (Lin et al. 2014). Also hydrogen peroxyde (H2O2)

has been reported to chemically attack titanium in addition to degrading the proton exchange

membrane. The chemical attack forms a thick oxide layer on the metal surface which releases

titanium ions to the solution (Fonseca & Barbosa 2001). Chemical reaction for this corrosion

method has not been reported yet.
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3.2.4 Bipolar plate degradation

Bipolar plates (BP) have many functions in the PEMWE electrolyzer system where they en-

sure charge carrier transport from cell to the adjacent cell, supply and removal of reactant (i.e.,

water) as well as produced gasses (i.e., H2, O2) from the cell, and help with the mechanical

stability of the device (Jung et al. 2009). In addition, bipolar plates are used for heat man-

agement and for facilitation of mass transport. All these functions have to be usable in the

operation environment where the electrolyzer is operated which means oxidizing (anode), re-

ducing (cathode), and high pressure environments are all present through the whole lifespan of

the electrolyzer system (>20000 h). Thus the plates have to have very good corrosion resis-

tance, low gas permeability, high electrical conductivity, good mass transport characteristics in

the integrated channels, satisfactory mechanical strength, and low cost (Wang et al. 2012). In

PEMWEs bipolar plates are one of the most significant components, adding up to 48% of the

stack cost (Bertuccioli et al. 2014a). Even though bipolar plates have been studied extensively

not many materials have been deemed suitable for the harsh environment that PEMWE operate

in. These requirements have led to the use of rare and expensive materials. Graphite has been

successfully used in PEMFCs but in PEMWEs it suffers from poor mechanical strength, diffi-

cult manufacturing process which also leads to high cost, and high corrosion rates. At anode

the high carbon corrosion decreases the thickness of BPs, leading to increase in electrical con-

tact resistance between the MEA and current collector, which causes electrolyzer performance

degradation. Therefore, graphite can only be used for hydrogen electrode (cathode).

Hydrogen embrittlement is one of the main degradation mechanisms that happen on the bipo-

lar plates. Currently the bipolar plates for PEMWE are based on metal materials such as tita-

nium and coated stainless steel (Carmo et al. 2013). Especially titanium has many advantages

over graphite such as excellent corrosion resistance, low initial resistivity, good mechanical

strength, and it is also lightweight material, so it is currently considered to be the best bipolar

plate material for PEMWE (Antunes et al. 2010, Toops et al. 2014). However, on the cathode

side titanium is exposed to hydrogen gas and may suffer from hydrogen embrittlement, which

means that hydrides (TiH2) can form on the titanium surface in the presence of hydrogen. If

operation is continued for, prolonged period of time solubility limit of hydrogen in titanium is

exceeded (a few hundreds of ppm), further absorption leads to material embrittlement and the

risk of cracking increases. Hydrogen embrittlement has been demonstrated with commercial

pure titanium (Briant et al. 2002). Elevated temperatures (>80 ◦C) also attribute to the em-

brittlement process due to the formation of hydrides at grain boundaries (Toops et al. 2014).

Also high pressures have been shown to increase the absorption of hydrogen into the metal

bipolar plates (Vielstich et al. 2003). Titanium plate can absorb over 1000 ppm of hydrogen

in 500 h of operation which can lead to problems with embrittlement even at the start of the
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electrolyzers lifetime especially in high pressure PEMWE systems (Toops et al. 2014). Test

done by Lettenmeier, Wang, Abouatallah, Burggraf, Gago & Friedrich found out that the sur-

face of the cathode degrades more than the anode side after 1000 h testing period as a result

of H2 embrittlement. Caused by the oxide film on the surface of titanium (passivation), which

prevents hydrogen penetration and leads to very slow hydrogen pickup at temperature below

80 ◦C. Moisture in the hydrogen gas has been observed to prevent hydrogen absorption, as

little as 2% moisture in hydrogen gas has been shown to be adequate (Cardarelli 2000), except

in the condition of low pH and potentials more negative than −0.70V compared to standard

hydrogen electrode (SHE) (Videm et al. 2008). Thus hydrogen embrittlement could be mit-

igated by moisture presence or TiO2. However the TiO2 can be degraded during long-term

operation by the fluoride (F– ) that originates from the membrane. This further complicates the

degradation process and no systematic and scientific investigation has been done yet.

Passivation of titanium bipolar plates can be caused by humid, high potential, and rich-oxidation

environment. This can be observed from the pourbaix diagram for the titanium water system

presented in Fig. 9. The formed oxide layer has low electrical conductivity and thus greatly

increases the contact resistance between the bipolar plates and current collectors (Wang et al.

2012) therefore coating made of precious or platinum group metals (such as Au or Pt) is usually

used to obtain the durability and performance needed in high voltage and oxidizing environ-

ment (Andolfatto et al. 1994). These coatings are still very costly and thus a lot of research is

currently being done to find lower cost coatings/surface treatment options for titanium bipolar

plates in PEMWE systems (Toops et al. 2014, Wang et al. 2012, Lin et al. 2013).
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Figure 9: Theoretical domains of corrosion, immunity and passivation of titanium-water sys-
tem at 25 ◦C

In addition to the passivation there is also corrosion which can start in acidic environment at

much lower potentials as can be seen from Fig. 9.

As titanium bipolar plates are costly and require advanced manufacturing processes (Letten-

meier, Wang, Abouatallah, Burggraf, Gago & Friedrich 2016) especially if complicated flow

field designs are used. Much cheaper alternative would be to use stainless steel as it is much

cheaper, more resistant to hydrogen embrittlement, and easier to machine than titanium (Niki-

forov et al. 2011). A lot of work has been done to replace titanium base material with stainless

steel but issues remain. Especially oxidation and corrosion of stainless steels at a high potential

in an anode environment. As was discussed earlier multivalent cations (e.g., Fe2+ and Ni2+)

greatly affect the durability of the catalyst and membrane. Both of these can be generated from

metallic bipolar plates which in turn can have a drastic effect on the system performance and

durability (Wu et al. 2008). This means that stainless steel usually needs to be coated with

platinum or titanium. Coatings can be used to improve the properties of stainless steel bipo-

lar plate by increasing its corrosion resistance in the anodic environment. Lettenmeier, Wang,

Abouatallah, Burggraf, Gago & Friedrich did a laboratory test comparing different coating for

stainless steel and it was noted that coating stainless steel with either Ti or Pt/Ti coating de-

creased degradation considerably. Nitride coating done with plasma nitridation approaches can
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also be used in PEMWE applications. In addition (Ti, Zr)N coating has been reported to also

improve corrosion resistance of stainless steel bipolar plates.

3.2.5 Current collectors degradation

Current collectors are porous material in between the bipolar plates and the membrane on

both electrodes. Used for transporting liquids and gasses from flow channels to the catalyst

layers and to collect and conduct electrons with low resistance while also supporting the MEA

mechanically (Grigoriev et al. 2009, Hoeh et al. 2015). Current collector materials vary but

most of them are made of carbon or metal materials. Carbon is limited in use to only cathode

in PEMWE because its high corrosion rate at high operating potential and low pH (<2). These

conditions combined with high concentrations of oxygen on the anode side will cause carbon

to oxidate or if graphite materials are used turn into CO2 as shown in equations (12) and (13)

(Carmo et al. 2013). This will lead to very rapid corrosion of carbon and quick degradation

of performance. Therefore, current collectors are usually prepared by thermal sintering of

spherically shaped titanium powder. Cathode side carbon current collectors are still in research

phase and not used in commercial PEMWE.

C+2H2O−−→ CO2 +4H++4e− E0 = 0.207 V/NHE (12)

C+H2O−−→ CO+2H++2e− E0 = 0.518 V/NHE (13)

Variables such as pore structure, design, size and distribution and also electron conductivity,

and corrosion resistance are all important factors when designing current collectors. Both gas

starvation and saturation cause obstruction of reactant and product diffusion pathways, thus

decreasing the overall system performance (Lee et al. 2017). This has led to most publica-

tions to focus on the optimization of the pore structure of current collectors (Ito et al. 2013,

Grigoriev et al. 2009, Lettenmeier, Kolb, Burggraf, Gago & Friedrich 2016). On the other

hand, durability and degradation of current collectors has not seen same kind of research even

though many research papers highlight its importance. Because of current collectors many dif-

ferent functions it can affect the performance of different parts of PEMWE system. Generally

current collector degradation can be categorized into two distinct categories: chemical degra-

dation and mechanical degradation (Park et al. 2015). Main cause for chemical degradation is

corrosion while mechanical degradation has multitude of different causes such as dissolution,

compression forces, and erosion by the hydrothermal effect.

Titanium is widely used for its good corrosion resistance even under acidic and highly an-

odic potentials. It is also comparatively easy to work with when porous materials are formed.

Hence, titanium meshes, foams, felts, and sintered powders are employed as current collectors
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at the PEMWE anode. As was discussed in the chapter 3.2.4 titanium is susceptible to hy-

drogen embrittlement, passivation, and corrosion. Thus titanium current collectors are usually

also coated with PGMs or gold to obtain a good oxidation resistance (Wind et al. 2002). Cost

of the materials is again important factor when designing PEMWE system and high prices of

titanium and platinum has led to research on stainless steel current collectors. Stainless steel

mesh has been investigated as anode side current collector (Mo et al. 2015). After only 15 h of

operation in room temperature at a cell voltage of 2.8 V and at current density of 1 A cm−2it

was noted that the surface of the stainless steel had corroded substantially also high transport

of irons from anode to cathode was observed which led to pollution of membrane and catalyst

layers.

Compressive force is one of the main causes for the mechanical degradation. Compression

is needed to keep bipolar plates, current collectors, and MEAs held together preventing gas

and water leakages and to provide low interface contact resistances. The compression pressure

can have considerable effects on the properties of the current collector, bipolar plate interface,

and collector/catalyst layer interface, which influence the overall cell performance. Increas-

ing the compression pressure decreases the gas/water permeability of current collectors that

leads to high mass transport overpotential. Study done by Dotelli et al. showed that higher

compressions ratios lowers the cell performance with a higher diffusion resistance. If carbon

is used it can also suffer from deformation, breakage or even displacement when compression

is applied (Lapicque et al. 2016). This can lead to changes in the overall structure leading to

unwanted changes in current transport and permeability to fluid. Keeping the surface of the

current collector smooth is essential to improve contact resistance and prevent degradation.

Compressing the current collectors has an advantage in that it improves contacts between its

fibers and other components. This leads to decreased ohmic voltage in the cell because of

improved electrical and thermal conductivity made possible by the compressed structure. In

fact, compression is required to achieve a solid electrical contact between the current collector

and the bipolar plates. Because of the channels in the bipolar plates, this compression force

is heterogeneous. The channels can also be intruded by the current collector, which leads to

water/gas flow in the PEMWE. This becomes even more serious when narrow channels are

used with higher current densities. Research on this topic is in its infancy and no papers have

been published yet (Feng et al. 2017).

3.2.6 Electrical measurements and degradation

As the electrolyzer cell, starts to degrade the operation voltage will start to rise as the different

overpotentials start to increase. Because of this, the easiest way to study the degradation is to
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measure the voltage. The problem with voltage measurement is that no individual degradation

causes can be identified as only the whole degradation of the cell is seen. Thus, other electro-

chemical measurements have been used to measure specific degradation. These measurements

include EIS, HFR, and linear sweep voltammetry, which help to identify the different factors

affecting the whole degradation phenomena such as ohmic overpotentials and mass transfer

losses.

Electrochemical impedance spectroscopy (EIS) is fairly simple measurement method where a

small (1 to 10 mV) AC signal is applied to the cell. This makes the electrolyzer system pseudo-

linear meaning that the large nonlinear current response to the DC potential is not seen as mea-

surements are only carried out at the excitation frequency. EIS has an extensive theoretical

framework that relates the measurements to physical phenomena. Still other electrochemical

measurements (DC, transients) should also be carried out and together with extensive knowl-

edge of the system physical phenomena can be studied from the EIS results. (Garcia-Navarro

et al. 2019, Lasia 1999)

High frequency resistance (HFR) and low frequency resistance (LFR) measurements can be

used to characterize the studied cell. Both of the resistances are influenced by different fac-

tors. HFR is dominated by the electrochemical reaction processes on both sides of the cell,

especially on the anode side because of the fast kinetics of the hydrogen evolution reaction

happening at cathode. LFR on the other hand is dominated by the mass transfer activities. (Li

et al. 2020)

Linear sweep voltammetry (LSV) is a measurement method where the current at the working

electrode is measured while the potential between the working electrode and a reference elec-

trode is swept linearly in time. Reduction and oxidation of materials is then registered as a

peak or trough in the current signal at the potential at which the materials begin to be reduced

or oxidized.
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3.2.7 Temperature/pressure/current density induced degradation

The operation conditions of the PEMWE dictate material and design choices that have to

be made to make sure degradation and performance is kept at acceptable levels. Currently

PEMWE systems are mostly limited to temperatures under 100 ◦C because of stability limita-

tions of materials used. Laconti et al. showed that by increasing temperature from 55 to 150 ◦C

the FRR increased approximately by two orders of magnitude. This highlights the massive

degradation that is present at higher temperatures. Inadequate temperature removal have also

been shown to cause cell failure resulting from pinholes, blisters, and membrane delamination

(Babic et al. 2017). Chandesris et al. investigated temperature and current density effects on

chemical degradation by using a 25 cm2 single cell set-up. During the tests only anode side

was supplied with constant water flow of 200 ml h−1. Testing was done with Nafion R© N117

membranes.

As can be seen increasing temperature from 60 to 80 ◦C more than doubles the FRR. Thus,

increasing temperature clearly accelerates the membrane degradation. Clear influence can also

be seen between the FRR and current density despite some dispersion between the values.

In today’s commercial PEMWE systems temperatures are usually kept even lower than the

maximum achievable by todays membranes (60–70 ◦C) due to stability of the ion-exchange

resins that are used to purify the process water (Babic et al. 2017). Still temperature has to be

considered carefully when designing PEMWE systems as it can affect the system lifetime very

adversely.

Pressurization is used a lot in PEMWE, as they are capable of generating hydrogen at much

higher pressures (30–50 bar) than atmospheric pressure. Compressing the product hydrogen

gas in the electrolyzer saves energy and lowers system cost, as no external compressor is

needed. As mentioned earlier pressurization can lead to indirect degradation by enabling higher

gas cross over which can lead to other system components to operate at dangerous environment

and lower the overall performance of the system because of gas recombination (Carmo et al.

2013). Literature also suggests that O2 crossover causes increased degradation on the cathode

side (Laconti et al. 2006, Stucki et al. 1998). In addition to the gas crossover higher pressures

can cause mechanical degradation because of the higher stress targeted at the membrane, which

can lead to tearing and other forms of mechanical degradation.

Gasses produced in the PEMWE cell are directly proportional to the current density applied.

Even though increasing current density leads to increased gas, production it can also cause

degradation to the cell. Higher current densities temperature management becomes important

as the produced heat from the losses can cause accelerated membrane degradation (Chandesris

et al. 2015). On the other hand Chandesris et al. also showed that membrane degradation mea-
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sured by FRR presents a maximum at low current density values (0.2–0.4 A cm−2) and seems

to decrease if current density is lowered or raised from this operation region. The degradation

can be explained by gas cross over which increases greatly at lower current densities as shown

by Chandesris et al..

As can be seen at lower current densities higher molar percentages are recorded due to the

fact that smaller amount of the other gas is produced (Chandesris et al. 2015). This leads to

hydrogen peroxyde (H2O2) formation that then causes degradation to the membrane, releasing

fluoride and sulfur. At higher current densities, the molar percentage of oxygen decreases

which leads to decrease in peroxyde formation.
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4 PEM electrolyzer test stations in literature

A lot of research is currently being done on improving the performance, efficiency and dura-

bility of PEM electrolyzers. Targeting further capital cost reduction by improved BP and PTL

manufacturing and coating processes (Toops et al. 2014, Lettenmeier, Wang, Abouatallah,

Burggraf, Gago & Friedrich 2016, Park et al. 2015), and by developing alternative membrane

materials (Aoki et al. 2006). Still no standardized testing methods or guidelines for testing

stations have been published which makes comparing the results of different publications very

difficult. In research paper by (Bender et al. 2019) comparison is presented about results from

200 publications studying three different membrane materials at varying current densities, the

findings show that across the literature the performance at 1 A cm−2 deviated up to 600 mV.

Magnitude of the deviation is thus completely unacceptable if results have to be compared.

Non-standardized testing practices are not unique to PEMWE research. The most closely

related research in PEMFC systems also faced similar problems until the early 2000’s when

attempts to harmonize the in-situ testing were published by the Single Cell Testing Task Force

of the US Fuel Cell Council (USFCC). Testing protocols and test station requirements were

described in the documents published. As PEMWE is not as mature technology compared to

PEMFCs it is facing the same challenges that PEMFCs had to face at the start of the 2000s.

There is very limited information on PEMWE test stations as most testing is done with test

setups that are built just for the specific measurements and no general guidelines exists. A

common approach for performance testing would enable better direct comparison of results

between research teams. Three example test stations are listed below and the specifications

and system working principles are described. These papers highlight the problems and good

practices present in current PEM electrolyzer test stations and are used as a base documentation

for the initial design of the electrolyzer test station presented in this work.

4.1 Electrolyzer test stations 1

In the paper published by Bender et al. conducted a round robin test organized by five con-

tributors to the IEA electrolysis Annex 30. For this the effort utilized identical PEM cells,

materials, and employed a shared set of test protocols and minimum requirements which were

drafted for the testing stations. By following these guidelines maximum deviation between

different laboratories was 27 mV at 60 ◦C and 20 mV at 80 ◦C.

As no commonly used commercial PEMWE cell was available on the market FZ Jülich pro-

vided cell hardware to each participant laboratory. The cells used catalyst coated membrane

by Greenerity GmbH. (E300) which were fabricated using Nafion R© N117 membranes, iridium-
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based anodes and platinum-based cathodes. The electrode area of 53x53 mm was centered on

the membrane area of 95x95 mm. The active area of the CCMs was 25 cm2. As the testing

period was determined to be under 20 h, carbon paper was used on the anode side instead of

Ti-PTL materials.

Table 6: Operation conditions for the cell in testing

Condition Setpoint

Cell temperature 60, 80 ◦C

Water flow temp. Anode 60, 80 ◦C (inlet)

Water flow temp. Cathode 60, 80 ◦C (inlet) Flow is optional

Min. water flow anode/cathode 2 mL cm−2 min−1
∆T≤ 2K

Outlet pressure anode/cathode 1 bar absolute

Water quality ASTM Type II

PSU max. current ≥ 75 A

PSU max. voltage ≥ 2 V

EIS Minimum 1 kHz

A schematic of the minimum test station requirements is presented in Fig. 10. As can be seen

from the figure deionized water is supplied to both sides of the PEMWE cell. No further infor-

mation is given about the water supply system other than the requirement that the water is of

quality standard ASTM Type II (i.e., a minimum resistance of 1 MΩ cm). Water circulation for

both sides of the PEMWE cell can be completely shut off with a valve (V-0) and also both sides

of the cell have their own valves (V-1 and V-2) for water circulation so that water circulation

can be shut down for either side independently. Both anode and cathode side circulations have

flow controllers (V-3 and V-4) and temperature controllers. Inlets and outlets of the cell have

temperature measurement (TI-1, TI-2, TI-3, and TI-4) on both anode and cathode sides. After

the cell, gasses are separated from the fluids in separation tanks. Further gas drying or analysis

was not discussed in the paper. Flow direction in the cell was from the bottom the top of the

flow-field to promote bubble removal during operation.
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Figure 10: Schematic of the minimum test station equipment required for test procedures.

As can be seen from the figure heaters around the water inlet pipes were controlled using a

temperature sensors placed in the center of the water flow on both sides of the cell. Outlet water

temperature was also measured the same way. The temperature difference between inlet and

outlet was kept under 2 K while experiments were performed at given operation temperatures

of 60 ◦C and 80 ◦C. Tested cells were warmed up to the temperature set points by heating up

the water flowing through the cell.

No active pressure control was needed at most contributing laboratories as operation was done

in pressure of 1 bar absolute. Pressure control was still needed at laboratories located at high

elevations where pressure could be considerably lower than 1 bar. For example at Golden,

Colorado, USA, where NREL is located the ambient pressure is approximately 0.83 bar which

means that active pressure control has to be added to keep the operation at 1 bar. In this

case electro-pneumatic transducers TT7800-705 from Fairchild were combined with M20 for-

ward/exhaust flow volume boosters also from Fairchild. This system allowed pressure adjust-

ment up to 4 bar absolute.

Minimum of 150 W power supply was used with a current capability of 75 A. Four-wire mea-
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surement setup with separate voltage sense lines was used and high-frequency resistance (HFR)

measurements were also recommended. Each laboratory implemented the HFR measurements

with their own setups and instruments. Minimum measurement requirements included con-

ducting a 1 kHz impedance measurement at current density of 50 mA cm−2. All the labora-

tories used their own equipment and measurement strategies when measuring HFR and EIS.

Measurement perturbation was set to ±5% of the applied current without exceeding ±10 mV

of the applied voltage. The phase shift on the 1 kHz measurement point was set to be below

±5◦

4.2 Electrolyzer test stations 2

Briguglio et al. developed a compact prototype system for PEMWE electrolyzer testing. The

testing station was tailored around in-house designed membrane electrode assemblies. Re-

search was done to get better idea of the complete production system energy efficiency as most

papers only focus on one aspect of the system. Goal being at providing a better understanding

of electrolysis system design.

The test station was made using commercial components to decrease the cost. These compo-

nents constitute the Balance of Plant (BoP) around the electrolyzer stack. The system can be

divided into four distinct subsystems: 1) Heat management, 2) Water management, 3) Power

conditioning, 4) Control systems, which were used to keep the stack operating at desired con-

ditions. The stack used in the research consisted of 10 MEAs (which had active area of 100cm2

each) capable of producing around 300Nl h−1 of hydrogen gas when connected in series.

Simplified schematic of the test station is presented in Fig. 11 where hydraulic circuit and the

different components of the subsystems can be seen. Refilling pump is used to pump water into

the system according to the water level measurement (L-1) present in the O2 separation tank.

Both the O2 and H2 tanks are partially filled with water and connected to each other and to

the main water tank by machined holes at the bottom of both tanks. Automatic safety system

keeps sufficient amount of water in both tanks to prevent gas mixing. All of the hydraulic

circuit components were made out of stainless steel and thermally insulated to ensure good

thermal stability.
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Table 7: Operation conditions for the testing station

Condition Setpoint

Cell temperature 40, 60, 75 ◦C

Water flow temp. Anode 40, 60, 75 ◦C (inlet)

Water flow temp. Cathode 40, 60, 75 ◦C (inlet)

Water flow anode/cathode 60 - 100 ml min−1

Max. pressure 6 bar gauge

Water conductivity 2 µS cm−1

PSU max. current 60 A varied

PSU max. voltage 24 V

Temperature control was implemented by submerging heater inside the main water tank. With

the water heater temperature could be controlled up to 90 ◦C. Temperature measurements were

conducted using four Pt100 temperature sensors (TI-2, TI-3, TI-4, TI-5) installed at the inlets

and outlets of the stack.
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Figure 11: Simplified shematic of the test bench setup.

Test station only has anodic side water circulation that is done by pumping water from the

main water tank to the electrolyzer. To reduce degradation by occurrence of metal ions from

53



other hardware used in the system, an online cartridge (TMS s.r.l.) of ion-exchangers was

used. This removes metallic cations (iron, chromium, nickel) from the water. At the same time

the conductivity was kept at around 2 µS cm−1. Water regulation for normal operation and for

safety control was achieved by using optical sensors (Gems) and pneumatic valves (Burkert)

shown in Fig. 7.

Power supplied to the electrolyzer was regulated by a manual control using a knob to regulate

the DC/DC power converter. Consequently, the operating current varied with the stack perfor-

mance. The PSU consisted of commercial AC/DC power supply, which had output voltage of

24 V. The current was linked to the voltage through the polarization curve thus a commercial

DC/DC step-down converter (DC6350F-S by Zahn electronics inc.) was used to reduce the

stack voltage. This allowed operation in range of 0 – 24 V and also provided possibility to

limit input power. Safety measures were provided by automation, which used right emergency

routine depending on the cause of the emergency.

Process variables and other information was shown on a graphical user interface using a 7”

LCD touch screen. Values were periodically logged for further data analysis. Two external

systems were used to control (implemented using NI sbRIO-9641) the operation and log the

data coming from the sensors 1) an embedded web-server allowed the end-user to remotely

control the system through computer network, 2) an embedded FTP server stored all the mea-

surement data and allowed easy access to it when analysis of the data was done. These two

systems combined with the safety systems such as hydrogen detectors allowed remote opera-

tion of the plant.

4.3 Electrolyzer test stations 3

Suermann et al. designed and developed a test bench for a PEMWE cell for high-pressure

operation up to 100 bar in differential and balanced pressure modes. Safety and operability

were the two main aspects of focus because of the high-pressure environment. A power source

with integrated high frequency resistance and impedance spectroscopy measurements was im-

plemented. The test station was used to study effects of operating pressure, temperature, and

current density by comparing the HFR, EIS, and DC measurements.

As the pressure increases, additional things have to be taken in to account when designing

safety systems for such test bench. Combustibility of the hydrogen in presence of oxygen

presents the main safety hazard in electrolyzer systems when pressure is increased. Elec-

trolyzer components made from titanium which in case of high titanium purity, a rough sur-

face and oxygen pressures in the range of dew bar may lead to self-ignition (Bolobov 2002).

The gas crossover through the membrane can also lead to dangerously high concentrations of
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hydrogen on the oxygen side leading to combustible environment which has to be avoided.

Authors performed a systematic hazard and operability study (HAZOP) on the test bench and

the findings of failure scenarios were integrated into the LabVIEW control software used to

operate the test bench. Thus, the system can react automatically to safety risks and make the

proper shutdown procedures.

Simplified test station schematic is shown in Fig. 12. The layout consists of separate water/gas

loops for oxygen and hydrogen that are made using stainless steel piping. Only anode side

has active water circulation by a diaphragm pump while the cathode loop is based on natural

circulation. Deionized water is used to reduce the degradation and an in-house designed ion

exchanger is used in anode loop to prevent accumulation of ions in the water loops. Operation

temperature was limited to 70 ◦C by the used mixed ion resin bed which experiences accel-

erated degradation at higher temperatures. The specifications for the test system are listed in

Table 8.

Table 8: Operation conditions for the testing station

Condition Setpoint

Max. cell temperature 75 ◦C

Max. water flow anode 120 ml min−1

Max. pressure 100 bar

Water conductivity <1 µS cm−1

Max. current density 4 A cm−2

Both sides of the system contain a water separator tanks (SITEC-Sieber engineering AG, CH)

that are used to separate the produced gasses from the excess water on the anode and from

the electro-osmotic drag water on the cathode side. Water level sensors (L-1, L-2, Aquas-

ant Messtechnik AG, CH) are used to keep track of the water levels on both sides, based on

the level water refill pump and venting valve (V-4) are controlled accordingly. After separa-

tion tanks the produced gasses are cooled to around 10 ◦C with heat exchangers (E-1, E-2)

to condense water vapor before exhausting. Gas pressures can be controlled using the pres-

sure controllers (anode: V-5, V-6; cathode: V-7) installed on both sides. These act separately

from each other to accommodate complete operational freedom with respect to pressurization

(balanced or differential pressure). Pressure pulses caused by the recirculation pump on the

anode side are eliminated by use of in-house designed pressure control system consisting of

two previously mentioned pressure controllers, which are alternatively opened and closed. The

1.5 Nml volume between these valves is not sensitive to pressure pulses thus disconnecting the
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pressure changes of both sides. Some of the instruments required for improved high-pressure

safety have been omitted to simplify the schematic.
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Figure 12: Simplified schematic of the test bench setup. Labeled as follows: valves (V),
temperature (TI), pressure (PI), fluid level (L), and equipment (E).

Electrolysis cell used in the test station was designed in-house with help from specialized

company (SITEC-Sieber Engineering, CH). The cell had an active area of 4cm2 which was

chosen to suppress temperature and gas/water ratio gradients. Catalysts of the cell were made

from Ir- and Pt-based materials and the membrane used was E400 commercial membrane from

Greenerity R© with either Nafion R© 117CS or Nafion R© 212. The cell clamping pressure can be

adjusted independently of the CCM compression pressure thanks to set of springs supporting

the cathode flow field. This enables setting a defined homogeneous contact pressure (in range

of 6–26 bar) between CCM, PTL, and flow field. Temperature measurement was also taken

from the cell by a drill hole in the cell housing close to the active area.

The test system had the capability for current–voltage characteristics, high frequency resis-

tance, and galvanostatic electrochemical impedance spectroscopy measurements. All of these

were performed using a potentiostat (E-1.3, VSP-300, Bio-Logic SAS) controlled using the

test bench software. The cell was generally operated at 2 A cm−2until stable conditions were

met. 2 A cm−2was chosen to improve safety in regards to gas crossover at high pressures. For

the i/U-curves a current density range of 0.001 to 4 A cm−2could be measured. The HFR was

recorded at 25 kHz with holding times of 10 s plus 1 s to determine the ohmic overpotential.

56



Galvanostatic EIS data was recorded between 100 kHz and 100 mHz with 10 measurement

points per decade and with an excitation amplitude of 10% of the applied current.

4.4 Summary of studied test stations

In the papers presented earlier (Bender et al. 2019, Briguglio et al. 2013, Suermann et al.

2017) there exists quite a bit of different design choices made to conform for the different

testing conditions and goals. Thus, it is important to summarize the information presented to

get the bigger picture of PEM test stations and design considerations.

Heat management was done by having heater units on anode and cathode side water circulation

which made sure that the circulated water staid at correct temperatures. The heaters were

controlled by temperature measurements taken from the water separator tanks (Suermann et al.

2017) or from inlets and outlets of electrolyzer cell (Bender et al. 2019). Completely different

approach was taken by Briguglio et al. where shared water tank was used for both sides of

the electrolyzer and the water temperature was kept by heating the water inside this tank. The

best approach for water temperature management according to these papers is to measure the

temperature as close to the stack as possible (inlets/outlets) and to also have the heater close

to the stack. This way the temperature of the water is kept as close to the desired temperature

when it gets to the electrolyzer cell without cooling.

Pressure management was done using controllable back-pressure valves in the test stations

designed by (Briguglio et al. 2013, Bender et al. 2019). In the case of Bender et al. the testing

was done at 1 bar absolute pressure and thus only laboratories that had ambient pressure below

1 bar had to use the back-pressure valves. The test station presented by Suermann et al. was

designed for high pressure operation and as such had much more extensive pressure control.

This included pressure controllers for both anode and cathode side of the electrolyzer enabling

differential pressure operation. Also, in-house designed pressure control system was used to

reduce the pressure pulses caused by the re-circulation pump at anode side. The acquired

flexibility of this approach allows for very wide pressure operation range and allows the user

to set the desired pressure accurately.

Water quality was kept at consistent level in each of the test stations. Both Suermann et al.

and Briguglio et al. had an ion exchanger in the water loop to keep the ion accumulation low.

The feed water used in the system described by Bender et al. had already been deionized and

thus no ion exchanger was needed in the station. Removing the excess ions from the water was

done to decrease the rate of degradation. Water was circulated only on the anode side while

natural circulation was used in the cathode side on both test stations made by Bender et al. and

Suermann et al. on the other hand Briguglio et al. had water circulation on both sides of the
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electrolyzer. No definite reason was given why circulation would be needed on both sides and it

was concluded that it had to be to help with the management of the cell operation conditions or

to reduce degradation caused by the gasses by diluting them. Still anode side water circulation

seems to be the optimal implementation as it is simpler and closer to the industrial electrolyzer

systems.

All the systems had similar operation conditions. This is quite predictable as PEM electrolyz-

ers have limited optimal operation range. Each system had maximum temperature of around

80 ◦C. Water flow rates were on the range from 50 to 120 ml min−1 in each of the systems.

Water conductivity was also similar between the test stations going from <1 to 2 µS cm−1. Big-

ger differences could be seen on the maximum operation pressure that each test station could

achieve where the test station by Bender et al. was only operated at atmospheric pressures

while the other two test stations had higher maximum operation pressures 6 bars (Briguglio

et al. 2013) and 120 bar (Suermann et al. 2017) respectively.

Hydrogen safety was also one important aspect which every paper highlighted. As hydrogen

and oxygen form a explosive mix it is important to keep the test stations in safe operation

conditions. Briguglio et al. and Suermann et al. had completely automated safety systems in

case of failure which made sure that the system was shutdown safely. Safety systems used all

available measurement data to determine if the system was operating in unsafe conditions. This

was especially important in the case of high pressures as there is a possibility of self-ignition

if lower explosion limit of hydrogen and oxygen is exceeded. Also, at higher pressures gas

crossover through the membrane increases and thus presents a safety issue. Both the anode

and cathode side product gasses were also constantly measured to see how much hydrogen was

on the oxygen exhaust and how much oxygen was detected in the hydrogen exhaust. External

hydrogen sensors were also installed in case of hydrogen leaks. In the test system presented

by Bender et al. laboratories were expected to follow necessary safety precautions and so no

description about the safety systems were given.

Each test station had an automatic control and measurement system. Automation systems had

two main functions: safety and operation condition control. Automation software such as

LabVIEW (Suermann et al. 2017) or similar other software were used to observe the values

and react accordingly if any of the safety thresholds were exceeded. During normal operation,

the automation systems would control and keep the test stations at stable conditions that were

set by the user for example by controlling the temperature and pressure of the system in real

time. Automation systems are thus particularly important for accurate measurement especially

when testing periods are longer. Briguglio et al. also used an online FTP server to store the

measurement data making it available from any computer with internet access. This would
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decrease the possibility of data loss especially when long tests are carried out.

Electrochemical characterization capabilities were also implemented into two of the presented

test stations. Both stations made by Suermann et al. and Bender et al. could conduct HFR and

EIS measurements. These measurements are vital when studying how operation conditions

and degradation affect the electrolyzer. Measurements can also be validated by comparing the

low frequency intercept of the EIS data with the corresponding slope of polarization curves.

Every paper used a custom-made PEM electrolyzer cell to conduct the measurements as each

paper focused on different parts of the electrolyzer process and thus needed specialized cells

to study these phenomenas. Universally the cell temperatures were shown to be extremely

important to lower the deviation between measurements and because of that Bender et al.

decided to install heaters into the flow field plates. Other test stations relied only on heating the

used water. Good temperature control capabilities should be included into the testing station

design in order to keep the electrolyzer cell at constant temperature.

The basic structure of PEM test station can be concluded to include at least: 1) two gas/water

separator tanks, 2) active water circulation on anode side using a pump, 3) water heaters on

both sides of the cell, 4) water refill pump to add more water to anode side, 5) ion exchanger for

the anode water circulation, 6) various temperature and pressure measurements, and 7) power

supply unit that is rated for needed current and voltage range and also electricity measurements

and electrochemical impedance spectroscopy capabilities. In addition, automation system is

needed to control and monitor all the different aspects of the test station and to monitor the

system for safety. Uploading the measurement data to cloud where it can be accessed anywhere

would also improve the usability and reliability of the system when long degradation tests are

being done. Gas processing and measurement must also be taken into consideration especially

drying the gas further is necessary if gas analysis is needed.
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5 PEM Electrolyzer test station

In the following chapter, a design for PEM test station is presented. The test station is mainly

used for researching how power quality affects electrolyzer degradation and energy efficiency

so factors that affect the accuracy of these tests have been taken into close consideration. Study-

ing the example test stations presented in the chapter 4 and other literature a good picture has

formed about the operation conditions and their effect on the degradation phenomena. Based

on this information different parts of the test system were designed so that variation between

test runs could be kept at minimum.

The design for the PEM electrolyzer test station has to take account all the variables in the

system to make sure that the operation conditions stay as close to constant as possible during

long degradation measurements. Different sources of possible variation have been studied

to be: 1) pressure; 2) temperature; 3) gas conditioning and measurement; 4) power supply

unit; 5) water refill system; 6) water circulation system; 7) electrolyzer cell (Laconti et al.

2006, Suermann et al. 2017). Each of these system components have to be optimized so that

they induce as little variance to the system as possible. Meaning that both the control and

measurement methods for each case have to be considered carefully.

Based on these requirements a design schematic was made presented in Fig. 13 and 14. As

can be seen from the schematic the system was designed so that two electrolyzer cells can

be operated at the same time. Both cells have their own PSU and are located in temperature-

controlled environment. It is also possible to measure output gas from only one cell at a time

by separating the other cell from the water/gas circulation using the valves in the input and

outputs of the cells. Especial care was taken during the design process to make sure that all of

the aforementioned system components could be measured and controlled accurately to keep

the operation parameter variation as low as possible.
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Figure 13: Piping and instrument diagrams anode side of the test station. Instruments are
named as follows: valve (v), temperature measurement (TI), pressure measurement (PI), fluid
level measurement (L), and dew point measurement (DP). Instrument numbering uses follow-
ing convention: first number denotes the installation place, 1 (anode side), 2 (cathode side), 3
(other); numbers after that are unique identifiers to every instrument.
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5.1 Pressure control system

Pressure system capable of producing differential or balanced operation pressures was set to be

a requirement for the test station. This would increase the flexibility of the system considerably

and make sure that all the future needs in terms of pressure operability were taken into account.

The station had to be able to produce and withstand pressures up to 50 bars in balanced or

differential operation mode. Allowing high-pressure operation down to atmospheric pressures

if needed. The pressure could be set based on specifications of the electrolyzer cell that was
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being tested. Pressure variation requirements were set to 0.5 bar (1% of the max. pressure).

To reach the given requirements pressure control and measurements instruments were imple-

mented into the design. These instruments are shown in Fig. 13 and 14. Anode side pressure

control system was kept very simple by only having one pressure controller located after the

condensing dryer, which made sure that the whole anode side water circulation was kept at de-

sired pressure. Pressure measurements (PI-11, PI-12) were installed to shared inlet and outlet

pipes. Pressure relief valve was also added to the gas/water separator tank to protect against

over pressure.

Cathode side pressure control was designed to allow gas measurement from one cell at a time

while still keeping both electrolyzers at the same operation conditions. Because of this, the

pressure control system had to be implemented differently compared to anode side. Two

pressure controllers were used to keep each cell at preferred pressure. Anode side has three

gas/water separator tanks, both cells have their own small separators at gas outlets and common

bigger separator was then used to further dry the gasses from both cells. The pressure con-

trollers were installed in the outlets of the smaller gas separators as can be seen from Fig. 13

and 14. The big gas separator and all of the dryers are kept at atmospheric pressure.

The option to measure single cell gas production introduced challenges for the pressure control.

When these measurements are done the other cell has to be isolated from the system, this is

done by using the valves (Anode: V-15, V-17, V-19, V-111; Cathode: V-28, V-29, V-211, V-

212) which block the inlets and outlets of the isolated cell. Valves V-25 and V-26 are used to

vent the gasses from the electrolyzer that is not currently being measured. Safety valves (V-16,

V-110, V-22, V-24) were also added to release the pressure if it increases to dangerous levels

in the isolated cell.

All of the measurements and control devices were integrated into automation software, which

made sure that safe pressure conditions were kept and if safety risks emerged made the correct

actions to bring the system into safe state. Option for LabVIEW integration was also added for

possible future customization.

5.2 Temperature control system

Temperature control and measurements are one of most important aspects of the test systems as

even small changes in temperature have been shown to influence the degradation rate. Temper-

ature variation target of <0.5 ◦C was set as a requirement for temperature control system. This

meant that the temperature had to be kept very close to constant to minimize the uncertainty of

the degradation measurements. The temperature control system consisted of two distinct parts:
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water loop temperature control and ambient cell temperature control. Implementing both of

these required use of multiple temperature measurement probes.

As the water loop is the main cause of temperature variations in the system most of the focus

was directed on it. First problem arises from the addition of feed water that can cause tem-

perature gradients in to the water loop if the feed water and circulated water are not at same

temperature. To combat this a buffer tank with heater was added to the feed water supply as

illustrated in Fig. 15. Feed water was first pumped to the buffer tank where it was heated up to

the same temperature as the water in the water loop. After heating up the water could be added

to the system without causing unwanted temperature gradients.
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Figure 15: Feed water temperature management system.

In the water loop some additional temperature management has to be done as the ionic fil-

ter (max. operation temperature 70 ◦C) cannot operate at the PEM operation temperatures of

80 ◦C. This means that cooling is required to make sure that the ionic filter doesn’t degrade

too fast. Because of this, water cooler and heat exchanger were added to the water loop. Water

cooler was added before anode side gas separation tank. The temperature could be controlled

by modifying the cold water flow into the cooler using an automated valve. The valve is

given reference temperature from the automation software and that is compared to measured

temperature right after the cooler to control the flow of cool water. This makes sure that the

temperature is less than 70 ◦C when the water goes through the ionic filter. Cooling the water

and then heating it again with a heater would be a huge waste of energy so heat exchanger was

added which then transfers heat from cell outlet water to the cell inlet water. This way less

energy is needed in the cooling and heating parts of the system.

To keep the cell at optimal operation temperature water in the loop has to be heated up before it

is fed to the cell. Thus a water heater was added to the water loop just before the cell inlets. This
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allowed the user to set target temperature set point for the system. Temperature measurements

were taken from the inlets and outlets of the cells to measure the absolute temperature and to

see the temperature gradient between inlet and outlet.

As there is no active water circulation on the cathode side there was also no need for temper-

ature management system. Cathode side still has temperature measurements on the inlets and

outlets of the cells which can be used to observe the temperature.

To further, improve the temperature stability of the system and especially the cell temperature

stability both of the cells were installed inside a temperature controlled cabinet which meant

that the ambient air in the cabinet could be kept at the cell operation temperature. By keeping

the ambient air temperature same as the operation temperature, heat losses from the piping

after the water heater and from the electrolyzer body could be negated. Schematic of the

temperature controlled cabinet and temperature control system is presented in Fig. 16.
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Figure 16: Schematic of the cabinet heating system

Air inlet of the cabinet has a heater that is controlled based on the outlet air temperature and

user given set point. Both of the electrolyzers are inside the same cabinet so that there is no

difference in the ambient temperature between them.

Some cells also have option for heaters inside the end plates to help control the temperatures

inside the cell better. Option for these kind of heaters was also added to the system if in the

future need for them emerged. It was still decided that these heaters would not be used in the

initial testing as other temperature control systems should be able to cope with requirements.

5.3 Gas measurement

Gas measurement is one of the most important parts of this degradation test station as changes

in the gas composition is used as one of the main ways to detect degradation effects such as
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increased gas crossover. Because of the gas measurement importance, very strict requirements

were given for the measurement accuracy of the gasses. The minimum required accuracy for

the measurement devices was set to <±0.05% on concentration range of 10–100% full scale.

Two binary gas analyzers (Stanford Research Systems BGA244) were selected for output gas

measurement. These analyzers use the speed of sound to determine the concentration of the

two gasses and have an accuracy of 0.002% to 0.035% for hydrogen/oxygen gas mixture. Con-

centration of H2 is measured from the oxygen side while the concentration of O2 is measured

from the hydrogen side. Mass flow meters (Bronkhorst EL-FLOW base) were also installed

before the gas analyzers so that the gas mass flow could be measured. Finally piping for mass

spectrometer (Hiden QGA) was added for high accuracy gas concentration measurements.

To get accurate mass flow and gas composition measurements the gas has to be dried before

it goes through the measurement devices. To accomplish this a two stage drying system was

implemented. First a condensing dryer was added at the gas output of the gas/water separator

tanks which used cooled water (∼5 ◦C) to condense the water vapor back to liquid form which

then flowed back into the gas/water separator. After the condensing dryer a silica gel based

drying unit was used to further dry the gas stream. Required dew point for accurate measure-

ments was calculated to be at least −20 ◦C where water content in the measured hydrogen gas

would be around 1% as shown in Fig. 17. Schematic of the silica gel drying unit is shown in

Fig. 18. The unit consists of two silica gel drying columns and five valves which decide what

column is currently used. Inlet valves (V-114 and V-115) and outlets valves (V-117 and V-118)

are used to decide which silica gel drying column is in use while the other one regenerates. If

user want to bypass the silica gel dryers valve V-116 can be opened.

Mixing ratio of water vapor in hydrogen gas shown in Fig. 17 is calculated using following

equations. First the vapor pressure Pσ has to be solved from the equations (14) and (15) (Wag-

ner & Pruß 2002)

θ = 1− T
Tcrit

(14)

ln
Pσ

Pcrit
=

Tcrit

T
(C1θ +C2θ

1.5 +C3θ
3 +C4θ

3.5 +C5θ
4 +C6θ

7.5), (15)

where θ is the transformed temperature, T is the dew point temperature (K), Tc is the critical

temperature (647.096 K), Pσ is the saturation vapor pressure (hPa), Pc is the critical pres-

sure (220 640 hPa), and the values for the coefficients Ci were −7.85951783, 1.84408259,

−11.7866497, 22.6807411, −15.9618719, and 1.80122502. After calculating the saturation

vapor pressure the mixing ratio can be calculated using the following equations (Yau & Rogers

1996)

B =
M(H2O)

M(gas)
·1000 (16)
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X = B · Pσ

Ptot−Pσ

, (17)

where B (g kg−1) is the calculated using the molecular mass of water and the gas, X is the

mixing ratio, and Ptot is the total ambient pressure.

Figure 17: The percentage of H2O mixed with H2 gas as a function of dew point.
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Figure 18: Schematic of the silica gel drying unit.
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Each silica gel column has a heater build in to the column which is used to dry the silica gel.

One silica gel column is in use while the other one dries up making the automation of the

system simple as user does not have to change the silica gel at all. The third channel is used to

bypass the dryers if there is need for that. After the dryers installed dew point probe measures

the dew point of the gas stream to make sure that the dew point is kept under (−20 ◦C). As

can be seen from the complete piping and instrument diagram the silica gel dryers are kept at

atmospheric pressure to simplify the container design, as no pressure tolerance is needed.

The gas measurement values were constantly monitored and if 10% of LEL (4% for hydrogen)

was exceeded the operator was alerted. Functionality for automatic shutdown procedure was

also added which was triggered when monitored gas concentration rose over safety limits. The

exhaust air from the test cabinet also had a hydrogen probe to catch any possible hydrogen gas

leaks that might occur in the system and take necessary actions in the automation software.

5.4 PSU

As the system is capable of operating two electrolyzers at the same time both of them needed

their own identical PSU. The PSUs were custom designed and made by Material Mates Italia

Srl. Table 9 lists the specifications for the PSUs.

Table 9: PSU specifications

Specification Value

Max. Voltage 2 V

Max. Current 100 A

Max. Power 200 W

Both PSUs also have the capability to do EIS measurements on the frequency range of 1mHz to

10kHz. Power measurement is accomplished using Hioki PW6001 power analyzer and Hioki

CT6863-05 current probes. All the functionality is integrated into the automation software

made in LabVIEW.

5.4.1 Waveform generation

Thyristor waveform is one of the more interesting waveforms that is used to operate the elec-

trolyzer. Thyristor rectifiers are widely used in the industry scale electrolyzers for their high

current capacity and as such present a realistic input waveform when looking at these appli-

cations. Program to generate n-pulse thyristor waveforms has been developed in a previous
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work (Järvinen et al. 2019). The basic waveform creation steps are highlighted in Fig. 19. The

waveform is created using a Matlab code that creates one phase of thyristor waveform with

user-defined frequency, line voltage, current average and the amount of pulses. First maximum

conduction angle is calculated using following equation

βmax =
2 ·π

n
, (18)

where n is the number of pulse. After this minimum firing angle can be calculated with fol-

lowing equation

αmax =
π−βmax

2
, (19)

The code uses interval-halving method to solve correct firing angle for the thyristor to create

waveform that has correct average current. During the calculation voltage is solved using the

following equation

U =Uac ·
√

2 · sinθ , (20)

where Uac is the mains voltage RMS value and θ is the angle vector. The voltage waveform

can be converted to current waveform and the mean value is then compared to the user-defined

value. Interval halving method is used until the error is suitably low or when loop has been

executed more than 100 times. Final solved waveform can then be duplicated and shifted until

full waveform is created.
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(a) One thyristor phase (b) All phases

(c) Maximum values from each phase

Figure 19: Thyristor waveform creation steps in LabVIEW automation.

The waveform is then sent to the PSU where it is used to generate the desired waveform to

drive the electrolyzers. As the waveform, generation is done in simple Matlab script that is

completely integrated into the LabVIEW automation, software other waveforms can be easily

implemented when required.

5.5 Water refill

Water is refilled to the system using a vane metering pump controlled by the fluid level mea-

surement in the anode side gas separator. Deionized water used for the refill is stored in a

30 l water tank, which is dimensioned to last around 2 weeks of continuous operation before

running out. More water can be added to the tank while the system is running so the operation
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time is not limited by the water tank size.

As illustrated in Fig. 15 two valves are also used to control the addition of water into the anode

water circulation. The first valve (V-31) is automatically controlled on/off valve that lets water

flow into the circulation when it is needed. The second valve (V-32) is a manually adjusted

needle valve to minimize the pressure variation caused by the refill pump when water is added

into the circulation.

Cathode side only has water exhaust, as there is no active water circulation. Only small

amounts of water ends up in the cathode side by crossing over the membrane. This excess

water can be periodically drained from the gas/water separators by using valve V-37 shown in

Figs. 13 and 14. The water-venting valve is controlled by the cathode side liquid level sensor,

which makes the process completely automatic.

5.6 Water circulation

As was said earlier only the anode side has active water circulation. The circulation is achieved

using a vane metering pump that is controlled by mass flow meter (Bronkhorst EL-FLOW base)

after the ionic filter. The pump is capable of maximum flow of 1 l min−1 and was selected

because of the low pressure variation it causes.

Both sides have multiple valves that are used to control the flow of water as can be seen from

Figs. 13 and 14. Because of the two parallel electrolyzers, some extra valves had to be added

compared to similar system with just one electrolyzer. Starting from the anode side valves

V-11 and V-12 are used to vent water from gas/water separator or from ionic filter. Valve

V-13 can be used let water bypass both of the electrolyzers for example in the case of when

they are not connected. Valves V-15, V-17, V-19, and V-111 are used to block off individual

electrolyzer inlets and outlets, which is needed when gas measurements from only one of the

electrolyzers needs to be taken. Valves V-16 and V-110 are used to vent produced gasses when

electrolyzer is blocked off from the water circulation while the other electrolyzers output gasses

are measured. Needle valves V-14 and V-18 are used to ensure that both electrolyzers get the

same amount of water flow. Looking at the cathode sided valves V-21 and V-23 can be used to

implement active water circulation if need for that arises. Valves V-22 and V-24 are used for

venting product gasses from the outlet of the electrolyzers. Valves V-25 and V-26 can be used

to bypass the safety valve in the smaller gas/water separators if so desired. Valves V-28, V-29,

V-211, and V-212 are used to block off inlets and outlets for individual electrolyzers so that

gasses from only one electrolyzer can be measured when needed.

The water/gas separator tank volumes were chosen based on the maximum flow rate of around
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1 l min−1 of water. Even though the cathode side doesn’t currently have active water circulation

and would be functional with smaller gas/water separators there is a possibility that water

circulation is going to be implemented in the future so the separators are oversized because of

this possibility.

Ionic filter was installed on the anode side to keep the impurities from the piping and other

components out of the electrolyzers where they could damage the membrane and thus accel-

erate the degradation. The filter could achieve water conductivity as low as 0.055 µS cm−1 by

use of resin.

5.7 Electrolyzer

For the initial testing, a PEM electrolyzer was required to verify the functionality of the testing

station. For this purpose suitable PEM electrolyzer cell had to be chosen with the specifications

that match the testing system specifications. Manufacturing the electrolyzer was out of scope

for this project and would have introduced more uncertainty to the degradation measurements.

Not many options were available for small laboratory scale electrolyzers. At the end PEM

electrolyzer QLC-120 (Shandong Saikesaisi Hydrogen Energy Co., Ltd) was chosen because

of its comparable specifications to more expensive electrolyzer stacks and for its affordable

price. Table 10 presents the specifications for the QLC-120 electrolyzer.

Table 10: Electrolyzer specifications

Specification Value

Max. Voltage 4 V

Max. Current 9 A

Diameter 85 mm

H2 flow 0–120 ml min−1

O2 flow 0–120 ml min−1

Output pressure 0–10 barg

Operation temperature 70–100 ◦C

Surface area 20 cm2

Cells 2

The electrolyzer uses Nafion
TM

PFSA membrane. The specifications match the maximum

capabilities that the designed test station is able to operate in and as such this electrolyzer stack

provides good starting point for testing the system. More advanced cells can be tested once

the test station functionality is confirmed and proper testing protocols are in place. Fig. 20
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shows the electrolyzer where inputs and outputs of the electrolyzer are shown and numbered

and Fig. 21 shows the electrolyzer disassembled with different components shown.

Figure 20: QLC-120 Electrolyzer stack where 1) water inlet, 2) water/O2 outlet, 3) H2 outlet

Figure 21: Components of the disassembled PEM electrolyzer

5.8 Safety

Biggest safety concerns in the system are high-pressure operation and the possibility of explo-

sive gas mixtures. For the pressure safety, each gas/water separator is fitted with a pressure

relief safety valve to make sure that no overpressure can occur in the system. All the parts are

certified to work at maximum operation pressure of 50 bar.
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For gas, safety measurements from the gas analyzers are constantly monitored by the automa-

tion software and in the case of emergency the power supply to the electrolyzers is stopped

and nitrogen gas can be used to purge remaining gasses from the system if needed. Nitrogen

gas inlets are controlled by the V-33 and V34 on the anode side and by V-35 and V-36 on the

cathode side. Nitrogen gas is stored in a gas bottle for easy storage.

5.9 Modifications for needed for stack testing

Changing the test station from cell testing to stack testing could introduce new challenges that

need to be taken into account. At the moment the test station is designed mainly for single cell

testing and as so changes would be needed if stacks were to be tested in the system. Three

main components of the system would need to be looked at and possibly revised: 1) water

circulation, 2) gas handling, and 3) PSU and power measurements.

By using an electrolyzer stack in the system the flow through the electrolyzer could change

drastically compared to single cell operation. Multiple cell electrolyzer stack would most

likely increase the pressure over the electrolyzer as the water would need to go through more

complicated electrolyzer structure. Because of the pressure increase and possibly higher water

intake, a larger pump would be needed to circulate the water loop. Anode side water cooler

and heater could also require scaling up if the pumped water quantity increases significantly.

As the system is designed only for small scale single cell use mainly, gas drying units and

measurements are designed around quite small amounts of gas output (Around 1.3 l/h H2). In

the case where electrolyzer stack would be used in the system, it would have to be dimensioned

so that the gas output would not exceed safe limits. If bigger stacks are installed the gas

management system would most likely have to be upgraded as it would not be able to dry and

measure all of the output gasses. Drying units would have to be scaled up and smaller gas

stream would have to be directed to the gas analyzers using valves. Without these changes,

the safety of the test station could be compromised as gas concentrations could rise to unsafe

levels.

At the moment the power delivery system is only capable of delivering 2 V at 100 A for peak

power of 200 W and if bigger stack is to be installed the PSU would have to be also scaled up

to accommodate higher current requirements if needed. If the stack cell area does not increase

the current PSU should be suffice.
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6 Discussion and conclusion

The main objective for this work was to review and understand different degradation mech-

anisms in order to learn how they are affected by power quality and to use that knowledge

to then design a testing station for research on power quality effects on electrolyzer degra-

dation and energy efficiency. Degradation mechanisms have still only seen small amounts of

research efforts because of multitude of reasons and as such, many of the phenomenon are

yet to be fully understood. Still the available information has presented a much clearer image

on how degradation effects the electrolyzer and what different mechanisms cause that degra-

dation. Studying the topic is seen as important step towards future innovations where water

electrolyzer produced hydrogen is used in most sectors of society as an energy carrier or as

raw resource for further refinement. Producing all of this hydrogen in carbon neutral fashion

is not going to be possible with current production methods such as steam reforming natural

gas or other fossil fuels as this would only increase our dependency on non-renewable fuels

and accelerate global warming. Electrolyzer degradation testing is currently one of the main

road blocks preventing further industrial use of electrolyzers in hydrogen production and as

such research in this topic is greatly needed. Designing and building a degradation test station

capable of carrying out long-term degradation testing is needed to study and understand these

effects to improve water electrolyzer designs and material in the future.

Three main research questions were presented at the start of this Master’s thesis. First research

question looked at papers focusing on different factors of operation condition instability in

electrolyzer testing stations. As degradation of the electrolyzer can be affected by even slight

changes in the operation conditions and as degradation tests take thousands of hours to com-

plete it was extremely important to keep a water electrolyzer test station at constant operation

conditions without large instabilities to get accurate measurements. Literature review of the

most common causes for instability in electrolyzer systems was done and information about

how other electrolyzer test stations manage these instabilities were studied. For this purpose

three electrolyzer testing stations were presented in the thesis to show different approaches that

previous research has taken when building testing stations and also to showcase the similari-

ties between these systems. Studying the factors of instability and how they were combated

in these electrolyzer testing stations helped to create a solid base for the degradation testing

station design presented in this work. Second research question looked at different degrada-

tion mechanisms and how those could be detected. A comprehensive literature review was

conducted where membrane, catalyst layer, bipolar plate, and current collector degradation

was studied and the main mechanisms and means of measuring the effects of degradation was

looked at. Lastly based on the information acquired a PEM electrolyzer degradation testing
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station was designed and presented with full P&ID diagram and explanation about each sub

system.

6.1 Limitations and suggestions for future research

Because of the COVID-19 pandemic unexpected changes in shipment times for different com-

ponents of the designed system caused that no initial testing results could be included in this

work. The testing results are going to be published in a research paper in the near future.

For further future work one of the important research questions is how power quality affects the

electrolyzer degradation and performance. Especially industry standard thyristor rectifiers can

cause significant variation in the rectified current waveforms. With the testing station, we are

able to drive the electrolyzers with arbitrary waveform and will be able to test consequences

of long time operation with different input current waveforms and compare these results to

identical electrolyzer operated at pure DC. This will give much needed insight to how big

impact power quality has on the performance and degradation of water electrolyzers.

After some full test runs have been completed accelerated testing methods could be studied

using the testing station. Accelerated testing methods have already been used in multiple

research papers to speed up the degradation speed of the electrolyzer. Still these methods

have not been extensively verified to correspond to normal degradation so test results from

normal and accelerated tests should be compared to establish consensus on the accuracy of

these measurements.
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Ursúa, A., Marroyo, L., Gubı́a, E., Gandı́a, L. M., Diéguez, P. M. & Sanchis, P. (2009), ‘Influ-

ence of the power supply on the energy efficiency of an alkaline water electrolyser’, inter-

national journal of hydrogen energy 34(8), 3221–3233.
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Full piping and instrument diagram

 
TI-15

°C

PSU 1

A
n

o
d

e
 +

C
a

th
o

d
e

 -

 
FL-1

ml/min

Circulation 
pump

Water refill 
pump

Gas purge (N2)

Ionic
filter

 

Water
heater

 
TI-13

°C

PID
T SP

Adsorbent 
dryers

 
PI-12

bar

Thermal mass 
flow meter

  

Condensing dryer

H2 analyzer

 
TI-22

°C

L

Liquid level 
measurement L

Liquid level
 measurement

 

 
TI-31

°C

PID
T SP

 

 
CI-1

S/m

1.

V-31

V-33

V-13

V-12V-11

V-115 V-114

V-32

L-1 L-2

Water reservoir

  V-117 V-118

Vent Vent

 V-116

 

V-19

Drain

Coriolis Mass 
flow meter

Adsorbent 
dryers

  

O2 analyzer

 
DP-2

°C

V-214V-213

  V-216V-217

 V-215

Condensing dryer

PSU 2

A
n

o
d

e
 +

C
a

th
o

d
e

 -

 

 
TI-17

°C
 

TI-23
°C

Temperature controlled 
environment

Water
cooler

 
°C

TI-12

PID
T SP

V-15

PID
mf SP

Pressure 
controller

 

Lauda 
thermostat

 
°C

TI-11

 

 

 

 

 
TI-14

°C

 
PI-11

bar

 
TI-16

°C

Pressure 
controller

 

 
TI-21

°C

 
PI-22
bar

Pressure 
controller

 

 

 

 

 

 
PI-22
bar

 
DP-1

°C

 

 

V-16

V-17

V-110

V-111

V-18

V-14

V-36

 

V-112

V-113

Heat
Exchanger

V-34 V-35

V-27 V-28

V-29

V-211V-210

V-26

V-22

V-21

V-23

V-24

V-25 V-212

V-37

 
PI-31
bar

Thermal 
mass flow

 V-119

Mass  
spectrometer

 

 V-219

Mass  
spectrometer

 V-218

Mass  
spectrometer

99


	Introduction
	Background
	Power-to-X
	Energy storage

	Motivation
	Problem definition
	Delimitation
	Research methodology
	Thesis organization

	Electrolyzers and applications
	Fundamentals of water electrolysis
	Principle
	Thermodynamics
	Electrochemistry

	Electrolyzers
	Alkaline water electrolysis
	High temperature alkaline electrolysis cell (HT-AEC)
	Anion exchange membrane electrolysis (AEME)
	Solid oxide electrolysis (SOE)
	PEM water electrolysis


	Performance of PEM electrolysis
	Origins of performance losses
	How degradation effects performance

	Degradation
	Dynamic operation
	Membrane degradation
	Catalyst layer degradation
	Bipolar plate degradation
	Current collectors degradation
	Electrical measurements and degradation
	Temperature/pressure/current density induced degradation


	PEM electrolyzer test stations in literature
	Electrolyzer test stations 1
	Electrolyzer test stations 2
	Electrolyzer test stations 3
	Summary of studied test stations

	PEM Electrolyzer test station
	Pressure control system
	Temperature control system
	Gas measurement
	PSU
	Waveform generation

	Water refill
	Water circulation
	Electrolyzer
	Safety
	Modifications for needed for stack testing

	Discussion and conclusion
	Limitations and suggestions for future research

	APPENDIX

