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Hydrogen is the most abundant element in the universe. On Earth, it not only forms water
molecules, but also commonly combines with carbon into hydrocarbons that power the
current world economy. The use of these natural hydrocarbons for energy depletes the
resources of our planet, increases the concentration of carbon dioxide in the atmosphere,
and accelerates the acidification of oceans. Globally, the whole energy system must be
driven towards a net zero-emission level and beyond through re- and decarbonization and
emission-free power generation. Hydrogen would remain a key element in the world
economy and electricity could become the main form of energy through this global energy transition.
Water electrolyzers decompose water into hydrogen and oxygen gas with the aid of electric current. Part of the electrical energy supplied to the water electrolysis process is
carried as the chemical energy of hydrogen. Water electrolysis is feasible for large-scale
production and can transfer emission-free electrical energy to the production of carbonneutral fuels, raw materials, and chemicals in the hydrogen required to form the constituent synthetic compounds.
AC to DC power conversion, rectification, is required to execute controlled and energy
efficient power consumption in electrolyzer systems connected to the main AC electricity grid. Firstly, water electrolyzers are current-controlled DC loads whose optimal and
safe operating conditions depend especially on temperature, pressure, and current density.
Secondly, the rectification is responsible for the quality of the DC power supplied to the
water electrolyzer. Industrial water electrolyzers are characterized by high DC currents
and low DC voltages, and therefore, the rectifiers employed have typically been based
on thyristors and diodes. The natural commutation of the thyristors introduces notable
harmonics to the supplied DC current and DC voltage causing additional heat losses and
imposing a constant dynamic operation on the electrolytic cells.
This work focuses on the factors affecting the specific energy consumption of commercial water electrolysis technologies from the viewpoint of power electronics and power
supply. The aim is to improve understanding of how the commercial water electrolysis
processes can be optimized, integrated into renewable power production systems, and operated in Power-to-X systems. The results highlight the water electrolyzer as the main

energy consumer in Power-to-X systems. The dynamic operation capabilities of a water
electrolyzer may have to be artificially limited under fluctuating renewable power to ensure energy efficient operation over time. Operation at elevated pressures, which may be
required by other processes in a Power-to-X system, may further limit the safe control
range and energy efficiency of a water electrolyzer by decreasing the Faraday efficiency.
The improvement in DC power quality, controllability, and connectivity to the main AC
electricity grid can be achieved by using transistor-based rectifiers. The results imply that
improving the power quality can have a significant impact on the specific energy consumption and controllability of water electrolyzer systems. With improved power quality,
the specific energy consumption of a conventional industrial alkaline water electrolyzer
stack may be improved by up to 14%. Understanding of the energy efficient operation
and control of water electrolyzers, together with the impact that power quality can have,
can notably decrease the end price of hydrogen and carbon-neutral end products required
in the global energy transition.
Keywords: water electrolysis, power quality, efficiency, rectifier, Power-to-X, renewable
energy systems, hydrogen
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Nomenclature
Roman letters
Acell

effective cell area, cm2

Es

specific energy consumption, kWh/kg

F

Faraday constant, C/mol

G

Gibbs free energy, J

H

enthalpy, J

Icell

cell current, A

Istack

stack current, A

icell

current density in an electrolytic cell, A/cm2

ṁH2

hydrogen gas mass flow rate, kg/s

ṅH2

hydrogen gas molar flow rate, mol/s

Q

amount of heat, J

S

entropy, J/K

T

temperature, K

t

time, s

Uact

activation overvoltage, V

Ucon

concentration overvoltage, V

Uohm

overvoltage caused by Ohmic losses, V

Urev

open-circuit voltage, V

Zimag

imaginary part of complex impedance, Ω

Zreal

real part of complex impedance, Ω

z

number of moles of electrons transferred in a reaction

Greek letters
α

firing angle, ◦

ηF

Faraday efficiency

ηv

voltage efficiency

ω

angular frequency, rad/s
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Acronyms
AC

alternating current

CAPEX

capital expense

CPO

catalytic partial oxidation

DAC

direct air capture

DSTATCOM

distribution static compensator

DC

direct current

EIS

electrochemical impedance spectroscopy

FT

Fischer–Tropsch

HHV

higher heating value

IGBT

insulated gate bipolar transistor

LHV

lower heating value

OPEX

operating expense

PEM

proton exchange membrane

PGM

platinum-group metal

PTFE

polytetrafluoroethylene

PTL

porous transport layer

PV

photovoltaic

RMS

root mean square

RWGS

reverse water-gas shift
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1

Introduction

Carbon dioxide emissions of the whole energy sector should be net zero by the year 2050
to limit the global temperature rise to 1.5 ◦C above pre-industrial levels (Allen et al.,
2018). The quicker the global response is to reach the targets set in the Paris agreement, the greater the likelihood is to stay below or return to the 1.5 ◦C temperature rise.
However, the global annual CO2 emissions grew by 1.6% in 2017 (to 36.2 Gt) and were
expected to continue to grow as a result of an increase in oil and natural gas use and
growth projected for the global economy (Jackson et al., 2018). Further, a more recent
report validated this expected growth: energy-related CO2 emissions grew by 1.7% (IEA,
2019). The annual global primary energy use was 157 PWh in 2017, showing an increase
of 2.2% compared with 2016 (BP plc, 2018). The share of non-renewables (oil, natural
gas, coal) of the world primary energy in 2017 was 85%. In 2018, global energy consumption grew by 2.3% as a result of economic growth and higher heating and cooling
needs in certain areas of the world (IEA, 2019). The annual renewables-based electricity
generation increase of 7% (increase of 450 TWh) in 2018 was not enough to turn around
the trend for CO2 emissions (IEA, 2019).

Figure 1.1: Distribution of the world greenhouse gas emissions (Herzog, 2005).

18

1 Introduction

The global greenhouse gas emissions by sector and end use are illustrated in Fig. 1.1.
The main CO2 emitters in the energy sector are the electricity and heat sector (24.6%),
the transportation sector (13.5%), and the industrial sector (9.0%). Cement, chemical,
and iron & steel are the single largest industrial contributors to the CO2 emissions, which
increase the concentration of CO2 in Earth’s atmosphere and subsequently increase the
acidity of Earth’s oceans. Thus, transforming (decarbonizing) only the electricity production into renewable power sources is not enough. Therefore, bridges between energy use
sectors are needed. Power-to-X concepts can be considered a solution for storing energy
from intermittent renewable electrical energy sources and producing carbon-neutral fuels
and chemicals from CO2 emissions. Carbon capture technologies, especially direct air
capture (DAC) for collecting and concentrating previously emitted CO2 from ambient air
(Minx et al., 2018), can provide a neutral carbon balance for the production of hydrocarbons. Yet the production of renewable hydrocarbons requires renewable hydrogen.
Hydrogen is a carbon-free fuel and can be used as an energy carrier for CO2 -free power
sources, seasonal energy storage to support intermittent power production, chemical production, replacement of coal in steelmaking, and synthesized with recycled CO2 to form
renewable hydrocarbons for both the transportation sector and the chemical industry
(Plessmann et al., 2014; Fasihi et al., 2016). For instance the fertilizer industry also needs
hydrogen (NH3 ). Hydrogen is the most common element in existence, but on Earth, hydrogen mostly exists in compound forms. Hydrogen is a key element in the world economy as it is commonly present on Earth as water and in the main energy resources of the
world economy: petroleum, natural gas, and coal. Petroleum is used, for example, in the
production of gasoline, kerosene, asphalt, plastics, and pharmaceuticals. Hydrogen will
be a key element in the recarbonized world economy where the production of essential
compounds is indirectly electrified, in other words, recarbonized.

1.1

Role of water electrolysis

Water electrolyzers split water into hydrogen and oxygen using electricity. In water electrolysis, electrical energy is converted into chemical energy carried by hydrogen and thermal energy. The production of hydrogen is directly proportional to the current passing
through the electrodes. As renewable hydrogen production is required and water electrolysis provides a way to convert electricity and water into hydrogen on an industrial scale,
electrolytic hydrogen production may play a vital role in the global energy transformation
(Fig. 1.2).
Nevertheless, the current fossil-based hydrogen production must first be transformed to be
based on non-fossil resources. The current global hydrogen production is around 60 × 106
t, and steam methane reforming is the most popular (48% in Fig.1.3) production method
(Gandı́a et al., 2013). Gandı́a et al. (2013) report that 96% of global hydrogen is produced from non-renewable sources, and 4% is produced by various electrolysis technologies; only approximately a quarter of the share of electrolysis is specifically from water
electrolysis, the majority being due to the chloralkali process. To turn the current global

1.1 Role of water electrolysis
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Figure 1.2: Renewable hydrogen is a key element in net zero-emission societies in compound forms with carbon and nitrogen.
hydrogen production to be based on renewables—assuming that for instance biomass- and
water-based renewable hydrogen production pathways will not contribute significantly—
the global installed water electrolysis capacity would have to be multiplied by 100. To
produce 60 Mt of hydrogen gas by water electrolysis, assuming a state-of-the-art higher
heating value efficiency of 80%, 3 PWh of electrical energy is required, which is 2% of
the current global annual primary energy consumption or 13% of the global electricity
demand in 2018 (IEA, 2019).
Once all the global hydrogen production is based on renewable sources, the requirement
of installed hydrogen production will have to increase dramatically owing to the global
energy transformation. Power-to-X technologies, referring to the conversion of electricity into other forms of energy, will increase the need for hydrogen as the transportation
and industrial sectors have to be recarbonized. For example, Royal Dutch Shell (2018)
calculates that if all the current liquid transport were replaced by synthetic fuels, an additional electricity demand of 83 PWh (300 EJ) would be needed. Considering that not
all the liquid fuels would be converted into synthetic fuels, an additional annual energy
consumption of 10–41 PWh per year for Power-to-X technologies has been estimated for
2050 (Frontier Economics, 2018). For optimized Power-to-X systems, where Fischer–
Tropsch (FT) synthesis is the second-stage process, the water electrolysis may consume
up to 90% of the total energy consumption as discussed in Publication IV. Frontier Economics (2018) estimates that the water electrolyzer capacity would represent 75% of the
total installed Power-to-X capacity, where the second-stage process is either methanization, FT, or methanol synthesis. Assuming that the future production of synthetic fuels
would require an annual electrical energy consumption of 30 PWh from water electrolyzers, the additional installed electrolytic hydrogen production capacity requirement would
be ten times the current total annual hydrogen production (10× 60 Mt). Meanwhile, if
other sectors such as steelmaking were transformed to run on renewable hydrogen instead

20
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Coal
18 %

Electrolysis
4%

Oil refineries
30 %

Natural gas
48 %

Figure 1.3: Sources of global hydrogen production in 2013 (Gandı́a et al., 2013). The
total annual hydrogen production was 60 Mt in 2013.
of coal, 52 Mt more hydrogen would be required annually. Fossil-free steelmaking would
then need an additional electical energy consumption of 2.6 PWh from water electrolyzers. Therefore, the global energy transformation into net zero-emission societies may
require thousands of gigawatts of installed water electrolyzer capacity—as envisaged for
instance in (Frontier Economics, 2018; Ram et al., 2019). Optimizing the specific energy
consumption of the water electrolysis will have a substantial impact on the future world
economy.

1.2

State-of-the-art in water electrolysis

There are three main water electrolysis technologies: 1) alkaline, 2) proton exchange
membrane (PEM), and 3) solid oxide electrolysis (SOE) (Ursúa et al., 2012; Carmo et al.,
2013). PEM water electrolyzers can be further categorized into acidic PEMs and alkaline
PEMs, but only the acidic PEM variant is widely commercially available (Schalenbach
et al., 2016). Henceforth, the designation ‘PEM water electrolysis’ refers to the commercial, traditional acidic PEM variant, and the alkaline PEM is referred to as anion exchange
membrane (AEM) water electrolysis. Alkaline and PEM water electrolyzers are readily
available, commercialized technologies, while SOE is the least developed and not widely
commercially available (Schmidt et al., 2017). Alkaline and PEM water electrolyzers
typically operate at low temperatures < 100 ◦C, while SOE is actually steam electrolysis

1.2 State-of-the-art in water electrolysis
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with operating temperatures typically in the range of 700–1000 ◦C.
Alkaline water electrolysis is the oldest and most mature technology to produce electrolytic hydrogen. In the alkaline water electrolysis, the anode and cathode electrodes are
submerged in a liquid electrolyte, which is typically either an aqueous KOH or NaOH
solution (Fig. 1.4). The alkaline water electrolyzer stack structure uses relatively low-cost
materials, such as nickel and stainless steel, and the technology has been the standard for
industrial-scale electrolytic hydrogen production (Lehner et al., 2014). Zirfon is typically
used as a porous separator (diaphragm) material between the anode and cathode compartments, around 500 µm in thickness. Alkaline water electrolyzers typically have a nominal
current density ≤ 0.4 A/cm2 and a system efficiency of 60–80% (based on the higher
heating value of hydrogen) in nominal operating conditions. The operating temperature
is generally in the range of 70–90 ◦C. The operating pressure is balanced to levels usually
below 30 bar.
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Figure 1.4: Operating principle of an alkaline water electrolysis cell. Water is reduced
at the cathode forming hydrogen gas and hydroxide ions OH− . Hydroxide ions are then
decomposed at the anode to form oxygen gas and water.
In the PEM water electrolysis (Fig. 1.5), a thin (< 250 µm) proton-conducting membrane
is used as a solid polymer electrolyte. Typically, sulphonated fluoropolymers, such as
Nafion, are used as the polymer electrolyte. Such a polymer electrolyte is formed by
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processing a basic polymer, polyethylene, through perfluorination, creating polytetrafluoroethylene (PTFE), Teflon. Crucially for the operation of PEM water electrolyzers,
PTFE is sulphonated by adding a sulphonic acid side chain HSO3 to the PTFE structure
(Larminie and Dicks, 2003). The sulphonic acid attracts water and enables the operating
principle of PEM water electrolyzers: Water is supplied to the anode, where water is first
decomposed with a sufficient electric potential to oxygen gas. H+ protons pass through
the polymer membrane, and at the cathode combine with electrons to form hydrogen gas.

Figure 1.5: Operating principle and cell structure of a PEM water electrolysis cell.
To enable long-term operation and to withstand the corrosive polymer electrolyte, the
catalyst materials for PEM water electrolyzers are selected from the platinum-group metals (PGM): typically iridium for the anode catalyst and platinum for the cathode catalyst
material (Carmo et al., 2013). Furthermore, iridium may be required as a coating material for porous transport layers (PTL) to increase the cell lifetime. Titanium is usually
used in the current collectors and separator plates (Carmo et al., 2013). As alkaline water
electrolyzers typically use nickel catalysts and avoid the use of scarce PGM materials,
the investment cost (EUR/W) is generally lower for the alkaline water electrolysis technology. In an expert elicitation study by Schmidt et al. (2017), the capital costs for the
two established water electrolysis technologies in 2020 in the 10 MW system size have
been estimated to be 0.7–1.4 EUR/W for alkaline and 0.8–2.2 EUR/W for PEM. The

1.3 Scientific contributions
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two commercial water electrolysis technologies are compared in Table 1.1.

Table 1.1: Comparison of established commercial water electrolysis technologies. Values
collected from (Bertuccioli et al., 2014) except (1) from (Lehner et al., 2014) and (2) from
(Carmo et al., 2013).
Alkaline
PEM
Nominal current density
0.2–0.4 A/cm2 1.0–2.0 A/cm2
Operating temperature
60–80 ◦C
50–80 ◦C
Cell pressure
< 30 bar
< 200 bar (1)
Min. load of nominal
20–40%
5–10%
H2 purity
99.5–99.9998% 99.9–99.9999%
Voltage efficiency (HHV) (2) 62–82%
67–82%
Stack Es (2)
47–66 kWh/kg 47–62 kWh/kg
System Es (2)
50–78 kWh/kg 50–83 kWh/kg
Stack lifetime
60 000–90 000 h 20 000–90 000 h
Alkaline water electrolysis has long been the only technology available on the MW scale
(Carmo et al., 2013). Today, however, both alkaline and PEM water electrolyzer cell
stacks are commercially available in similar sizes. For example, Hydrogenics (2017) offers 3 MW PEM stacks, with a physical size of 0.56 m3 , capable of producing 56 kg/h
of hydrogen gas. For reference, a 2.9 MW alkaline water electrolyzer stack (54 kg/h
nominal hydrogen gas production rate) provided by Tianjin Mainland Hydrogen Equipment (2019) has a physical size of 28.3 m3 . Power density is the single major difference
between the alkaline and PEM water electrolysis technologies; in the aforementioned examples it is 0.10 MW/m3 against 5.36 MW/m3 , and therefore, the overall material use is
lower for PEM water electrolyzers.

1.3

Scientific contributions

The scientific contributions of the publications comprising this doctoral dissertation are
summarized as follows:
• Simulated effect of power quality on the specific energy consumption of an MWscale alkaline water electrolyzer supplied by practical rectifier topologies.
• Simulated effect of the selection of the AC voltage level on the specific energy
consumption of industrial alkaline water electrolyzers.
• Analysis of the effect of power converter topology on the controllability of water
electrolyzers.
• Initial measurements on the effect of power quality on the specific energy consumption of a small-scale commercial alkaline water electrolyzer.

24

1 Introduction
• Investigation of the impacts of the selection of the hydrogen outlet pressure on the
specific energy consumption and control of PEM water electrolyzers.
• Analysis of the limitations on the integration of renewable power production and
PEM water electrolysis.
• Demonstration of hydrocarbon production from water, solar energy, and air.
• Conceptual integration of direct air capture of CO2 , electrolytic hydrogen production, and two-step synthesis to optimize the carbon and energy efficiencies in
carbon-neutral hydrocarbon production.

The main highlights of the five original papers are discussed in the five following paragraphs.
Publication I presents the simulation results for current and voltage waveforms of a
1 MW industrial alkaline water electrolyzer with three different practical rectifier topologies: 1) 6-pulse thyristor rectifier, 2) 12-pulse thyristor rectifier, and 3) diode rectifier
followed by a voltage-reducing transistor-based circuit. The resulting specific energy
consumptions of the electrolyzer stack are compared with a case with an ideal DC power
supply as a function of load current. The simulation results of the effect of power quality
on the specific energy consumption of water electrolyzers are summarized in Fig. 1.6.
It was found that the more modern, transistor-based topology can offer up to a 14%
lower specific energy consumption of the alkaline water electrolyzer stack than the 6pulse thyristor rectifier and up to a 9% lower stack specific energy consumption than the
12-pulse thyristor rectifier. Furthermore, the effect of the AC voltage level selection has a
more significant impact on the energy efficient operation with thyristor-based topologies
than with the transistor-based topology.
Publication II presents the initial experimental specific energy consumption measurement results of a commercial 2.8 kW alkaline water electrolyzer with two different power
supply configurations. The initial measurement results show that an ideal power supply
can offer up to a 24% lower stack specific energy consumption compared with the integrated power supply of the studied commercial alkaline electrolyzer. The experimental
work also highlights the improvements required for the experimental setup, mainly the
temperature and pressure control, in order to accurately and in a reproducible manner
quantify the effects of power quality on the specific energy consumption of alkaline water
electrolyzers.
Publication III studies the operational limitations of a commercial 4.5 kW differential
pressure PEM water electrolyzer from the viewpoint of renewable power production.
The specific energy consumption of the commercial electrolyzer is calculated according
to measurements from two different measurement systems at hydrogen outlet pressures
ranging from 2 MPa to 4 MPa. According to the experimental work, the electrical energy consumption of the electrolyzer did not show any notable increase as a function of
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Figure 1.6: Simulated specific energy consumption (kWh/kgH2 ) of a 1 MW alkaline water electrolyzer stack as a function of DC current level and line-to-line voltage. (a) 6-pulse
thyristor rectifier. (b) 12-pulse thyristor rectifier. (c) Transistor-based converter.
hydrogen outlet pressure, but the specific energy consumption increased as the Faraday
efficiency decreased at higher outlet pressures. The results provide a guideline for the
selection of the hydrogen outlet pressure, which is an important decision point especially
in Power-to-X systems, system integration, and energy efficient operation. Dynamic operation capabilities of the studied electrolyzer are assessed by virtually connecting the
electrolyzer to an actual 5 kWp solar photovoltaic (PV) power plant. The power reference
provided by this small-scale solar PV power plant then sets the strictest possible dynamic
operation requirements for the electrolyzer system, which the commercial electrolyzer
could not meet in this case. The commercial water electrolyzer in question limits the DC
current slew rates to preserve the lifetime of the electrolytic cells.
Publication IV reports the results of experimental hydrocarbon production from carbon
captured from ambient air and hydrogen supplied from a proton exchange water electrolysis. This SOLETAIR Power-to-X process and the transportable pilot plant to demonstrate
it comprise DAC of the carbon dioxide unit, a PEM water electrolyzer, and a mobile twostep synthesis unit. The first and second steps of the mobile synthesis unit are reverse
water-gas shift (RWGS) and FT. This study analyses the mass and energy balance of the
pilot plant. Based on the experimental work and process simulation, an improved Powerto-X process design is proposed. The improved process concept could achieve an energy
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efficiency of 47% and a carbon efficiency of 94% by the following means. The two-step
synthesis can be improved by gas recirculation and catalytic partial oxidation of light hydrocarbons generated in the second step of the synthesis process. The heat requirement
of the direct air capture of CO2 can be covered by the excess heat from the synthesis and
the water electrolysis units. The water requirement of the water electrolyzer can be partly
met by the water condensed after the first synthesis step. The water electrolyzer stack is
highlighted as the main energy consumer of the whole Power-to-X system.
Publication V presents the design of a power-electronics-based power-hardware-in-loop
emulator and studies the implementation of a proton exchange membrane water electrolyzer model, which is based on a commercial 4.5 kW water electrolyzer, on the emulator. The designed 405 A electrolysis emulator has a much higher power rating than other
emulators presented in the literature and enables the emulation of any water electrolysis
technology or DC load without any hardware changes. Ultimately, the power-hardwarein-loop emulator is presented with the task of emulating a PEM water electrolyzer following the power reference from a solar PV power plant.

1.4

Outline of the doctoral dissertation

This doctoral dissertation focuses on studying the factors affecting the specific energy
consumption of commercial water electrolysis technologies: alkaline and proton exchange
membrane water electrolysis. The identified factors are evaluated from the viewpoint of
power electronics, which control the water-splitting reaction, in order to optimize water
electrolysis processes and improve the understanding of how water electrolysis processes
should be integrated into Power-to-X processes and renewable power production systems.
The motivation for this doctoral dissertation described in Sections 1.1 and 1.2 is succeeded by the following chapters: Chapter 2 introduces the fundamentals of water electrolysis, thermodynamics, and electrochemistry, and describes the definitions to quantify
the energy efficiency of water electrolysis. Chapter 3 places the water electrolysis in the
framework of Power-to-X processes, focusing on the carbon-neutral hydrocarbon production described in Publication III, and discusses the factors identified to affect the design
and control of water electrolysis systems. Chapter 4 provides an introduction to the power
supply systems used in industrial water electrolyzer systems and discusses the effects that
the power supply may have on the electrolyzer. Chapter 5 summarizes the topics discussed in the introductory part of the dissertation and proposes suggestions for future
work. Finally, five original papers are provided on the topic of energy efficient hydrogen
production by water electrolysis.
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2

Fundamentals of water electrolysis

The hydrogen production rate (mol/s) of a single electrolytic cell is linearly proportional
to the current
icell Acell
Icell
= ηF
,
(2.1)
zF
zF
where ṅH2 is the hydrogen production rate (mol/s), ηF is the Faraday efficiency, also
known as the current efficiency, icell is the current density (A/cm2 ), Acell is the effective
cell area (cm2 ), z is the number of moles of electrons transferred in the reaction (for
hydrogen, z = 2), F is the Faraday constant (9.6485 × 104 C/mol), and Icell is the stack
current (A).
ṅH2 = ηF

2.1

Thermodynamics

The energy required for the water decomposition is the enthalpy change of the process,
the enthalpy of formation of water, ∆H. The water electrolysis process is endothermic
(∆H > 0). The free energy of the water splitting reaction, called Gibbs free energy
change ∆G, must be supplied to the electrodes as electrical energy. The remainder is
the thermal energy Q, which is the product of the process temperature T and the entropy
change ∆S. These thermodynamic quantities can be written as
∆H = ∆G + Q = ∆G + T ∆S.

(2.2)

In constant standard ambient conditions (298.15 K, one atmosphere pressure), the required electrical work ∆G is equal to 237.2 kJ/mol (non-spontaneous reaction), and the
amount of heat required Q is equal to 48.6 kJ/mol. Thus, the chemical reaction for water
electrolysis can be expressed as (Carmo et al., 2013)
1
O2 (g)
2
∆H 0 = 285.8 kJ/mol.

H2 O(l) + 237.2 kJel. /mol + 48.6 kJheat /mol −−→ H2 (g) +

(2.3)

The lowest voltage for the water splitting to occur is called the reversible voltage Urev ,
which is directly proportional to the Gibbs free energy change
∆G
.
(2.4)
zF
Without the input of thermal energy, the minimum voltage required becomes the thermoneutral voltage Utn
Urev =

∆H
.
(2.5)
zF
The reversible voltage and the thermoneutral voltage in standard ambient conditions are
1.23 V and 1.48 V, respectively. For commercial water electrolyzers, all energy for the
Utn =
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water electrolysis process is provided as electrical energy. Both the reversible voltage and
the thermoneutral voltage are thermodynamic state functions dependent on the cell temperature and pressure, albeit the thermoneutral voltage changes only slightly as a function
of temperature and pressure (Ulleberg, 2003). The reversible voltage and the thermoneutral voltage are illustrated in Fig. 2.1a as a function of cell temperature. The effect of
pressure on reversible voltage is exemplified in Fig. 2.1b.
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Figure 2.1: (a) Reversible voltage and thermoneutral voltage in atmospheric pressure
water electrolysis as a function of cell temperature. (b) Reversible voltage as a function
of pressure for alkaline water electrolysis (30 wt% KOH solution).
An increase in temperature will slightly reduce the overall energy demand ∆H of an ideal
liquid water electrolysis process as the demand for electrical energy ∆G is more notably
reduced than the demand for thermal energy T ∆S is increased (Ursúa et al., 2012). Operation at higher temperatures is favourable as heat losses caused by overvoltages can be
used to reduce the reversible voltage of water splitting (Ursúa et al., 2012). Thus, the
utilization of thermal energy is an essential aspect in energy efficient water electrolysis
processes.
The overall energy requirement ∆H will stay practically constant as a function of pressure
in an ideal liquid water electrolysis process (Ursúa et al., 2012). However, a change in
pressure will increase the demand for electrical energy ∆G; for instance an increase from
0.1 MPa to 10 MPa at a cell temperature of 75 ◦C will increase the reversible voltage by
9%, but the demand for thermal energy T ∆S is correspondingly reduced.

2.2

Electrochemistry

The electrolytic cell voltage is the sum of the reversible voltage and the additional overvoltages appearing in the cell (Ursúa et al., 2012)
Ucell = Urev + Uohm + Uact + Ucon ,

(2.6)

2.2 Electrochemistry
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where Ucell is the cell voltage, Urev is the open-circuit, the reversible voltage as a function
of temperature and pressure, Uohm is the overvoltage caused by Ohmic losses in the cell
elements, Uact is the activation overvoltage, and Ucon is the concentration overvoltage. The
current–voltage characteristics of an electrolytic cell can be described by a polarization
curve. An example of a polarization curve for an alkaline and a PEM water electrolyzer
cell is illustrated in Fig. 2.2.
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Figure 2.2: Overvoltages in water electrolysis cells. The resulting cell voltage, i.e., the
polarization curve, comprises the open-circuit voltage, the activation overvoltage, and the
Ohmic overvoltage. (a) Alkaline water electrolyzer cell at an operating temperature of
75 ◦C and a pressure of 1 bar. (b) PEM water electrolyzer cell at an operating temperature
of 75 ◦C and a pressure of 1 bar.
In the alkaline water electrolysis, the Ohmic losses are mainly affected by the ionic conductivity of the liquid electrolyte, the thickness of the electrolyte layer, and the thickness
and conductivity of the electrodes (Milewski et al., 2014). In the PEM water electrolysis,
the ionic resistance of the polymeric membrane and the electrical resistance of the separator plates and current collectors are the main contributors to the Ohmic losses (Garcı́aValverde et al., 2012; Carmo et al., 2013). The activation overvoltage is caused by the
anode and cathode reaction kinetics (Ursúa and Sanchis, 2012; Garcı́a-Valverde et al.,
2012). The concentration overvoltage is caused by mass transfer limitations at high current densities, where the supply of the reactant (water) is not sufficient to support the reaction rate of the production of hydrogen and oxygen gases at the electrode surfaces (van der
Merwe et al., 2014; Milewski et al., 2014). The concentration losses are typically negligible for commercial water electrolyzers—especially for alkaline electrolyzers—because of
the relatively low current densities in the cells (Ursúa and Sanchis, 2012; Garcı́a-Valverde
et al., 2012; Milewski et al., 2014). Another non-linear region will appear in the cell polarization curve above the limiting (high) current density, if mass transport losses occur.
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An electrolytic cell can be described as an equivalent electric circuit with the following
categorization. The cell impedance consists of the Ohmic resistance Rohm , the chargetransfer resistance Rct , and the double-layer capacitance Cdl . To take into account the
mass transfer losses, the Warburg impedance Zwbg should be included in the equivalent
circuit (van der Merwe et al., 2014). The equivalent circuit for an electrolytic cell is illustrated in Fig. 2.3.

Figure 2.3: Equivalent circuit of an electrolytic cell. The Warburg impedance Zwbg can be
excluded from the model if the DC current density is not high.
Categorization of the electrolytic cell losses into Ohmic, activation, and possible mass
transfer losses can be achieved by characterization tools such as electrochemical impedance
spectroscopy (EIS) (van der Merwe et al., 2014). The EIS characterization produces a
Nyquist plot at a selected DC current level with a range of sinusoidal AC current components superimposed. Examples of Nyquist plots are illustrated in Fig. 2.4.
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Figure 2.4: Examples of Nyquist plots of an electrolytic cell. (◦) denotes the x-axis
intercept, i.e., the value of the cell Ohmic resistance Rohm . (a) Impedance plot without the
mass transfer effect at a single DC current level. (b) Impedance plot at a high DC current
density where the mass transfer effect is present at a single DC current.
In Fig. 2.4, the Ohmic resistance Rohm is the cell impedance at a high frequency when
ZIm = 0. In Fig. 2.4a, the activation resistance corresponds to the area under the half-
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circle seen on the capacitive side of ZIm . At high current densities, a start of a second
half-circle will appear in the Nyquist plot if mass transfer losses occur (Fig. 2.4b).

2.3

Definitions for the efficiency of water electrolysis

The ideal electrolytic cell operation presented in Fig. 2.1a is further explicated for an
example commercial water electrolyzer cell in Fig. 2.5.
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Figure 2.5: Illustrative cell voltage efficiency, Faraday efficiency, and hydrogen production rate as a function of cell potential, where all energy for the electrolysis process is
provided as electrical energy.
In standard ambient temperature and pressure (Fig. 2.5), the electrolytic cell starts to decompose water at and above the thermoneutral voltage Utn = 1.48 V. As the DC current
is increased, the hydrogen production increases linearly to the DC current. However,
the effective hydrogen production output from the cell cathode compartment is non-ideal
and non-linear; the Faraday efficiency typically approaches unity as current density is
increased towards the nominal current density of the electrolyzer, but at low current densities the Faraday efficiency may drop considerably.
The voltage efficiency ηv of a water electrolyzer cell can be defined as
Utn
.
(2.7)
Ucell
The voltage efficiency is often used as an indicator of the energy efficiency of water electrolyzers. However, while the voltage efficiency (2.7) represents the electrical losses in
the cell or cell stack, it does not consider the possible stray current flow or gas crossovers
over the anode and cathode compartments. The Faraday efficiency, or current efficiency,
ηF is experimentally quantified as the ratio of the ideal hydrogen production rate to the
actual hydrogen output from the electrolytic cell (or stack). For the calculation of ηF , the
ideal hydrogen gas production rate is calculated according to (2.1), where the Faraday efficiency is assumed unity. To include both the voltage and Faraday efficiencies in a single
ηv =
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quantity, the definition-specific energy consumption should be used to assess the energy
efficiency of a water electrolysis process
R t1
Istack Ustack dt
(2.8)
Es = 0 R t1
ṁH2 dt
0

where Es is the specific energy consumption, Istack is the stack current, Ustack is the stack
voltage, ṁH2 is the hydrogen gas mass flow rate, and t1 is the inspected time span. Hence,
the specific energy consumption describes the amount of energy consumed to produce a
mass unit of hydrogen gas. The specific energy consumption is typically expressed either
in (kWh/kg) or (kWh/Nm3 ), and can be expressed for the electrolyzer stack or for the
total electrolytic hydrogen production system. Nm3 is a volume of one cubic meter at
273.15 K and one atmosphere pressure—a normal cubic meter.
The energy efficiency of a water electrolysis process can be calculated from
ηe =

HHVH2
Es

(2.9)

where HHVH2 is the higher heating value of hydrogen (39.4 kWh/kg or 3.54 kWh/Nm3 ).
Alternatively, the lower heating value of hydrogen (LHV) can be used as a reference
(33.3 kWh/kg or 3.00 kWh/Nm3 ). The difference between the LHV and HHV is the
latent heat of condensation. Typically, the HHV value is used as the reference in (2.9)
for water electrolysis processes, because liquid water is, in the case of alkaline and PEM
water electrolyzers, usually supplied to the process, and the energy required for evaporation of water must be considered (Ursúa et al., 2012; Carmo et al., 2013; Lehner et al.,
2014). To enable a comparison between different water electrolyzers, it is crucial that the
presented energy efficiency is clearly explained.
2.3.1 Faraday efficiency
As previously mentioned, the Faraday efficiency is the ratio of the ideal hydrogen production rate to the actual hydrogen output from the water electrolyzer. According to
(Ulleberg, 2003) and (Decourt et al., 2014), the decrease in Faraday efficiency is caused
by stray currents. In other words, not all the electrons contribute to the water splitting reaction, which indicates that either a path of lower resistance exists for the electric current
to pass through or side reactions are taking place. It would be beneficial to update the cell
and stack level Faraday efficiency to originate from three main sources:
1. Faraday efficiency decrease caused by a gas crossover in the electrolytic cells.
2. Faraday efficiency decrease caused by stray currents.
3. Faraday efficiency decrease caused by possible side reactions taking place.
The gas crossover of hydrogen gas to the anode compartment (oxygen gas outlet), or
oxygen gas crossover to the cathode compartment, can be caused by diffusive or convec-
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tive mass transfer mechanisms (Schalenbach et al., 2013; Trinke et al., 2018). The convective mass transfer mechanisms can be further categorized into differential pressure,
electro-osmotic drag, and electrolyte mixing (not valid for PEM) gas crossover (Trinke
et al., 2018). The diffusive gas crossover has been identified to be one order of magnitude smaller in the alkaline water electrolysis compared with the PEM water electrolysis
(Schalenbach et al., 2016; Trinke et al., 2018). Trinke et al. (2018) state that for the
PEM water electrolysis, diffusion is the single largest contributor to the hydrogen gas
crossover, while in the alkaline water electrolysis, the electrolyte mixing—as anodic and
cathodic electrolyte cycles are typically mixed together—has the greatest impact (Trinke
et al., 2018). Generally, an increase in the operating pressure and a decrease in the current
density will degrade the Faraday efficiency of the water electrolyzer as more hydrogen
is effectively lost in the oxygen gas outlet. Therefore, the designed operating conditions
and control range of the electrolyzer electric current should consider the hydrogen gas
crossover effects to preserve the energy efficiency and system safety as discussed in Publication III.
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3

Control of water electrolysis in Power-to-X systems

The polarization curve, in other words, the current–voltage characteristics (Fig. 2.2), of an
electrolytic cell is affected by the cell temperature and pressure. The supplied DC current,
which ideally contains no AC components, determines the operating point on the polarization curve. The specific energy consumption of the water electrolysis process is further
affected by the Faraday efficiency, which is non-linear with respect to the current density.
However, the aforementioned factors consider the water electrolysis as an independent
process from the viewpoint of energy efficiency.

3.1 System considerations
Optimization of the operation of a water electrolysis process can be assessed from multiple viewpoints as is illustrated in Fig. 3.1.

Electricity
• Source
• Intermittency
• Power electronics
• Power quality
• Price
• Ancillary services
Hydrogen/oxygen
• Post-electrolysis
conditioning
• Gas storage
• Safety

Water electrolysis
• Technology
• Electrical parameters
• Control range
• Dynamics
• Operating conditions
• Water supply
End use
• Gas demand
• Gas quality

Figure 3.1: Parameters affecting the design and optimization strategy of electrolytic hydrogen production.
The operation of water electrolysis is here considered as part of an integrated Power-to-X
system illustrated in Fig. 3.2. The example Power-to-X system, which is discussed in
detail in Publication IV, consists of three main processes: 1) water electrolysis, 2) DAC
of CO2 , and 3) two-step synthesis comprising RWGS and FT synthesis. In this Power-toX system, the carbon conversion efficiency is further improved by including a catalytic
partial oxidation reaction to recirculate unreacted gases from the FT back to the RWGS
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step. The intertwined system design and control factors (Fig. 3.1) are further discussed in
the following subsections.

Figure 3.2: Concept of an integrated Power-to-X plant comprising water electrolysis,
DAC, and two-step synthesis (RWGS and FT) to produce synthetic hydrocarbons.

3.1.1 Electricity
Source ultimately determines whether the electrolytic product gases from the water electrolysis are fossil-free or not. Increasing the share of fluctuating renewable power generation, wind and solar PV, will impose design requirements on the power supply system.
Intermittency and availability of electricity may require a certain level of dynamic operation capability of the water electrolysis system and inclusion of an electrical energy
storage in the overall system. An electrolyzer manufacturer can present a maximum number of start-stop-cycles for the stack to estimate its lifetime (Ursúa et al., 2016).
Power electronics is essential in controlling the power supply of a water electrolysis system and affecting the energy efficiency of the water electrolysis process. Water electrolyzers require DC power and their operation depends on electric conditioning. Industrialscale water electrolysis systems are typically connected to the electricity grid, and thus
AC-DC conversion, that is, rectification, is required. Overall, the design of power electronic converters for water electrolyzers is characterized by the requirement of relatively
high DC currents and relatively low DC voltages. Owing to the high current amplitude
requirement in industrial applications, thyristors are commonly used (Rodriguez et al.,
2005). However, the use of thyristors (a semiconductor whose conduction is based on the
line frequency, 50 Hz or 60 Hz) generates harmonics to the supplied current and voltage
causing additional heat losses in the water electrolysis process. Therefore, power quality is an important factor for optimizing the specific energy consumption of water elec-
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trolyzers as further discussed in Chapter 4 and Publication I. Furthermore, additional
AC components in the DC power supply to the water electrolyzer may impose a constant dynamic operation on the millisecond time scale, which may have adverse effects
on the electrolytic cells. Ursúa et al. (2016) state that cathode degradation in alkaline water electrolysis cells occurs when the cell voltage drops below a certain protective value
upon a cell current decrease towards zero. In that case, a poor enough power quality,
where the instantaneous DC current value may reach 0 A as a result of the AC current
ripple amplitude being equal or greater than the DC current value, could accelerate the
cell degradation rate and decrease the lifetime of the electrolyzer.
Price of electricity has a significant impact on the operational costs of Power-to-X systems. The price of electrolytic hydrogen is dominated by the operational expenditures
(OPEX), which are mainly electricity costs. Optimization of the price of electrolytic hydrogen may seek to control the water electrolysis process according to the prevailing and
future electricity price. Grid-connected water electrolyzers can also be controlled as part
of ancillary services; electricity grid stability must be preserved as the supply and demand of electricity must be in balance. Water electrolyzers are controllable DC loads that
may contribute to ancillary services such as grid frequency control. Participation in ancillary services may financially benefit the water electrolyzer operator, but require dynamic
operation capabilities from the water electrolysis system.
3.1.2 Water electrolysis
Technology selection, viz. alkaline, PEM, AEM, SOE, will have a major impact on the
system configuration. The SOE technology could, if it becomes widely commercially
available, provide operation in co-electrolysis mode, where H2 O and CO2 are reduced
to synthesis gas, a mixture of H2 and CO (Ebbesen et al., 2012). But even the selection
between the currently commercially widely available alkaline and PEM technologies will
set requirements for the required system components; alkaline technology needs a supply
of liquid electrolyte, its controlled circulation, and separation from product gases. Furthermore, alkaline electrolyzer stacks are typically limited in their construction because
of the liquid electrolyte supply and gas-liquid transport, which has made 200–300 V the
typical stack voltage for industrial electrolyzers. The PEM technology avoids the construction limitations of the alkaline stacks, but the requirement for high electric currents
(to produce more gases) and the exclusively bipolar construction of PEM stacks still sets
the stack DC currents relatively high compared with the stack DC√voltage.
√ Increasing the
stack (assembly) voltage higher, for instance higher than 566 V ( 2 × 3 × 230 V) and
above, may be beneficial to the system energy efficiency and to better interface with the
low voltage AC level when using more modern power semiconductors, such as industrial
insulated gate bipolar transistor (IGBT) supply units.
Electrical parameters are affected by the selection of the water electrolysis technology.
PEM water electrolyzers achieve comparable voltage efficiencies at higher current densities, in other words, they have lower cell impedances. Therefore, smaller variations in the
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instantaneous supply voltage cause greater fluctuations in the supplied current for PEM
cells. As instantaneous, high variations in current density may have an adverse impact on
cell degradation, actions may have to be taken to limit the current slew rate. Cell degradation increases the cell voltage over time, and the increased electrolyzer voltage resulting
from degradation should be considered in the system design and operation.
Control range of the electrolyzer is typically expressed in percentage of nominal load.
The alkaline technology is associated with greater limitations on the control range (Table 1.1), but the distinction is not clear. Two main causes can be considered to limit the
control range of a water electrolyzer: 1) gas crossover rate and 2) power quality. First,
the higher the operating pressure, balanced or differential, and the lower the current density are, the greater the gas crossover rate is as dissolved gas concentration is increased
at elevated pressures in both the alkaline and PEM water electrolysis. However, the gas
crossover mechanisms differ between the alkaline and PEM technologies (Trinke et al.,
2018), and therefore, the electrolyzer control range is determined by operating conditions,
system/process design (especially to prevent excessive electrolyte mixing in the alkaline
water electrolysis), and the MEA design (especially to prevent diffusive gas crossover in
PEMs). Second, the power quality can be a limiting factor for the control range. The
power supply to industrial electrolyzers is not an ideal DC supply, but typically based on
thyristors and diodes, and the AC components in the supplied current may be even greater
than the DC component itself. Thus, the instantaneous cell current density is at times far
greater than the set DC current density and at times far lower, even close to zero in partial
load operation.
Dynamic operation capabilities are often more positively associated with the PEM technology (Babic et al., 2017). According to (Bertuccioli et al., 2014), PEM water electrolyzers are typically capable of ramping up from the minimum load to the full (100%) load at
a rate of 10–100 %/s, while the alkaline technology is typically limited to 0.13–10 %/s.
Alkaline water electrolyzer systems are more bulky as liquid electrolyte must be supplied
to and from the electrolyzer stack, and the alkaline electrolyzer stacks have more mass to
be heated to the designated operating temperature. The selection to operate at elevated
pressures sets further limitations to the dynamic operation of both technologies as the
stacks must be pressurized at the start-up and the desired pressure maintained in operation. However, if only the electrolytic cell stacks are considered, both alkaline and PEM
electrolyzers can respond to changes in the supplied electric current on the ms time scale
as electrolytic cells are mostly resistive DC loads. In fact, most industrial electrolyzers
are in constant dynamic operating conditions as the power electronics cause rapid fluctuations in input power. Thus, the question should be how much the current slew rate should
be limited to preserve cell lifetime, efficiency, safety, and balance in system operation.
Operating conditions, mainly cell temperature and pressure, affect the reversible voltage and impedance of the electrolytic cell, and have an impact on the system efficiency.
Increasing the cell temperature is generally beneficial to the cell voltage efficiency, but
selected materials will limit the temperature. The cell reversible voltage is also affected
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by anode and cathode compartment pressures. The resulting change in voltage efficiency
from an increase in pressure is comparable with the ideal isothermal compression of hydrogen gas. However, if the surrounding system, such as post-electrolysis synthesis processes or gaseous storage of hydrogen gas, requires elevated pressures, PEM electrolyzers
may opt to operate at a differential pressure and output only hydrogen gas at an elevated
pressure, while alkaline electrolyzers are limited to balanced pressure operation. In the
PEM water electrolysis, the change in hydrogen outlet pressure from 20 bar to 40 bar
may result in unchanged electrical energy consumption as discussed in Publication III.
However, an increase in pressure may compromise the control range of the electrolyzer
and its specific energy consumption as the gas crossover rate is increased. Furthermore,
operating the water electrolyzer in non-optimal conditions may risk the lifetime of the
electrolytic cells.
Water supply and water purification are required to guarantee the normal operation of
the water electrolysis process and to preserve the lifetime of the electrolytic cells. In the
alkaline water electrolysis, water is consumed from the liquid electrolyte solution, whose
concentration must be maintained by an inlet of deionized water. Meanwhile, the PEM
water electrolysis is electrolysis of deionized water. The conductivity of the inlet water
affects the operation of the electrolytic cell, its energy efficiency and ageing, and the
presence of alkaline electrolyte decreases the gas solubility, which has an impact on the
gas crossover. In regard to larger Power-to-X systems (Fig. 3.2), the water supply can also
be considered from the system integration point. If DAC is included in the system, water
is captured from air humidity in addition to CO2 . The water captured from air can then
be used, after sufficient purification, as an input to the water electrolysis. Furthermore,
if a two-step synthesis, RWGS and FT, is included, most of the hydrogen supplied to the
synthesis forms water. The water from the RWGS can be supplied to water electrolysis
processes, but the water in the FT products requires more extensive processing, because
the FT aqueous phase also includes a range of alcohols. Finally, water recirculation is
crucial for the efficient operation of Power-to-X systems.
3.1.3

Hydrogen/oxygen

Post-electrolysis conditioning covers the preparation processes required for the electrolytic
product gases. The conditioning may include gas purification; for hydrogen, for example
deoxidation and gas drying, and/or pressurization for subsequent processes or gas storage. The surrounding system and the need for product gases set the gas conditioning and
storage requirements.
In regard to Power-to-X systems (e.g. Fig. 3.2), the hydrocarbon synthesis process may
operate at elevated pressures (typically below 50 bar), and the system design may therefore choose to incorporate pressurized electrolysis to match the pressure levels within the
system, which, in turn, may limit the partial load operation of the water electrolysis process. Interestingly, a need for oxygen can be found from such Power-to-X systems: the
carbon conversion efficiency of a system illustrated in Fig. 3.2 can be improved by recir-
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culating unreacted gases back to the first synthesis step, RWGS, and enhancing this stage
by catalytic partial oxidation (CPO). Thus, the Power-to-X system energy and carbon efficiency can be improved by system integration.
Safety covers the hydrogen, oxygen, and electrical safety of water electrolysis systems,
and the system design and use must follow the applicable directives (ATEX Directive
94/9/EC, ATEX Directive 1992/92/EC, ATEX Directive 2014/34/EU, Seveso III, Pressure
Equipment Directive 97/23/EC, Machinery Directive 2006/42/EC, Low Voltage Directive
2006/95/EC, and Electromagnetic Compatibility Directive 2004/108/EC). As to the control of the electrolysis process, the selected current density should consider the prevailing
anode and cathode compartment pressures to minimize the gas crossover rates. A limiting
cell voltage level can be selected to protect the electrolytic cells against corrosion.
3.1.4 End use
The end use sets the required mass flow rate and dynamics as well as the condition of the
electrolytic gases. The varying need for electrolytic gases must always consider all factors
affecting the safe, long-lasting, and energy efficient operation of the water electrolyzer
discussed in the subsections above.
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Effect of converter topology on the energy efficiency of
water electrolysis

Water electrolyzers require DC power; therefore, their operation depends on electric conditioning. Power electronics play a key role for the water electrolyzers to execute controlled power consumption as well as both energy efficient and safe electrolytic gas production. AC-DC conversion is required for water electrolyzers connected to the main
electricity grid. Off-grid system configurations with solar photovoltaic (PV) power generation may opt to interface the water electrolysis and electric power supply using DC-DC
conversion (Guilbert et al., 2017). For commercial water electrolyzers, a main AC electricity grid connection is typical (Ursúa et al., 2013).
In high-power applications, in the kiloampere range, rectifiers based on thyristors are
by far the most common choice (Rodriguez et al., 2005). Thyristors, first commercialized already in the 1950s (Ueda, 2017), are phase-controlled power electronic switches
that switch their conduction based on the electricity grid frequency; a current pulse, at
a firing angle α, is fired at the gate of the thyristor to start its conduction in the forward
biased mode and the conduction ends when the anode current is about to turn negative
(Mohan et al., 1995). As thyristors are only turn-on controlled, they are often called
semi-controlled switches. The high efficiency of the thyristor rectifier bridge, high reliability, and capability to withstand high currents have ensured thyristors their dominating
role also in water electrolysis applications, where electric currents are relatively high; the
hydrogen production rate is directly proportional to the electric charge transferred at the
electrodes. Typical MW-scale water electrolyzer stacks have been constructed as low
voltage systems with a nominal DC current in the range of thousands of amperes.

4.1

Converter topologies

The most basic topology for a (semi-)controllable DC voltage and DC current supply
in industrial water electrolysis applications, the 6-pulse thyristor bridge, is illustrated in
Fig. 4.1a. In the 6-pulse topology, six different thyristor pairs (T1 and T2 , T1 and T6 , T5
and T6 , T5 and T4 , T3 and T4 , T3 and T2 ) are conducting in turn, each pair for π3 , following the AC phase voltages ua (t), ub (t), and uc (t). The DC-side voltage uload (t) and
current will have harmonic components multiple of the electricity grid frequency (300 Hz,
600 Hz, 900 Hz etc.) owing to the natural commutation of the thyristors.
A 12-pulse thyristor bridge, presented in Fig. 4.1b, is the conventional upgrade over the
6-pulse bridge in high-power, high-current applications. To form the 12-pulse thyristor
bridge, two 6-pulse thyristor bridges are separated by a phase angle of 30◦ by a star-delta
configuration in the transformer secondary. The 12-pulse bridge will still introduce harmonic components to the DC voltage and DC current waveforms, but the amplitudes of
the harmonics will be lower in amplitude and, corresponding to the doubled number of
switches in the topology, higher in frequency; 600 Hz, 1200 Hz, 1800 Hz, and so on.
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(a)

(b)

Figure 4.1: Typical thyristor bridge rectifier topologies. (a) A three-phase, 6-pulse thyristor rectifier bridge. (b) A three-phase, 12-pulse thyristor rectifier bridge.
The 6- and 12-pulse thyristor bridge rectifiers represent traditional rectifier solutions for
industrial water electrolysis systems. A more modern alternative using fully controlled,
forced commutating, power electronic switches is presented in Fig. 4.2.

Figure 4.2: Diode bridge followed by a transistor-based buck converter.
In Fig. 4.2, the diode rectifier is typically either a 6- or 12-pulse bridge where individual
switches are uncontrollable diodes instead of semi-controllable thyristors. The passive
front end is then followed by a buck converter, in other words, a step-down converter,
to control the DC voltage waveform at the switching frequency in the kHz range. By
using for instance parallel IGBTs, the current can be shared among individual transistors
in order not to exceed their current handling capabilities. The size and cost of LC filters
are thus more reasonable because of the increased switching frequency.
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4.2 Effect on specific energy consumption
Application of transistor-based rectifier topologies may provide a notable reduction in
the DC current ripple supplied to a water electrolyzer. To minimize the electrical energy
consumption of a water electrolysis process, the current ripple should be minimized. The
power dissipated from an electrical conductor is directly proportional to the square of the
electric current multiplied by the resistance. Therefore, an instantaneous increase in electric current strongly contributes to the heat loss resulting from the quadratic relationship
of current in Ohmic heating. The greater the current ripple, the greater difference between
the root mean square (RMS) value and the mean value of the electric current, which is
illustrated in Fig. 4.3. As the ideal hydrogen production rate in water electrolysis is directly proportional to the electric charge transferred at the electrodes, that is, the mean
value of the electric current, the specific energy consumption increases according to (2.8)
when current ripple is increased.
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Figure 4.3: Example of an increase in the RMS value of the electric current as the AC
current ripple amplitude is increased. (a) AC current ripple amplitude is 50% of the DC
current value, and the RMS value is 6% higher than the mean value of the current. (b)
AC current ripple amplitude is 100% of the DC current value, and the RMS value is 22%
higher than the mean value of the current.
Unlike the analysis based on the measured DC current waveform, comparing the measured cell or stack voltage RMS value with DC voltage (point-by-point) cannot give direct indication of decreased energy efficiency caused by current ripple. The low current
density region in the polarization curve of an electrolytic cell shows a non-linear, inverse
hyperbolic sine function behaviour for voltage (Fig. 2.2). Thus, the effect of the nonlinear activation overpotential generally prevents inferring of the effect of power quality
on the specific energy consumption of water electrolyzers directly from the measured DC
voltage waveform. It should be noted that accurate waveform measurement is more practical for DC voltage than for DC current in industrial electrolyzers.

44

4 Effect of converter topology on the energy efficiency of water electrolysis

In Publication I, the specific energy consumption of a 1 MW (nominal stack voltage
200 V, nominal stack current 5000 A) alkaline water electrolyzer stack is simulated when
supplied by the three practical, industrial rectifier topologies presented in Figs. 4.1, 4.2.
The key conclusion in Publication I is the stack specific energy consumption difference
between the two thyristor topologies and the transistor-based topology: the transistorbased topology could offer up to 14% lower specific energy consumption than with the
6-pulse thyristor bridge, and up to 9% lower specific energy consumption than with the
12-pulse thyristor bridge, depending on the AC voltage level selection (Fig. 1.6). The
losses in the power rectifier itself are less significant than the resulting energy efficiency
of the water electrolyzer stack: at the nominal load of the 1 MW alkaline water electrolyzer stack, the specific energy consumption of the stack is roughly 60 kWh/kgH2 ,
while the losses in the power converter vary between the topologies from 0.8 kWh/kgH2
(6-pulse thyristor bridge) to 1.5 kWh/kgH2 (12-pulse thyristor bridge).
The current ripple amplitude has been shown to reach very high values, > 100% of the DC
current value, in Publication I. The simulations in Publication I simplify the electrolytic
cells to have linear current–voltage characteristics (purely resistive with a reversible voltage component), which does not accurately describe the cell behaviour at low current
densities. Practical cell polarization curves have a non-linear part at low current densities,
in the region characterized by electrode kinetics and activation losses. Furthermore, at
very high current densities, especially if the instantaneous current density deviates from
the desired DC current density value as a result of high current ripple caused by power
electronics, another non-linear part may appear in the cell polarization curve owing to
mass transport limitations. Therefore, the possible non-linear part at high current densities could increase the cell voltage and cell losses more than expected.
In the simulations of Publication I, the Faraday efficiency is assumed to stay at 100%
at all DC current waveforms. However, further investigations should be carried out to
study the effective Faraday efficiency under the influence of current ripple at different
amplitudes and frequencies. In principle, if the Faraday efficiency is notably decreased at
low current densities, the harmonic content in electric current supplied to the electrolyzer
could decrease the effective Faraday efficiency from the Faraday efficiency corresponding
to the mean value of the electric current supplied, as a result of the non-linear behaviour
of Faraday efficiency in regard to current density as illustrated in Fig. 4.4.
In Fig. 4.4, in a point-by-point analytical approach, the harmonic content in the supplied
DC current causes the mean Faraday efficiency to drop from the value corresponding to
the mean current density, from 96.8% to 95%. In turn, the decreased Faraday efficiency
would further increase the specific energy consumption of the water electrolyzer. Furthermore, if the continuous variation of the instantaneous current density caused by current
ripple accelerated the ageing of the electrolytic cells, the motivation for minimizing current ripple would be manifold.
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Figure 4.4: Example of the effect of current ripple on the effective Faraday efficiency of
an alkaline water electrolyzer when supplied by a 6-pulse thyristor rectifier and operated
at DC current at 40% of nominal. (a) Current density waveform and the mean value of
the current density. (b) Faraday efficiency of the alkaline water electrolyzer as a function
of current density, the Faraday efficiency corresponding to the mean value of current
density (iDC ), and the effective Faraday efficiency resulting from the presence of current
harmonics (ηF,mean ).

4.3

System design considerations

The thyristor bridges produce relatively low-frequency and high-amplitude current ripple to the DC load. The conventional thyristor technology has been popular in highpower, high-current applications because of its cost, reliability, and tradition (Rodriguez
et al., 2005). However, as previously discussed, the current harmonics caused by thyristor
bridges, which may be costly to filter, impacts the specific energy consumption of the
water electrolysis. According to (Thounthong et al., 2009), for fuel cells, the switching
frequency in power electronics should be > 1.25 kHz and the current ripple < 5%, which
the thyristor technology cannot meet. Increasing the switching frequency in the power
rectifiers of water electrolysis systems should be considered to minimize the system specific energy consumption by reducing, or enabling the reduction of, electric current ripple.
Furthermore, if current and voltage harmonics supplied to electrolytic cells contribute to
cell degradation (cell voltage increase over time), minimum specifications for the current
ripple amplitude and frequency must be considered in further detail; in other words, how
power quality impacts the deterioration of the membrane, the electrodes and the catalysts, and the porous transport layer (PTL). Such specifications for the acceptable current
harmonics could then be set by the PEM water electrolysis technology as the lower cell
impedance of the PEM cells would inherently also cover the dynamics of alkaline electrolysis cells. However, the possibility to recover from reversible cell degradation using
certain current waveforms should be considered as discussed by Rakousky et al. (2016),
whose investigations considered load cycles on the scale of minutes rather than the milli-
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or microsecond scale relevant to power electronics.
The power quality can affect the material use in water electrolyzer stacks: An electrolyzer
system with improved power quality could, in principle, operate at a higher current density, and produce more electrolytic gases, yet maintaining the previous specific energy
consumption of the system. In other words, the power density of the electrolyzer could
be increased by improving the power quality, and, in turn, the material use could be lowered without increasing the specific energy consumption of the electrolyzer. Thus, both
the CAPEX and OPEX of the water electolyzer system are affected by the power quality
supplied to the electrolyzer stack.
The thyristor-based rectifiers are further impacted by any cell degradation over time as the
specific energy consumption of the water electrolyzer stack is more notably a function of
AC voltage level with the typical 6- and 12-pulse topologies than with the transistor-based
topology inspected in Publication I. For the more established alkaline technology, the
cell degradation rate has been reported to be 0.4–5 µV/h and the stack lifetime 60 000–
90 000 h (Bertuccioli et al., 2014). For example, a 90-cell bipolar alkaline stack with
a beginning-of-life nominal operation stack voltage of 200 V would undergo a nominal
stack voltage increase to 227 V in 60 000 h at a cell voltage degradation rate of 5 µV. The
power electronics supplying the ageing electrolyzer should be able to optimally control
the electrolysis process even after the increased impedance of the electrolyzer stack (assembly).
The rectifier selection in water electrolysis applications should not be the only focus on the
DC side of the power conversion. Concerning the main electricity grid side, the thyristor
operation consumes reactive power, which may have to be compensated for by using additional equipment such as a distribution static compensator (DSTATCOM) and/or passive
filters on the AC side (Solanki et al., 2012). The DSTATCOM is an active bridge followed
by a capacitor, and therefore, the DSTATCOM typically has very little active power compensation capacity, but can be used for variable reactive power compensation using the
control of the transistors of the active bridge. Reactive power compensation equipment
may be excluded from the system if forced-commutating power electronic switches are
used in the rectifier itself.
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Renewable hydrogen is essential to produce carbon-neutral fuels for transportation, raw
materials for the chemical and steel industry, and seasonal energy storages. The current fossil-based hydrogen production must be transformed to be based on fossil-free
resources. Water electrolyzers split water into hydrogen and oxygen using electricity,
and the supplied electrical energy is converted into chemical energy carried by hydrogen.
Water electrolysis, which is feasible for large-scale and fossil-free hydrogen production,
can play a vital role in restructuring the whole energy system. The estimates for globally
installed water electrolyzer capacities range up to terawatts. Power electronics, which are
required in the DC power supply to water electrolysis processes, can play a major role in
achieving savings in electrical energy consumption and the price of electrolytic hydrogen
and oxygen.

5.1 Main results
This doctoral dissertation focuses on factors affecting the energy efficient operation of
commercial water electrolyzers. The identified factors are evaluated from the viewpoint
of power electronics that control the water-splitting reaction in order to optimize water
electrolysis processes and improve the understanding of how water electrolysis processes
should be integrated into Power-to-X processes and renewable power production systems.
The main outcome of this work is the notable effect of power quality on the specific energy consumption of water electrolyzers. With the typical power supply configurations
used in industrial water electrolyzer systems, the specific energy consumption of the water electrolyzer stack could be decreased even up to 14% with enhanced power quality.
The use of more modern power electronic devices could improve the energy efficiency
of water electrolyzer stacks by minimizing the Ohmic losses. The controllability of the
water electrolyzer may also be compromised by poor power quality if the instantaneous
current densities approach 0 A/cm2 . The effect of current ripple on the Faraday efficiency
and lifetime of electrolytic cells is a key topic of future work.
Water electrolyzers are the main energy consumers in Power-to-X systems described in
Publication IV. Therefore, minimizing the electrical energy consumption of the water
electrolysis process plays an essential role in making Power-to-X processes more energy efficient. The energy and carbon efficiencies of Power-to-X systems can be further
improved by system integration. Synthesis processes may require hydrogen at elevated
pressures, and then, the selection of the operating pressures for the water electrolyzer
should be considered in relation to the surrounding overall system. Increasing the hydrogen outlet pressure of the water electrolyzer sets limitations for the control range of the
electrolyzer as the Faraday efficiency is decreased. If an intermediate hydrogen storage
is included in the Power-to-X system, the stack hydrogen outlet pressure should be controlled as close to the storage pressure as possible to maximize the control range and the
Faraday efficiency.
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5.2 Suggestions for future work
Experimental work must be targeted to more comprehensively verify the effect of power
quality on the specific energy consumption of water electrolysis technologies. Development of a test environment to study the effects of current ripple on electrolytic cells,
together with accurately quantifying the impacts on both the energy and Faraday efficiency, has been a continuous learning process in the course of this work.
Voltage degradation under dynamic operation conditions has been a suggested research
topic (Bertuccioli et al., 2014). Instead of focusing on the electrolytic cell ageing under
fluctuating power, typically meaning intermittent renewable power production systems,
the time scale should be extended to the subsecond scale to take account of the possible
effects that power electronics may have on cell degradation. The effect of power quality on cell degradation should study the ageing of the membrane, the electrodes and the
catalyst, and the PTL of the cell structure. Furthermore, the option to use the rectifier
system itself to recover from reversible degradation should be further studied. Overall,
investigations on the effects of power quality on electrolytic cell degradation and specific
energy consumption should provide guidelines for the acceptable power quality supplied
to a water electrolyzer.
The use of modern power electronics could also enable the implementation of sophisticated, non-invasive automatic identification algorithms to the rectifier of the water electrolyzer system. The forced commutation and higher switching frequency (or interleaved,
effective switching frequency) of transistor-based power electronics have the potential for
enabling a reduction in the harmonic content in the DC voltage and DC current supplied
to an electrolyzer, in automatic system identification, and reactive power compensation
to the main electricity grid. Topologies enabling the reliable use of more modern power
electronics in high-power, high-current water electrolysis applications should be further
investigated.
Finally, the proposed scale for installed water electrolyzers is colossal—terawatts of installed global capacity—and even if the conventional water electrolyzers did not ultimately account for all of the renewable hydrogen needed for the global energy transformation, the required materials for electrolyzers, the much greater volume in electrolyzer
stack production, and recycling of materials should be taken into account. The use of iridium may limit the large-scale commercialization and CAPEX cost decrease of the PEM
technology, especially if 100% renewable global energy systems for 2050 are considered:
if the estimated 17 TW (Ram et al., 2019) of installed water electrolyzer capacity were
PEM electrolyzers, the required iridium would accumulate to roughly 6800 t (with an assumed anode catalyst loading of 2 mg/cm2 and a power density of 5 W/cm2 ). Iridium is
one of the rarest elements in the earth’s crust and its current annual production by separation from ores containing platinum or nickel (Stwertka, 2018) is limited to 3 t (Minor
Metals Trade Association, 2016). The large-scale envisaged requirement for water electrolyzers must consider the limited stack lifetime and the use and recycling of materials as
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the reported stack lifetimes have thus far been less than ten years. Similar considerations
concern the production and recycling of solar PV and wind power systems of the future
recarbonized world economy.
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Effect of Converter Topology on the Specific Energy
Consumption of Alkaline Water Electrolyzers
Joonas Koponen , Vesa Ruuskanen, Antti Kosonen , Markku Niemelä , and Jero Ahola

Abstract—Water electrolysis will be used to produce renewable
hydrogen for energy storage and Power-to-X applications in the
future renewable-energy-based energy systems. Therefore, the energy efficiency of hydrogen production will probably become a
major issue. In this study, the effect of practical supply power
converters on the specific energy consumption of megawatt (MW)scale alkaline electrolyzers is studied and compared with an ideal
dc power supply. The current quality and the stack specific energy
consumption are studied in the case of traditional thyristor rectifiers and a transistor-based converter. The stack specific energy
consumption is analyzed based on the simulated current waveforms and the electrical equivalent circuit of the electrolyzer stack.
It is found that the transistor-based converter offers up to 14%
lower electrolyzer stack specific energy consumption than the 6pulse thyristor rectifier and up to 9.2% lower electrolyzer stack
specific energy consumption than the 12-pulse thyristor rectifier as
the current varies between 5000 and 1000 A. The simulated change
in the stack specific energy consumption of the MW-scale alkaline
water electrolyzer outweighs the losses occurring in the rectifiers.
Further, selection of the ac voltage level may have a more adverse
effect on the stack specific energy consumption with the thyristor
rectifier topologies compared with the transistor-based topologies.
Index Terms—Electrochemical devices, energy efficiency, hydrogen, rectifiers.

I. INTRODUCTION
ATER electrolyzers may be the main electricity consumers in the future as the whole energy sector has to
be based on renewable energy sources [1]. Renewable hydrogen
is needed to produce carbon-neutral fuels for transportation and
seasonal energy storages, as well as raw materials for the chemical and steel industries [2]–[6]. Therefore, optimization of the
specific energy consumption of water electrolyzers is essential
for future energy systems. Water electrolysis has been identified
as the main cost contributor to the capital expenditure (CAPEX)
of Power-to-Gas systems [2], [7], [8]. The CAPEX of the water electrolyzer supply converter is approximately 15% of the
CAPEX of the electrolyzer system for both alkaline and proton
exchange membrane (PEM) water electrolyzer technologies [9].
In Power-to-X systems, where electrical energy is converted
into other forms of energy, the water electrolyzer stack is the
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main energy consumer, and hydrogen is the main energy carrier
in the end product. 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 the main contributor to the cost of electrolytic hydrogen
gas. State-of-the-art commercial alkaline and PEM water electrolyzers can reach voltage efficiencies up to 82% [10], when
compared with the minimum energy requirement defined by the
higher heating value of hydrogen gas, 39.4 kW h kg−1 . However, owing to the requirement for high dc currents, the rectifiers
in conventional industrial water electrolyzers are typically based
on thyristors and diodes [11]. Switching according to the line
frequency generates harmonics to the supplied current and voltage causing additional heat losses in the water electrolysis process [12], [13]. Application of more modern power electronic
converters could be beneficial, but would require modular conversion structures to share the supplied currents among suitable
levels for semiconductors using forced commutation, such as
an insulated-gate bipolar transistor (IGBT). The optimization of
the electrolyzer stack losses outweighs the losses in the power
electronic converters as the rectifiers used in conventional water
electrolysis systems can reach efficiencies exceeding 98%.
Possible effects of inverter current ripple on PEM fuel cell
operation have been introduced in [14]. Low-frequency current
ripple was found to have an impact on the performance, efficiency, and lifetime of a solid oxide fuel cell in [15]. However,
the fuel cell inverters—typically preceded by a dc–dc boost
converter if voltage level increase is required before the inverter
[16]—are typically transistor-based topologies with generally
lower amplitude current ripple compared to the dc current quality seen in water electrolyzers supplied by traditional thyristor
rectifiers [17]. For fuel cells, the switching frequency has been
recommended to be greater than 1.25 kHz and the fuel cell current ripple lower than 5% to prevent cell operation disturbance
[17]. The fuel cell inverter current quality and sizing of the filter
capacitor are discussed in [18]. The load transients and current
ripple has been shown to have a significant effect on the area
specific resistance (ASR) degradation of the planar solid oxide
fuel cell [19]. However, the effect of current ripple on electrolytic cell lifetime is still a key research question for water
electrolyzers [9], [20].
The effects of power conditioning on the specific energy
consumption of water electrolyzers were introduced in [11]
and [12], where one thyristor-based topology was compared
with a transistor-based one. The comparison was conducted
by analyzing the resulting specific energy consumptions for a
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5-kW alkaline water electrolyzer. A lab-scale alkaline water
electrolyzer was analyzed in [21], where steady dc current
resulted in minimized cell efficiency loss.
The power quality of the ac and dc sides of a thyristor rectifier
with a distribution static compensator (DSTATCOM) was analyzed for example in [22], but the effect of power quality on the
load behavior was not considered. A dc chopper was introduced
for electrochemical applications in [23]. The chopper rectifier
was stated to have a higher efficiency than a thyristor-based
rectifier in the whole operating range despite the lowest output
voltages. The three-phase chopper with a diode rectifier was
shown to have a higher efficiency than a thyristor bridge with a
DSTATCOM [24]. Efforts have been made to apply IGBTs to
specific high-current rectification applications [25], [26]. Yet,
thyristor topologies are the traditional, most common solution
for high-current, high-power applications [24]–[26].
In this paper, the effect of power quality on the energy
consumption of an MW-scale alkaline water electrolyzer stack
is analyzed using simulation tools. A simplified model for the
MW-scale water electrolyzer is established based on the measured performance of a small-scale alkaline water electrolyzer.
The rectifier topologies selected for analysis are 1) a 6-pulse
thyristor rectifier, 2) a 12-pulse thyristor rectifier, and 3) a
6-pulse diode bridge followed by an IGBT-based chopper. The
transistor-based topology is selected to represent the more modern, practical alternative to the typical thyristor rectifiers [24],
[27]. The current quality of the transistor-based topology could
be further improved by reselecting the switching frequency
and resizing the reactive components. However, this paper
concentrates on the main differences between the thyristor and
transistor topologies in the alkaline water electrolyzer supply
converters, and the filter design is not considered.
The following are the main contributions of this paper. 1) The
current and voltage waveforms of the MW-scale alkaline electrolyzer stack are simulated in the case of thyristor rectifiers and
the transistor-based chopper power supply converter. 2) The resulting water electrolyzer stack specific energy consumptions as
a function of load current are compared with a pure dc supply. 3)
The effect of the ac voltage level selection on the stack specific
energy consumption is studied. 4) The effect of the converter
topology on the water electrolyzer controllability and implications of stack degradation for the ac voltage level selection are
discussed.
This paper is organized as follows. Section II introduces the
basics of the electrochemistry in water electrolysis processes
and describes the simplified electrical model of the MW-scale
alkaline electrolyzer stack. The power quality and specific energy consumption of the alkaline electrolyzer with 6-pulse and
12-pulse thyristor rectifiers and a transistor chopper-based converter are studied in Section III. Section IV concludes the paper.
II. METHOD OF ANALYSIS
The hydrogen production rate (mol s−1 ) of a single electrolytic cell is linearly proportional to the current
fH2 = ηF

icell Acell
zF

(1)

Fig. 1. Operating principle of the bipolar electrolyzer stack with seriesconnected cells and the actual electrolyzer stack of the Baby McPhy alkaline
water electrolyzer; the nominal hydrogen production rate of the electrolyzer
is 0.4 N m3 h−1 with the electrical power of 2.8 kW. (a) Principle of the dc
power supply of the bipolar electrolyzer stack. (b) Electrolyzer stack of the Baby
McPhy alkaline water electrolyzer with 30 cells connected in series.

where fH2 is the hydrogen production rate (mol s−1 ), z is
the number of moles of electrons transferred in the reaction
(for hydrogen, z = 2), F is the Faraday constant (9.6485 ×
104 C mol−1 ), icell is the current density (A cm−2 ), Acell is the
effective cell area (cm2 ), and ηF is the Faraday efficiency, also
known as the current efficiency.
Experimental data are required to model the selected water
electrolysis processes as shown in [13], [28], and [29]. The
electrolytic cell voltage is a sum of the reversible voltage and
additional overvoltages appearing in the electrolytic cell
Ucell = Urev + Uohm + Uact + Ucon

(2)

where Ucell is the cell voltage, Urev is the reversible voltage,
which is the lowest voltage required for the water decomposition
to occur, Uohm is the overvoltage caused by ohmic losses in the
cell elements, Uact is the activation overvoltage produced by
electrode kinetics, and Ucon is the concentration overvoltage
resulting from mass transport processes [30]. The principle of
the bipolar electrolyzer stack with series-connected cells and the
actual stack of the studied alkaline electrolyzer are illustrated in
Fig. 1.
In this study, a simplified electrical model of the stack is
used for the simulation. The stack is assumed to operate under
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Solanki et al. [22] used a similar kind of linear voltage equation for an MW-scale electrolyzer with Urev,stack values from 142
to 150 V and R values from 4.8 to 15.4 mΩ. In this study, the
values of the Baby McPhy alkaline electrolyzer can be scaled to
the MW range by multiplying the voltage by a factor of three,
as a result of which the total number of series-connected cells
is 90 with the nominal voltage of Ustack = 200 V. The current,
linearly proportional to the active cell area [see Fig. 1(a)], is
scaled by a factor of one hundred and the nominal current is
chosen to be Istack = 5000 A. Therefore, the voltage equation
parameters are selected to be Urev,stack = 150 V and R = 10 mΩ.
The key electrical parameters of the commercial small-scale alkaline water electrolyzer and the scaled water electrolyzer used
in the simulations are collected in Table I.
The voltage and current waveforms of the electrolyzer stack
supplied with various power supply converters are simulated
using the Simscape environment in the MATLAB Simulink software. The electrical power of the stack is defined based on
the stack current and voltage as a function of time. The hydrogen production is calculated based on the current with (1)
neglecting the effect of the Faraday efficiency, as a result of
which the average hydrogen production is only a function of
current dc value. However, the Faraday efficiency has been suggested to be a function of current density in constant dc current
operation in [31], where the measured Faraday efficiency varied as a nonlinear function of current density in the range of
28%–99%. Further investigations are required to explicate the
instantaneous Faraday efficiency of water electrolyzers on the
millisecond timescale. The specific energy consumption Es of
an electrolysis process can be obtained from
t
Istack Ustack dt
Es = 0  t
.
(4)
0 fH2 dt
Fig. 2. Measured current and voltage waveforms of the Baby McPhy alkaline
water electrolyzer. The measured voltage as a function of current is compared
with a simplified model. (a) Voltage and current waveforms. (b) Voltage as a
function of current.

constant temperature and pressure. Therefore, the reversible
voltage is assumed to be constant and the overpotential caused
by the stack current to be linearly dependent on the current
amplitude
Ustack = Urev,stack + RIstack

(3)

where Urev,stack is the stack reversible voltage (V), R is the equivalent resistance of the cell (Ω), and Istack is the stack current
(A). The measured voltage and current waveforms of the alkaline electrolyzer in Fig. 1(b) with 30 cells connected in series
are presented in Fig. 2(a). As there seems to be no phase shift
between the voltage and the current despite the relatively high
(1 kHz) ac ripple frequency, the stack impedance can be assumed
to be purely resistive. Fig. 2(b) depicts the measured voltage as
a function of current with the estimated voltage with a reversible
voltage of 55.65 V and a stack equivalent resistance of 277 mΩ.

The higher heating value (HHV) is the minimum energy required to produce hydrogen gas with a thermoneutral process.
The per mass unit HHV of hydrogen gas is 39.4 kW h kg−1 ,
which can be assumed to represent the energy consumption of
the process with 100% efficiency.
III. RESULTS
The output current and voltage quality of the 6-pulse and
12-pulse thyristor rectifiers and the transistor-based converter
is studied. The specific energy consumption of the electrolyzer
is analyzed as a function of dc current in the range from 1000
to 5000 A level by setting the thyristor firing angle and the
transistor pulse width with a proportional-integral (PI) controller
in Simulink. Further, the effect of the ac voltage level on the
electrolyzer energy efficiency is considered.
A. 6-Pulse Thyristor Bridge

A 6-pulse thyristor rectifier is connected to a three-phase
voltage source and no filtering is used in either side of the
rectifier bridge. The minimum rms value of the main voltage of
the supply grid Uac is selected to be 150 V to achieve a current
of 5000 A almost at the full voltage of the rectifier. The voltage
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TABLE I
ELECTRICAL PARAMETERS OF THE MEASURED MCPHY BABYPIEL ALKALINE WATER ELECTROLYZER AND THE SCALED 1-MW
INDUSTRIAL ALKALINE WATER ELECTROLYZER

Fig. 3. Voltage and current waveforms of the 6-pulse rectifier at certain dc
current levels, when U ac = 150 V. (a) 1000 A. (b) 5000 A.

and current waveforms with the currents of 1000 and 5000 A
are given in Fig. 3.
The thyristor rectifier excites significant current ripple. At
partial loads, the current momentarily reaches a zero value. The
frequency components of the current are given as a function
of current mean value at two different grid voltage values in
Fig. 4.
It can be seen that the amplitude of the 300-Hz current ripple
exceeds the current dc level at loads below 3000 A. Further,
the increased grid voltage leads to a higher firing angle of the
thyristors and, thereby, higher current ripple values. The specific

Fig. 4. Current frequency content with the 6-pulse rectifier at certain dc current
levels. (a) U ac = 150 V. (b) U ac = 175 V.

energy consumption of the electrolyzer supplied with the 6-pulse
rectifier is compared with a pure dc supply in Fig. 5.
The current ripple excited by the thyristor bridge significantly
increases the energy consumption of the electrolyzer stack. The
effect of the power supply is emphasized at the lowest dc current
levels and the highest grid voltage levels. In the studied case,
at the grid voltage of 150 V, the energy consumption with the
6-pulse rectifier is 14.4% higher than with the pure dc supply
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Fig. 6. Specific energy consumption of the electrolyzer as a function of dc
current level and the line-to-line voltage of the 6-pulse rectifier input.

Fig. 5. Specific energy consumption of the electrolyzer supplied with the
6-pulse rectifier and pure dc at certain dc current levels. (a) U ac = 150 V.
(b) U ac = 175 V.

at the partial load of 1000 A and 1.6% higher at the full load.
At the grid voltage of 175 V, the energy consumption with the
6-pulse rectifier is 18.5% higher than with the pure dc supply
at the partial load of 1000 A and 12.5% higher at the full load.
As the grid voltage level affects the required firing angle and
the current waveform, the specific energy consumption with the
6-pulse bridge is given as a function of dc current level and grid
voltage in Fig. 6.
Obviously, the dc current level is the main factor affecting the
specific energy consumption. However, the effect of the supply
ac voltage cannot be neglected either, but the voltage level must
be matched with the maximum current of the electrolyzer at the
zero firing angle of the thyristor bridge.
B. 12-Pulse Thyristor Bridge
A 12-pulse thyristor rectifier is implemented by connecting
two 6-pulse rectifiers in series as shown for example in [22].

The ac supplies of the rectifiers are phase shifted by 30◦ from
each other. Further, the√ voltage amplitude of the ac supplies is
2
to achieve the same dc voltage peak
scaled by a factor of √3+1
values as in the case of the 6-pulse rectifier. The voltage and
current waveforms with the currents of 1000 and 5000 A are
shown in Fig. 7.
The voltage and current ripple are significantly lower with the
12-pulse rectifier than with the 6-pulse rectifier. The frequency
components of the current are given as a function of current
mean value at two different grid voltage values in Fig. 8.
The dominating harmonic component at 600 Hz has significantly lower amplitudes than the 300 Hz component in the case
of the 6-pulse rectifier. The specific energy consumption of the
electrolyzer supplied with the 12-pulse rectifier is compared
with a pure dc supply in Fig. 9.
The 12-pulse rectifier offers a better efficiency than the
6-pulse rectifier especially at partial loads around 50% of the
nominal current. In the studied case, at the grid voltage of
150 V, the energy consumption with the 12-pulse rectifier is
9.0% higher than with the pure dc supply at the partial load of
1000 A and 0.9% higher at the full load. At the grid voltage
of 175 V, the energy consumption with the 12-pulse rectifier is
11.7% higher than with the pure dc supply at the partial load
of 1000 A and 4.6% higher at the full load. As the grid voltage
level highly affects the energy consumption also in the case of
the 12-pulse rectifier, the specific energy consumption with the
12-pulse bridge is presented as a function of dc current level
and grid voltage in Fig. 10.
The 12-pulse rectifier offers a better efficiency than the 6pulse rectifier over the whole operating range. However, it is
pointed out that the losses of the rectifier itself are higher in the
case of the 12-pulse rectifier as the current must flow through
two 6-pulse rectifiers connected in series.
C. Transistor-Based Topology
A simple single leg step-down dc/dc converter is selected to
study the characteristics of transistor-based forced commutation
power supply topologies. A three-legged transistor topology is
depicted in [24]. In this study, the dc/dc converter is supplied
by a 6-pulse rectifier instead of the 12-pulse rectifier common
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Fig. 7. Voltage and current waveforms of the 12-pulse rectifier at certain dc
current levels, when U ac = 150 V. (a) 1000 A. (b) 5000 A.

in the literature. A capacitor of 1 mF is used to stabilize the
dc link voltage. In [24], there are 96-μH inductors in each of
the three output legs of the converter together with an output
filtering capacitor. In this study, no capacitor is applied and a
single 32-μH inductor is used as an output filter. Further, the
switching frequency of the transistor is selected to be 1 kHz.
The voltage and current waveforms with the currents of 1000
and 5000 A are shown in Fig. 11.
The effect of switching frequency is clearly seen at the partial load as the grid-excited pulsation of the dc link voltage is
emphasized at the full load. The frequency components of the
current are given as a function current mean value at two different grid voltage values in Fig. 12. The ripple amplitudes are
far lower in the case of the transistor-based converter than with
the thyristor rectifiers. The specific energy consumption of the
electrolyzer supplied with the forced commutation rectifier is
compared with the pure dc supply in Fig. 13.
The efficiency of the transistor converter-fed electrolyzer
stack is only slightly higher than with the pure dc supply at

Fig. 8. Current frequency content with the 12-pulse rectifier at certain dc
current levels. (a) U ac = 150 V. (b) U ac = 175 V.

all loads. Further, also the effect of the grid voltage on the electrolyzer stack efficiency is small. At the grid voltage of 150 V,
the energy consumption with the transistor converter is only
0.6% higher than with the pure dc supply at the partial load of
1000 A and 0.02% higher at the full load. At the grid voltage of
175 V, the energy consumption with the transistor converter is
1.5% higher than with the pure dc supply at the partial load of
1000 A and 0.9% higher at the full load. Obviously, the current
quality and the output filter cost must be optimized for each case.
The specific energy consumption with the transistor converter
is presented as a function of dc current level and grid voltage in
Fig. 14.
As the effect of ac voltage on the specific energy consumption
of the elecrolyzer stack is almost insignificant, the specific
energy consumption is practically only dependent on the dc

KOPONEN et al.: EFFECT OF CONVERTER TOPOLOGY ON THE SPECIFIC ENERGY CONSUMPTION OF ALKALINE WATER ELECTROLYZERS

6177

Fig. 11. Voltage and current waveforms of the buck rectifier at certain dc
current levels, when U ac = 150 V. (a) 1000 A. (b) 5000 A.

Fig. 9. Specific energy consumption of the electrolyzer supplied with the
12-pulse rectifier and pure dc at certain dc current levels. (a) U ac = 150 V.
(b) U ac = 175 V.

current level. Eventually, the current quality and the stack
efficiency are determined by the design of the rectifier output
filter. However, a transistor-based converter has been shown to
be able to achieve a high current quality with an output filter
consisting of only an inductor with an inductance in the range
of tens of microhenrys.
D. Comparison of the Topologies

Fig. 10. Specific energy consumption of the electrolyzer as a function of dc
current level and the line-to-line voltage of the 12-pulse rectifier input.

1) Current Quality: The amplitudes and frequencies of the
dominating current harmonic components, found for 6-pulse
and 12-pulse thyristor bridges and a buck converter in the previous section, are collected to Table II. It can be seen that the
harmonic amplitude exceeds the dc current level at partial loads
with both studied thyristor bridge topologies. Further, 12-pulse
bridge excites slightly lower harmonic amplitudes with higher
frequency compared with the 6-pulse bride. However, only buck
rectifier is able to offer current harmonics in the amplitude and
frequency range allowed for fuel cells according to the literature [17]. The current quality of the buck rectifier could be
further improved by selecting higher inductance output filter or
applying parallel converter legs.
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Fig. 12. Current frequency content with the buck rectifier at certain dc current
levels. (a) U ac = 150 V. (b) U ac = 175 V.

2) Specific Energy Consumption: The differences in the resulting mean specific energy consumptions between the rectifier
topologies originate from the dc current waveforms. An increase
in current strongly contributes to the dissipated power because of
the quadratic relationship of current in Ohmic heating. Therefore, the closer the stack dc current waveform is to pure dc
current, the lower the specific energy consumption of a water
electrolyzer stack is. The resulting stack specific energy consumptions with the analyzed converter topologies are presented
in Table III. With the 6-pulse thyristor rectifier, at the 150-V
grid ac voltage, the mean stack specific energy consumption is
60.1 kW h kg−1 at the full load of 5000 A and 54.1 kW h kg−1
at the minimum load of 1000 A. However, the stack specific
energy consumption varies from 48.7 to 62.6 kW h kg−1 and
from 44.3 to 58.2 kW h kg−1 at the full and minimum loads, respectively, when the specific energy is calculated point-by-point
according to the stack voltage and stack current waveforms
shown in Fig. 15. Additionally, as a result of the considerable
300-Hz accurrent ripple, the instantaneous stack current reaches
0 A at dc current operating points ≤4000 A. The minimum stack

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

Fig. 13. Specific energy consumption of the electrolyzer supplied with the
buck rectifier and pure dc at certain dc current levels. (a) U ac = 150 V.
(b) U ac = 175 V.

Fig. 14. Specific energy consumption of the electrolyzer as a function of dc
current level and the line-to-line voltage of the transistor converter input.
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TABLE II
DOMINATING CURRENT HARMONIC COMPONENTS OF THE STUDIED CONVERTER TOPOLOGIES COMPARED
WITH THE CURRENT RIPPLE ALLOWED FOR FUEL CELLS IN THE LITERATURE [17]

For the buck rectifier, a constant dc link voltage is assumed.

TABLE III
SPECIFIC ENERGY CONSUMPTION (SEC) WITH THE STUDIED CONVERTER TOPOLOGIES COMPARED WITH PURE DC SUPPLY

current as a function of electrolyzer load is illustrated for the
three different topologies in Fig. 16.
In Fig. 15, the stack specific energy consumption with the
12-pulse rectifier varies from 52.9 to 62.5 kW h kg−1 and from
44.3 to 54.8 kW h kg−1 at the full and minimum loads, respectively. Because of the 600-Hz ac current ripple, the instantaneous stack current reaches 0 A at dc current operating points
≤3000 A. With the transistor-based converter, the point-bypoint stack specific energy consumption varies only slightly,
and the instantaneous stack current remains above the 0 A level
at all analyzed loads (1000 to 5000 A). If the current is not allowed to reach a zero value during operation, the buck rectifier
can offer a significantly wider operating area than the thyristor
rectifiers. This may be essential in the renewable energy applications, where electrolyzers are a key component in the electricity
grid frequency control system.
3) Converter Losses: The internal losses of the converters
are roughly estimated by the threshold voltage and on-state
resistance of the semiconductor components. The component
types are selected based on [24]. In the 6-pulse rectifier there
are two thyristors connected in parallel to limit the current of
the individual thyristor. The 12-pulse rectifier consists of two
series-connected 6-pulse bridges. Therefore, the internal losses
of the 12-pulse rectifier are approximately twice as high as the
6-pulse rectifier losses. In the buck rectifier, there are two diodes
in parallel in the 6-pulse diode rectifier bridge. On the dc side,

there are 12 transistors and six free-wheeling diodes in parallel.
The switching ON and OFF energies of the IGBT at the full load
are 5 and 16.5 mJ, respectively. At the switching frequency of
1 kHz, the switching loss of a single transistor would be only
21.5 W, which is insignificant in this study. Further, the losses
of the inductive and capacitive filters are neglected in the study.
The equivalent circuit parameters of the components are given
in Table IV.
The loss power of each component is calculated separately
based on the simulated current waveforms. The converter losses
of the studied topologies are compared with each other at the
stack current of 5000 A in Table V.
The converter losses, even at the full load, are less than 3%
of the energy consumption of the electrolyzer stack, as the stack
specific energy consumption is roughly 60 kW h kg−1 at the dc
current level of 5000 A. Therefore, the effect of current quality
on the energy consumption of the stack is much more significant
than the converter losses. Further, improving the power quality
does not only affect the energy consumption of the stack, but
the enhanced power quality may also have a positive effect on
the lifetime of the electrolyzer stack.
4) AC Voltage Selection: Finally, selection of the ac voltage level should be considered. In Section III, the simulated
stack specific energy consumption remained invariable to the ac
voltage only with the transistor-based converter topology. With
both the 6-pulse and 12-pulse thyristor rectifiers, the ac voltage
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TABLE IV
EQUIVALENT CIRCUIT PARAMETERS OF THE SEMICONDUCTORS FOR CONVERTER LOSS ESTIMATION

Fig. 16. Minimum current of a rectified waveform as a function of electrolyzer
stack current set point when U ac = 150 V.

Fig. 15. Electrolyzer stack specific energy comparison for the three rectifier
topologies and an ideal dc power supply when U ac = 150 V. (a) 1000 A.
(b) 5000 A.

has an impact on the resulting stack specific energy consumption (see Table III). Therefore, a dependence on the ac voltage
level hinders the specific energy consumption optimization task.
Furthermore, selection of the ac voltage level may have to take
into account the voltage degradation of individual electrolytic
cells, especially if the ac voltage level cannot be controlled by
the supply transformer with on-load tap changer. As the cells
age, their voltage increases at a rate typically described in μV h
[9]. For alkaline water electrolyzers, stack lifetime values have

been suggested to be in the range of 60 000–90 000 h and cell
voltage degradation rates 0.4–5.0 μV h−1 [9]. If the degradation
rate of 5 μV h−1 is assumed to behave linearly for over 60 000 h
for the studied 1-MW alkaline water electrolyzer (90 cells in series, Ustack = 200 V), the increase in the stack voltage would be
27 V (+13.5%). The voltage degradation rate then determines a
system design criterion for the water electrolysis plant. The selection of the ac voltage level should consider the stack voltage
and its increase over the stack lifetime, and the capability of the
water electrolysis plant to later meet its technical specifications
as an increased stack voltage level results in a higher specific
energy consumption or a lower electrolytic gas production rate.
A 25-V increase in the ac voltage would correspond to an
11% increase in the stack specific energy consumption with the
6-pulse thyristor rectifier and a 4% increase with the 12-pulse
thyristor rectifier, when nominal operation at 5000 A is considered. With the transistor-based topology, this impact of the
ac voltage increase on the increase in the stack specific energy
consumption would be marginal or negligible. At the 150-V ac
voltage level, the alkaline electrolyzer stack specific energy consumption with the transistor-based converter topology is 1.6%–
12.0% lower than with the 6-pulse thyristor rectifier depending
on the stack dc current set point (5000–1000 A). Because of
the increased ac voltage, especially the difference in specific
energy consumption at the nominal current is emphasized (see
Table III). Similar effect of the ac voltage on the stack specific
energy consumption can be seen with the 12-pulse thyristor
rectifier.
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TABLE V
ESTIMATED CONVERTER LOSSES AND THE CONVERTER LOSS EFFECT ON THE SPECIFIC ENERGY CONSUMPTION AT THE CURRENT LEVEL OF 5000 A

The stack specific energy consumption in the full load operation is 60 kW h kg −1 .

IV. CONCLUSION
Water electrolyzers require dc power, and their operation
depends on electric conditioning. In this paper, the specific
energy consumption of a 1-MW alkaline water electrolyzer
(Ustack = 200 V, Istack = 5000 A) stack is simulated with three
distinct industrial rectifier topologies: 1) a 6-pulse thyristor rectifier; a 12-pulse thyristor rectifier; and 3) a transistor-based
converter. The resulting stack specific energy consumptions are
compared against an ideal dc power supply.
It was found that the transistor-based converter topology can
offer up to 14% lower stack specific energy consumption than
the 6-pulse thyristor rectifier and up to 9% lower stack specific
energy consumption than the 12-pulse thyristor rectifier in the
studied current and voltage range. Furthermore, the selection
of the ac voltage level may have a more adverse effect on the
resulting stack specific energy consumption with the thyristor
rectifier topologies.
Future investigation on the specific energy analysis of water
electrolyzers will focus on the Faraday efficiency—the ratio of
the actual hydrogen production rate to the ideal hydrogen production rate—and how the harmonic components in the stack dc
current may affect the hydrogen gas production. Furthermore,
more detailed experimental work on the effect of load transients
and current ripple on the electrochemical cell degradation phenomena used for water electrolysis is yet to be studied as most
of the previous degradation studies have concentrated on fuel
cell applications.
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Abstract
Water electrolysis may become a major application for power electronics, since hydrogen is a key element for energy storage, renewable hydrocarbons, fuels, and chemicals. Electrolyzers require DC power
and their operation depends on electric conditioning. Electrolyzers typically operate at relatively low
voltages and high currents, which can be challenging for power electronics. This paper studies the efficiency of alkaline water electrolysis and improvement of electrolyzers from the viewpoint of power
electronics.

Introduction
Water electrolyzers may be the main electricity consumers in the future as the whole energy sector needs
to be based on renewable energy sources [1]. Renewable hydrogen is needed to produce carbon neutral
fuels for transportation and seasonal energy storage in the form of chemical energy, as well as raw
materials for the chemical industry [2, 3, 4, 5, 6].
The hydrogen production rate (mol/s) of a single electrolytic cell is linearly proportional to the current

f H2 = ηF

icell Acell
Icell
= ηF
,
zF
zF

(1)

where z (for hydrogen, z = 2) is the number of moles of electrons transferred in the reaction, F the
Faraday constant (9.6485 × 104 C/mol), icell the current density (A/cm2 ), Acell the effective cell area
(cm2 ), Icell the current (A), and ηF the Faraday efficiency, also known as the current efficiency, the
ratio of actualized hydrogen production rate to the ideal one. Therefore, commercial electrolyzers apply
relatively low voltage and high current. As an example of the DC voltage and current levels in MW-scale
electrolyzers, the Power-to-Gas plant by ETOGAS in Werlte, Germany, applies three 2 MW alkaline
water electrolyzers, whose nominal input voltage is 250 V and current 9000 A [7].
Owing to the requirement for high DC currents, the rectifiers in conventional industrial water electrolyzers are typically based on thyristors and diodes [8]. However, switching according to the line frequency
generates harmonics to the supplied current and voltage causing additional heat losses in the water electrolysis process [9, 10]. Application of more modern power electronic converters may be beneficial, but
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would require modular conversion structures to share the supplied currents to suitable levels for semiconductors using forced commutation, such as an insulated-gate bipolar transistor (IGBT).
The electrochemical time constants reported in the literature for an alkaline electrolyzer, which is shown
to have a longer time constant than PEM electrolyzers, vary from 10 ms to 40 ms [11, 12] to 10 min [13].
Typically, the dynamics is limited by the control to avoid premature degradation of the stack, while the
actual response time of the stack is significantly shorter.
In this paper, the energy consumption and efficiency is analyzed by simulation and measurements from
a small-scale commercial alkaline water electrolyzer stack. The effect of varying dynamic conditions on
the specific energy consumption is assessed. Laboratory measurements are carried out using a commercial 2.8 kW alkaline water electrolyzer.
This paper is organized as follows. Section 2 introduces the basics of the electrochemistry in water electrolysis processes and describes the modelling tools employed to describe alkaline water electrolyzers as
simplified electrical loads. The laboratory test setup for the measurement of specific energy consumption of small-scale water electrolyzers is also described. In Section 3, the theoretical effect of AC current
ripple on the electrolyzer specific energy consumption is first analyzed. Then, the measurement results
are presented. Section 4 concludes the paper.

Research methods
For example, in [14] an alkaline water electrolyzer stack is supplied with a current AC component at
the frequency of 1 kHz without a significant phase shift between the voltage and current. Therefore, the
current ripple in the alkaline electrolyzer stack current is assumed to cause just a change of the static
operating point of the stack. With this assumption, the efficiency of the stack is only affected by the
change of the current density due to the current AC ripple. Therefore, the additional losses caused by
poor power quality are not dependent on the frequency, but only on the current and voltage waveforms.
The effect of power quality on the Faraday efficiency and the effect of AC ripple frequency are excluded
from this study. However, it should be noted that a lower current density may have an adverse effect
on the Faraday efficiency, and therefore on the specific energy consumption of the hydrogen production
system [6, 15].
Experimental data is required to model the selected water electrolysis processes as shown in [10, 16, 17].
The electrolytic cell voltage is a sum of the reversible voltage and additional overvoltages appearing in
the electrolytic cell

Ucell = Urev +Uohm +Uact +Ucon ,

(2)

where Ucell is the cell voltage, Urev the reversible voltage that is the lowest voltage required for the
water decomposition to occur, Uohm the overvoltage caused by ohmic losses in the cell elements, Uact the
activation overvoltage caused by electrode kinetics, and Ucon the concentration overvoltage due to mass
transport processes [18].
However, in this study a simplified electrical model of the stack is needed for the point by point study
of the stack input electrical power. The stack is assumed to operate under constant temperature and
pressure. Therefore, the reversible voltage is assumed to be constant and the overpotential caused by the
stack current to be linearly dependent on the current amplitude

Ucell = Urev + Ricell Acell ,

(3)

where R is the equivalent resistance of the stack. The electrical power of the stack is calculated based
on the stack current and voltage as a function of time. The hydrogen production is assumed linearly
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dependent on the stack current as shown in (1). The specific energy consumption of the stack with AC
ripple is calculated based on the voltage and current waveforms and compared with the stack energy
consumption in the case of pure DC supply producing same amount of hydrogen. The energy efficiency
of the stack can be calculated by comparing the specific energy consumption for example with the higher
heating value (HHV) of hydrogen 39.4 kWh/kg (3.54 kWh/Nm3 ).

Alkaline electrolyzer system
A commercial alkaline electrolyzer is used to study the relation of the voltage and current waveforms in
an actual electrolyzer stack. The hydrogen production capability of the Baby McPhy electrolyzer, shown
in Fig. 1, is 0.4 Nm3 /h (36 g/h) with maximum electrical power consumption of 2.8 kW. The typical
DC current and voltage values are 35 A and 65 V.

−
UAC

Stack

+

(a)

(b)

Fig. 1: Commercial alkaline water electrolyzer used in the study. (a) Baby McPhy alkaline water electrolyzer. (b) Integrated power supply unit.
The commercial power supply consists of a transformer with a diode rectifier at the secondary circuit supplying the stack. The current of the stack is controlled by varying the primary voltage of the transformer
with a triac based on the hydrogen pressure and operating temperature.
The voltage and current waveforms of the alkaline electrolyzer with the built-in commercial power supply
unit are shown in Fig. 2a. It can be seen that the single phase diode rectification excites high amplitude
harmonics with frequencies multiples of 100 Hz. The voltage never reaches zero because of the reversible
voltage of the electrolyzer stack, but the current stays at zero almost half of the period. The voltage
estimated with a simplified model matches the measured value well when the current differs from zero.
The average values of stack current and stack voltage are 24.8 A and 59.6 V. Nominal hydrogen production rate of the small-scale water electrolyzer is achieved at 35 A DC current level.
The laboratory setup for the specific energy consumption measurements of water electrolyzers is illustrated in Fig. 3. For stack current, stack voltage, and stack power measurements a PX8000 precision
power scope (Yokogawa) is used equipped with a Zero-Flux CURACC current measurement system
(Hitec). Water content in the produced hydrogen gas is minimized using a hydrogen drying unit (Hydrocell) that includes a 20 L drying column filled with drying agent. Hydrogen gas mass flow is measured
after the drying unit with a SLA5860 thermal mass flow meter (Brooks). In order to ensure moisture
does not affect the mass flow meter, the dew point of the hydrogen gas is measured with a DMT152
dew point transmitter (Vaisala). The hydrogen gas content in oxygen outlet (vol-%) is monitored using a
K1550R thermal conductivity detector (Eaton MTL). The temperature of the alkaline water electrolyzer
is measured with multiple PT100 temperature sensors. Stack temperature in Section 3 refers to the temperature of the oxygen gas exiting the stack. An SG Series 30 kW DC power supply (Sorensen) is used
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Fig. 2: (a) Voltage and current waveforms of the alkaline electrolyzer with the commercial power supply.
(b) Amplitude spectrum of the measured current waveform.
as the separate DC power supply in the specific energy consumption tests to provide a reference for the
integrated power supply of the Baby McPhy alkaline water electrolyzer.

Fig. 3: Description of the laboratory setup for alkaline water electrolyzer tests.

Results
The effect of supply power ripple is studied in two cases. First, the specific energy consumption of the
small-scale alkaline stack is analyzed in the case of a sinusoidal current ripple as a function of DC current
and the AC ripple amplitude. Then, the alkaline system operation is experimentally verified with two
different power supply configurations in the experimental setup described in Section 2. The performance
of the small-scale water electrolyzer is also measured as a function of load, when powered by a DC
power supply.

Sinusoidal current ripple
To study the theoretical effect of AC current ripple on the specific energy consumption of the alkaline
electrolyzer, the stack efficiency is analyzed as a function of DC current and AC ripple amplitude. The
AC current ripple amplitude is limited not to exceed the DC current value as seen in Fig. 4. The stack
voltage behaviour is simulated according to the simplified model as shown in (3), where the equivalent
resistance of the stack is 277 mΩ and the reversible voltage is 55.65 V. As the Faraday efficiency is
assumed to unity, the hydrogen production rate in mol/s can be calculated according to (1). Therefore,
the stack specific energy consumption in kW h/kg is defined as follows
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Fig. 4: Specific energy consumption of the small-scale alkaline electrolyzer as a function of DC current
and AC ripple (100 Hz) amplitude.
It can be seen that the minimum energy consumption is achieved with pure DC at low current values.
Naturally, the DC current value is dominating over the AC ripple in the energy consumption. However,
the AC ripple increases the specific energy consumption up to 8%, when Faraday efficiency is assumed
as unity, which then represents the ideal case for hydrogen production rate.

Experimental
The performance of the studied water electrolyzer is first analyzed as a function of DC current when
powered by a DC power supply. The stack specific energy consumption with the DC power supply is
then used as a reference level for the default hydrogen production system configuration.

Water electrolyzer operation with DC power supply
The integrated power supply is disconnected to bypass the embedded control of the default power supply.
The measured performance of the Baby McPhy is presented in Table I.
Table I: Measured stack temperature, stack DC current, stack DC voltage, hydrogen gas mass flow,
hydrogen content in oxygen outlet, and calculated stack specific energy consumption and higher-heatingvalue-based stack efficiency as a function of DC current. The water electrolyzer is operated at a balanced
pressure of 1 bar. Dew point of the hydrogen gas stayed below −63 ◦C after the gas drying unit.
Current setpoint
(A)
35
30
25
20
15
10
5

Tstack
(◦C)
55.79
55.52
54.58
55.19
55.90
54.51
55.25

IDC
(A)
35.01
30.01
25.02
20.02
15.01
10.01
5.00

UDC
(V)
68.06
66.45
65.05
63.11
61.12
58.96
55.24

fH2
(g/h)
36.2
30.6
25.1
19.5
13.9
8.7
3.2

H2 in O2
(vol-%)
0.78
0.81
0.86
0.94
1.12
1.34
1.66

Es
(kW h/kg)
65.9
65.1
64.9
64.6
65.8
68.1
85.5

ηstack, HHV
(%)
59.8
60.5
60.7
60.9
59.8
57.8
46.1

The thermal conductivity detector did not register high amounts of hydrogen gas exiting mixed with
oxygen. Therefore, the results indicate the low Faraday efficiencies would be due to stray stack currents.
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The resulting voltage and Faraday efficiencies of the small-scale alkaline water electrolyzer, based on
measurements presented in Table I, are presented in Fig. 5. The voltage efficiency is the ratio of thermoneutral voltage level—in bipolar cell stacks, the number of cells multiplied by 1.48 V—to the real
stack voltage level.
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Fig. 5: Measured voltage and Faraday efficiency of the small-scale alkaline water electrolyzer as a function of DC current.

Power supply comparison
The specific energy consumption of the Baby McPhy alkaline water electrolyzer is compared in two
different power supply configurations: 1) the integrated power supply unit illustrated in Fig. 1, and 2) a
commercial DC power supply. The resulting stack specific energy consumptions are then compared.
Operating the studied commercial alkaline water electrolyzer in its default configuration—in terms of
operating temperature and DC current control—is problematic due to the limited cooling capacity of the
integrated fans of the electrolyzer enclosure, and the temperature and pressure-based control of the triac
in the primary of the transformer. In other words, the commercial electolyzer is not designed for longterm operation in stable conditions; the higher the stack pressure and the stack temperature, the lower the
stack DC current level will be. Consequently, the lower the stack DC current, the lower the heat losses,
which will result in poorly controlled stack temperature with on/off-controlled enclosure fans. In order to
maintain constant temperature conditions, a water cooling system had to be applied. In the new cooling
system, the gas separator tanks (one for oxygen gas, one for hydrogen gas) are partially enveloped in
copper plating with integrated water circulation. A radiator with a PWM-controlled fan then transfers
heat to the surrounding ventilated laboratory space.
To achieve stable stack pressures throughout the tests, a purge valve for the hydrogen gas storage was
kept open. Therefore, increased storage pressure would not affect the operating pressure at the stack
and cause further changes in water electrolyzer operation. As a drawback of keeping the hydrogen
storage purge valve open, the hydrogen production rate could not be verified from the change in storage
pressure over time. Nominal operation, where the hydrogen production rate would be 36 g/h, could not
be achieved due to the temperature and pressure-based control of the water electrolyzer, when powered
by its integrated power supply unit. Stack pressure levels were controlled to 0.3 bar and to 0.1 bar using
a back-pressure valve to achieve stable stack DC currents of 10 A and 13 A, respectively, at a stack
temperature of 56 ◦C. The operating conditions were then replicated, when the water electrolyzer was
powered by the separate DC power supply. The results from the specific energy consumption tests are
presented in Table II. The stack DC current and voltage waveforms created by the integrated power
supply solution are presented in Fig. 6.
The stack specific energy consumption is 20.3% higher at 10 A DC current level, and 23.6% higher at
13 A DC current with the integrated power supply unit when compared to the DC power supply. In
all cases presented in Table II, the Faraday efficiency ηF stays below 85%, which increases the specific
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Table II: Stack specific energy consumption comparison, when powered by the integrated power supply
of the Baby McPhy and a separate DC power supply. Measurement results are mean values from a 10 s
time period. Dew point of the hydrogen gas stayed below −57 ◦C after the gas drying unit.
IDC
(A)
9.74
12.96
10.10
13.14

UDC
(V)
51.71
53.79
58.29
59.86

f H2
(g/h)
8.9
12.2
8.9
12.5

Es
(kW h/kg)
79.6
77.7
66.1
62.8

ηF
(%)
81.4
83.7
77.9
84.4
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Fig. 6: Voltage and current waveforms of the Baby McPhy integrated power supply at certain DC current
levels. (a) 10 A and (b) 13 A.
energy consumptions. No hydrogen gas leaks were detected during the measurements.

Conclusions
The effect of power quality on the specific energy consumption of alkaline water electrolyzers is analyzed
via simulation and laboratory measurements. The energy efficiency of a commercial 2.8 kW alkaline
water electrolyzer is measured in two different power supply configurations: 1) the default, integrated
power supply of the electrolyzer and 2) a commercial DC power supply.
The measurement results show that the DC power supply can offer up to 24% lower stack specific energy
consumption when compared to the integrated power supply of the studied water electrolyzer. With the
DC power supply, the Faraday efficiency of the small-scale electrolyzer is 57%–92% when the stack
DC current is increased, respectively, from 5 A to the nominal 35 A. Further investigations are required
to determine the impact of power quality on the Faraday efficiency in comparable conditions. The effect of power quality in industrial-scale electrolyzers and the improvement potential for specific energy
consumption and lifetime with more modern power converters should also be studied.
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[8] A. Ursúa, P. Sanchis, and L. Marroyo, “Chapter 14 - electric conditioning and efficiency of hydrogen production systems and their integration with renewable energies,” in Renewable Hydrogen Technologies, L. Gandı́a,
G. Arzamendi, and P. Diéguez, Eds. Amsterdam: Elsevier, 2013, pp. 333–360.
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ciency. Selection and control of the hydrogen outlet pressure can minimize the specific
energy consumption and maximize the real hydrogen production in dynamic PEM water
electrolyzer operation.
© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction
In order to reach a net zero-emission society, the whole energy systemdincluding electricity, transportation, and direct
industrial fuel usedhas to be restructured, re-carbonized by
electrifying the whole energy system either directly or indirectly. A change of this nature would require practically CO2free power generation and the energy system would thus be
based predominantly on wind and solar power [1]. To achieve
the carbon emission reduction targets set for 2050, bridges

between different energy forms and connections between
different areas of energy systems are needed, as are efficient
means of energy storage. An emerging concept for indirect
electrification of energy use called Power-to-Gas, or more
generically Power-to-X, approaches the challenges of the
future energy system by creating bidirectional interconnections between existing electricity and gas grids,
allowing seasonal storage of renewable energy and enabling
the production of renewable fuels, raw materials, and chemicals [2]. Consequently, electricity could be regarded as the
main form of energy.
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A key element in the Power-to-X concept, and the first
possible end-product, is hydrogen, which together with carbon dioxide can link the electrical and gas grids, and production of hydrocarbons or other industrial chemicals such as
ammonia [3]. Hydrogen is the most common element in existence, but on Earth it mostly exists in compound forms such
as water. Therefore, hydrogen must be produced, and water is
a necessity for all the main hydrogen production pathways
from renewable energy sources [4]. Combination of hydrogen
production by water electrolysis and renewable power production is attracting interest due to the sustainability and
flexibility of the resulting energy system. It has been initially
estimated that for Finland, for example, water electrolyzers
would have a remarkable role in such an energy scenario [5].
According to these simulations, water electrolyzers would
double electricity consumption, and the electrolyzers would
consume about 80 TWh by 2050. In the Power-to-Gas concept
electricity goes through power electronics both in the production and consumption sides, and the amount of electricity
generated will have to be radically increased. Grid-connected
water electrolyzers can also contribute to grid services, such
as inertia and frequency control, by executing controlled
power consumption [3,6].
PEM water electrolysis has gained interest due to its
compact system design, reportedly superior dynamic operation capability [3,7,8], and high voltage efficiency at greater
current densities compared to traditional alkaline technology.
The high cost of components and typically inferior lifetime
have been the main factors limiting the emergence of PEM
technology [9], although improved stack power density and
high efficiency have moved the technology into the MW-scale
[10e12]. The compact character of electrolysis modules and
the structural properties of the membrane electrode assemblies (MEA) allow high operating pressures and give PEM
electrolyzers the ability to endure pressure differences between the electrode compartments in the order of magnitude
of 5  106. The structural properties of the PEM stack enables
the direct production of pressurized hydrogen gas by electrochemical compression and eliminates the need to handle
high-pressure oxygen [13]. Direct production of high-pressure
hydrogen can be beneficial, since the volumetric energy density of hydrogen gas is low, and the main synthetization
routes for hydrogen and carbon di- or monoxide, such as
chemical methanation or the Fischer-Tropsch process, operate at elevated pressures.
A commercial alkaline water electrolyzer with solar and
wind power systems has been studied based on measured
weather data to analyze the resulting energy balance of the
system after integration [14]. This work addressed limitations
as regards start-stop-cycles of the alkaline electrolyzer in
intermittent and dynamic operation. Small-scale PEM water
electrolyzers as a part of renewable power production systems
have been studied both experimentally [6,15,16], with 10 min
and 2 min sampling time solar power data, and analytically
based on modeling tools, for example, in Refs. [17,18]. The
integration of PEM water electrolyzers into renewable power
production systems has also been discussed in terms of
restraining the cell degradation rate under fluctuating power,
however, still limited to a smallest time scale of 10 min in
power supply fluctuation [19]. The effect of differential
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pressure operation on the gas crossover, and therefore on
Faraday efficiency, in PEM water electrolysis has been studied
by simulation tools in Ref. [20] and experimentally in Ref. [21].
In this paper, a 1 Nm3h1 commercial PEM water electrolyzer is studied as integrated into a complete hydrogen setup.
Measurements from an existing solar PV power plant at 1 s
sampling time are used to analyze the dynamic operation
capabilities and limitations of the studied commercial PEM
electrolyzer system. The effect of the hydrogen outlet pressure on the electrical energy consumption, specific energy
consumption, and controllability are also studied. Control
optimization strategies are researched from renewable power
production and PEM water electrolyzer performance point of
views. This study aims to improve the understanding on how
to minimize the specific energy consumption of PEM water
electrolyzers and how the stack operating pressure can be
selected to maximize the actual hydrogen gas production
operating in a real environment. The findings reported in this
paper are based on extension and reanalysis of work initially
published in Refs. [22,23]. The specific energy consumption
tests presented in Ref. [22], where increased hydrogen outlet
pressure resulted in no notable increase in stack specific energy consumption, are repeated with different voltage, current and pressure sensors. The effect of pressure on cell
voltage in PEM water electrolysis has been recently studied
also in Ref. [24], where differential pressure operation followed ideal isothermal compression behavior, but balanced
pressure operation showed only minor influence on the cell
voltage. The experimental studies on PEM electrolysis integrated into a solar PV system reported in Ref. [23] are
expanded in terms of testing period length and variability in
the solar PV power reference.
The rest of this paper is organized as follows. The laboratory setup for hydrogen production and use, as well as the
solar PV test plant, are introduced in Section Description of
the laboratory test system. The fundamentals of PEM water
electrolysis and state-of-the-art specifications of PEM water
electrolyzers are presented in Section PEM water electrolysis.
Section Specific energy consumption of hydrogen production
discusses the specific energy consumption of the studied
PEM water electrolyzer as a function of the hydrogen outlet
pressure. Specific energy consumption measurements of a
commercial small-scale PEM water electrolyzer at different
stack hydrogen outlet pressures are presented. Section PEM
water electrolyzer as a controllable load presents an analysis
of dynamic operation capabilities of the studied PEM water
electrolyzer. The dynamic operation capabilities of the studied PEM water electrolyzer are assessed against the variability
of solar PV power production in Section PEM water
electrolyzer as a part of solar PV system. Section Conclusion
concludes the paper.

Description of the laboratory test system
Hydrogen laboratory setup
A hydrogen laboratory system manufactured by IRD Fuel Cells
(currently known as EWII Fuel Cells) is a part of the campus
environment at Lappeenranta University of Technology (LUT).
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The hydrogen laboratory setup is built in a standard shipping
container. The hydrogen production process in the laboratory
setup is the following: Inlet water, which is tap water from the
local water network, to the electrolyzer is first deionized to
decrease the conductivity of the water. The commercial PEM
water electrolyzer E1050 (IRD), which is illustrated in Fig. 1 and
presented according to its technical specifications in Table 1,
then decomposes the water into hydrogen and oxygen (see Fig.
2). The water electrolyzer is powered by two PAP3200 DC power
supplies (Powerfinn) connected in parallel. The dew point of
the outlet hydrogen gas is then decreased in a hydrogen gas
drying unit (IRD) to 70  C to prepare it for outdoor storage in
Nordic conditions. The total volume of the pressurized
hydrogen gas storage is 0.7 m3. Both the hydrogen and oxygen
gas outlet pressures are controlled by back-pressure valves.
The designed pressure levels of the E1050 electrolyzer for
hydrogen and oxygen gases are 5.0 MPa and 0.2 MPa, respectively. The produced hydrogen can be converted back to DC
power in a separate PEM fuel cell and subsequently to grid AC
by a commercial solar PV inverter integrated into the fuel cell
enclosure.
Operating temperature, water inlet pressure, water conductivity and flow, hydrogen outlet pressure, stack voltage,
stack current and individual cell voltages are measured by
the IRD's measurement system. An additional data acquisition system was added to support the existing monitoring
system. The PEM stack voltage is measured using a NI 9242
250 VRMS analog input module (National Instruments) and the
stack current measured using a DHR 100 C420 current
transducer (LEM) and a NI 9203 ± 20 mA analog input module.
A CompactDAQ-NI9174 chassis is connected to a measurement PC running LabVIEW to collect data from the two
analog input modules and the IRD measurement system. The
mass flow of produced hydrogen is estimated by measuring
the pressure of the hydrogen storage using a PBMN range
0 MPae6.0 MPa pressure sensor (Baumer) and storage temperature using a thermoresistance PT100 and K120RTD converter (Seneca), and then using the known volume of the
hydrogen storage.

Fig. 2 e Operating principle of a PEM water electrolyzer.

Solar PV power plant
The LUT campus environment includes a 206.5 kWp solar
power plant. Data on the solar PV power is available in real
time through a measurement network. Measurements are
carried out with a network analyzer, and solar PV data is
collected with 1 s sampling time. The hydrogen laboratory
setup receives data from the solar PV plant in real time
through the measurement network. The hydrogen system is
connected to the electricity grid, but it can be virtually
operated as an off-grid system. Hence, both on- and off-grid
system operation tests can be carried out. For the experimental work in this study, a small section of the solar PV
plant is used: the 5 kWp test plant includes 22 polysilicon
panels facing south with a 15 slope angle, a 4.6 kW string
inverter, and a network analyzer with Modbus TCP connection [25].

Table 1 e Technical characteristics of the E1050 PEM
water electrolyzer.

Fig. 1 e Water cooled E1050 differential pressure PEM water
electrolyzer used in the experimental work.

Hydrogen production rate
Nominal stack power
Nominal voltage
Nominal current
Operating temperature
Number of cells in series
Cell cross-sectional area
Hydrogen pressure
Oxygen pressure

0.97 Nm3h1
4.5 kW
64 V
70 A
70  C
33
69 cm2
1.50 MPa5.00 MPa
0.15 MPae0.25 MPa
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Hydrogen gas compression

PEM water electrolysis
In water electrolysis, electrical and thermal energy are converted into chemical energy, which is stored as hydrogen, and
oxygen is produced as a byproduct. According to Faraday's
laws of electrolysis, the production of hydrogen is directly
proportional to the electric charge transferred at the electrodes. The hydrogen production rate (mols1) of an electrolytic cell can be expressed as
fH2 ¼ hF

icell Acell
;
zF

(1)

where z is the number of moles of electrons transferred in the
reaction (for hydrogen, z ¼ 2), F the Faraday constant
(9.6485  104 C mol1), icell the current density (A cm2), Acell
the effective cell area (cm2), and hF the Faraday efficiency, also
known as the current efficiency. The energy required for the
reaction to take place is the enthalpy of formation of water,
DH. Only the free energy of this reaction, i.e. the Gibbs free
energy change, DG, has to be supplied to the electrodes in the
form of electrical energy. This lowest voltage required for the
water decomposition to occur is called the reversible voltage
Urev. Without auxiliary heat, the minimum voltage required is
higher than the reversible voltage, i.e. the thermoneutral
voltage level Utn [13,26]. The reversible voltage and thermoneutral voltage at standard ambient conditions are 1.23 V and
1.48 V, respectively, which correspond to DG ¼ 237.21 kJ mol1
and DH ¼ 258.84 kJ mol1.
The electrolytic cell voltage is a sum of the reversible
voltage and additional overvoltages appearing in the electrolytic cell.
Ucell ¼ Urev þ Uohm þ Uact þ Ucon ;

29651

(2)

where Ucell is the cell voltage, Uohm the overvoltage caused by
ohmic losses in the cell elements, Uact the activation overvoltage caused by electrode kinetics, and Ucon the concentration overvoltage due to mass transport processes [13]. In the
literature, it has been stated that the concentration overvoltage is only significant at very high current densities, and
hence Ucon would be negligible for commercial PEM water
electrolyzers [27].
Commercial PEM electrolyzers typically operate at current densities of 0.6 A cm2e2.0 A cm2 and at operating
temperatures of 50  C80  C [7]. The compact character of
electrolysis modules and the structural properties of the
MEAs allow high operating pressures and give PEM electrolyzers the ability to endure great pressure differences
between the electrode compartments. In the case of the
E1050, the cathode compartment pressure is higher by a
factor of 25. This differential pressure can then be utilized
to optimize the specific energy consumption of PEM electrolyzer systems and their total capital cost: Water network
pressure is sufficient for the water inlet on the anode side,
while electrochemical compression enables direct production of high pressure hydrogen gas. However, the minimum
electrolyzer stack current is limited by the hydrogen gas
crossover rate when hydrogen outlet pressure is increased
[20].

In water electrolysis, the reversible voltage is a thermodynamic state function dependent on the operating temperature
and pressure [28]. For PEM water electrolysis, the open circuit
voltage can be written using the Nernst equation [29].
1=2

Urev ¼ U0rev þ

pH2 ,pO2
RT
ln
zF
pH2 O

!
;

(3)

where U0rev is the reversible cell voltage, R is the universal gas
constant (8.314 J mol1K1, T is the operating temperature (K),
pH2 is the partial pressure of hydrogen (Pa), pO2 is the partial
pressure of oxygen (Pa), and pH2 O is the saturated vapor pressure of water (Pa). The reversible cell voltage is defined as a
function of temperature as shown in Refs. [30,31].
U0rev ¼ 1:229  0:9  103 ðT  298Þ:

(4)

The open circuit voltage as a function of the cathode
compartment pressure is presented in Fig. 3 for anode
compartment pressure of 0.2 MPa. At 70  C, as the cathode
compartment pressure increases from 0.2 MPa to 5.0 MPa, the
open circuit voltage increases from 1.302 V to 1.352 V, i.e. by
4%. Assuming that the anode compartment pressure were
lowered to 0.1 MPa, the open circuit voltage increase according
to Eq. (3) would be 5%, if the cathode compartment pressure is
set in the range 0.1 MPae5.0 MPa.
Ideal isothermal hydrogen compression at 70  C from
0.1 MPa to 5.0 MPa would require 0.14 kWh/Nm3 of energy. As
a comparison, the higher heating value of hydrogen is
3.54 kWh/Nm3, which is typically used to calculate the efficiency of a water electrolyzer [13]. A specific energy consumption increase of 0.14 kWh/Nm3 corresponds to 4%
increase compared to the higher heating value of hydrogen.
The amount of hydrogen gas stored under pressure can be
estimated using the van der Waals equation [32].
p¼

nRT
n2
a 2
V  nb
V

(5)

where p is pressure of the hydrogen gas (Pa), n the amount of
substance (mol), T the temperature (K), and V the volume of
storage (m3). The constants a and b are called the van der Waals
coefficients, which for hydrogen are 2.45  102 Pa m6mol2 and
26.61  106 m3 mol1, respectively.

Key performance indicators of PEM water electrolyzers
Efficiency, lifetime, capital and operational costs, and the
desired operating conditions are key factors for performance
analysis of a water electrolyzer system. The efficiency of a
PEM electrolyzer is limited by overvoltages appearing in the
individual cells, parasitic currents, and inefficiencies in the
stack and system design, such as hydrogen gas crossover into
the anode compartment or lost hydrogen in post-electrolysis
gas conditioning.
Electrolytic cell degradation is caused by aging of the cell
and the resulting increase in resistance. Three main degradation phenomena have been noted [33]: 1) passivation of Ti-
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Fig. 3 e Energy consumption in hydrogen compression. (a) Open circuit voltage of a differential pressure PEM water
electrolyzer as a function of the cathode compartment pressure according to Eq. (4). The anode compartment pressure is set
to 0.2 MPa. (b) Ideal post-electrolysis isothermal, one-stage adiabatic, and two-stage adiabatic with cooling to 30  C at
1.0 MPa compression.

based components on the anode side, 2) deactivation of electrolyte and electrode performance due to impurities in the
electrolyzer inlet water, and 3) structural changes to the
catalyst material. The overall aging effects can be referred to
as the voltage degradation rate (m V h1). This voltage increase
as a function of time is directly relevant to the lifetime and
efficiency of the electrolyzer stack and results in reduced efficiency over the stack lifetime. The MEAs first undergo a
break-in period, where the initial voltage degradation is faster,
before reaching stable performance under continuous operation [34]. For cells operated continuously for long periods of
time, a rapid degradation caused by internal short circuiting
through a physically damaged membrane has been observed
[35]. State-of-the-art PEM water electrolyzers have been reported to have a voltage degradation rate below 14 m V h1 [7],
but the values for voltage degradation are generally presented
for systems under continuous and steady-state operation [8].
Data and studies are limited on how an electrolytic cell and its
components age and degrade if the reference operation mode
is discontinuous or under variable load. A “surprisingly significant” stack efficiency decrease from 75% to 65% in 941 h of
operation directly coupled to a solar PV array was reported in
Ref. [6]dno conclusions, however, could be drawn to establish

Table 2 e Key dynamic operation characteristics of typical
PEM water electrolyzers [2,7,8].
Operating temperature
Hydrogen outlet pressure
Current density
Min. load of nominal
Overload of nominal
Ramp-up from min. load to nominal
Cold start to min. load

50  C80  C
<20 MPa
0.6 A cm22.0 A cm2
5%e10%
<200%
10% s1100% s1
5 min15 min

the extent to which the highly dynamic operation affected the
degradation rate observed in this particular case. Further
research is required to understand the cell degradation
mechanisms and the effect of rapid changes in electrolyzer
stack power on the stack lifetime.
Typically, PEM water electrolysis technology is characterized by a wider control range, faster response time to changes
in input power, greater stack power density and more efficient
operation, albeit with inferior stack lifetime compared to
alkaline technology [2,3,7,8]. Key characteristics most relevant
to the dynamics of PEM water electrolyzers are presented in
Table 2. The operating temperature in PEM electrolyzers is
typically limited to below 80  C, when conventional Nafion®
membranes are used. Higher temperatures could lead to improvements in energy efficiency according to the thermodynamic state functions of the electrolytic cell open circuit
voltage, Eqs. (3) and (4). The compact stack design and high
power density due to the lack of liquid electrolyte enables
relatively quick cold start capabilities, since the total mass to
be heated to the operating temperature is smaller than with
alkaline technology.
The minimum stack current has been reported to be even
below 5% of nominal value for some commercial PEM water
electrolyzer models [36,37]. However, increasing the hydrogen
outlet pressure increases the gas crossover of hydrogen into
oxygenda phenomenon more severe at low current densities
[20]. Increasing the hydrogen outlet pressure is attractive in
order to increase the volumetric energy density of hydrogen
gas and the energy storage capabilities of a hydrogen production system without separate post-electrolysis compressors. The flammability limit for hydrogen in air in ambient
conditions is 4%e75% volume fraction [38]. The lower flammability limit should thus be the first factor in PEM stack and
system design, when partial load operation is considered in
renewable energy systems.
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Results and discussion
Specific energy consumption of hydrogen production
To study the effect of the hydrogen outlet pressure on the
specific energy consumption of a commercial PEM water electrolyzer stack, tests were run at hydrogen outlet pressures of
2.0 MPa, 3.0 MPa, and 4.0 MPa at nominal stack current of 70 A,
and current density of 1.01 A cm2. The minimum hydrogen
outlet pressure 2.0 MPa was selected based on the structure of
the PEM stack and the operation of the post-electrolysis
hydrogen gas drying unit. The maximum hydrogen outlet
pressure 4.0 MPa was selected to ensure uninterrupted safe
operation of the PEM electrolysis unit. In the filling tests, the
hydrogen storage (V ¼ 0.7 m3) is filled progressively from
1.0 MPa to 1.8 MPa, then from 2.0 MPa to 2.8 MPa, and finally
from 3.0 MPa to 3.8 MPa on consecutive days. To account for
uncertainties, a total of five filling test campaigns, which are
described in Table 3, were run. The water electrolyzer was shut
down between each filling run and operated until nominal
operating temperature of 70  C is reached before starting a
filling test. For all the test runs, the electrolyzer water inlet
pressure was restricted to 0.2 MPa. The mean stack temperature
was controlled to 71  C for all test runs. The inlet water to the
electrolyzer was purified and deionized, which results in mean
inlet water conductivities during the filling tests in the range of
1.39 m S cm1e2.56 m S cm1. The results of the specific energy
consumption tests are presented in Fig. 4.
The open circuit voltage of a PEM water electrolyzer is expected to increase as a function of pressure according to the
Nernst equation Eq. (3). The corresponding increase in open
circuit voltage for the 33-cell stack would be 0.33 V. The
observed mean stack voltages during the filling tests, Fig. 4(a),
indicate only a slight increase, if any, in stack voltages for both
the cell voltage monitoring system (IRD) and the NI 9242
analog input module (cDAQ). Maximum difference in specific
energy consumption Es,el in Table 3, which is calculated using

only electrical quantities and assuming Faraday efficiency as
unity, is 0.01 kWh/Nm3 between operating at stack hydrogen
outlet pressure of 2.0 MPa and 4.0 MPa. According to Suermann et al. [24] differential pressure operation would correspond to isothermal compression behavior in terms of cell
voltage increase. When specific energy consumption increases are compared, ideal isothermal compression at 70  C
of hydrogen gas from 2.0 MPa to 4.0 MPa would require
0.025 kWh/Nm3 more energy. The observed specific energy
consumption increase presented in Table 3 stays below the
expected isothermal compression behavior.
When the specific energy consumption calculation is
extended to include an estimate for the Faraday efficiency, the
difference in specific consumption Es,tot is more notable. Es,tot,
which is calculated using the change in storage pressure to
estimate the real hydrogen production rate, increases by a
maximum of 0.2 kWh/Nm3 when hydrogen outlet pressure is
increased from 2.0 MPa to 4.0 MPa. The results in Table 3
indicate that an increase in stack hydrogen outlet pressure
does not require notably more electrical energy. However, the
specific energy consumption of the water electrolyzer is
effectively increased due to inferior Faraday efficiency, since
the hydrogen output to the hydrogen tubing is decreased.
Higher hydrogen outlet pressure, especially in differential
pressure operation, has been accounted to increase the
hydrogen gas crossover into the anode compartment [20]. In
Fig. 4(d), the Faraday efficiency is at its lowest 95% at cathode
compartment pressure of 4.0 MPa. Ito et al. [21] observed
Faraday efficiencies approaching 99% at current density of
1.0 A cm2, however, using a maximum cathode compartment pressure of only 1.0 MPa. Grigoriev et al. [39] extended
the studied cathode compartment pressure up to 13 MPa and
observed a similar decreasing trend in Faraday efficiency as
illustrated in Fig. 4(d): Measured at 0.5 A cm2 current density,
the reported Faraday efficiency reached a minimum of 90% at
13 MPa balanced operating pressure.
Due to the observed decrease in Faraday efficiency at
higher differential pressures, the hydrogen stack outlet

Table 3 e Schedule of the filling tests and the resulting specific energy consumption Es measured by the IRD and compact
DAQ system. Es,el is calculated based on the electrical quantities, while Es,tot includes the estimation on the Faraday
efficiency.
Date

25.10.2016
26.10.2016
27.10.2016
01.11.2016
02.11.2016
03.11.2016
05.04.2017
06.04.2017
07.04.2017
10.04.2017
11.04.2017
12.04.2017
19.04.2017
20.04.2017
21.04.2017

Dp

Es,el (IRD)

Es,tot (IRD)

Es,el (cDAQ)

Es,tot (cDAQ)

hHHV,tot (IRD)

MPa

kWh/Nm3

kWh/Nm3

kWh/Nm3

kWh/Nm3

%

%

1.0e1.8
2.0e2.8
3.0e3.8
1.0e1.8
2.0e2.8
3.0e3.8
1.0e1.8
2.0e2.8
3.0e3.8
1.0e1.8
2.0e2.8
3.0e3.8
1.0e1.8
2.0e2.8
3.0e3.8

4.41
4.41
4.41
4.40
4.40
4.41
4.39
4.39
4.40
4.38
4.39
4.39
4.38
4.39
4.39

4.45
4.53
4.65
4.43
4.46
4.58
4.40
4.42
4.41
4.37
4.42
4.43
4.34
4.37
4.49

4.38
4.38
4.38
4.36
4.37
4.37
4.36
4.36
4.36
4.35
4.35
4.36
4.35
4.35
4.36

4.39
4.48
4.60
4.38
4.42
4.53
4.37
4.38
4.38
4.35
4.39
4.40
4.32
4.35
4.47

79.6
78.1
76.1
80.0
79.3
77.3
80.4
80.1
80.2
80.9
80.1
79.9
81.5
81.0
78.8

80.7
79.1
77.0
80.9
80.2
78.1
81.0
80.7
80.9
81.4
80.7
80.4
81.9
81.5
79.2

hHHV,tot (cDAQ)
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Fig. 4 e Results from the filling tests. (a) Mean stack voltages. (b) Mean stack currents. (c) Calculated hydrogen gas production
rates: based on stack current (IRD and cDAQ measurements) and based on the change in storage pressure and temperature.
(d) Resulting Faraday efficiencies. (e) Resulting specific energy consumptions when Faraday efficiency is included.

pressure should be controllable in order to minimize the
outlet pressure close to the storage pressure. Based on the
specific energy consumption tests, minimizing the differential
pressure between the anode and cathode compartment to

follow the gas storage pressure would optimize the specific
energy consumption by maximizing the real hydrogen production rate during a hydrogen gas storage filling process. By
contrast, a constant hydrogen stack outlet pressure, which is
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selected to cover the highest gas storage pressure in a storage
filling process, would continuously lose more hydrogen gas
due to hydrogen gas crossover.

PEM water electrolyzer as a controllable load
The lower flammability limit of 4% of hydrogen gas must not
be exceeded in order to ensure safe operating conditions, and
therefore the minimum water electrolyzer stack current is
limited by the adverse gas crossover of hydrogen into the
anode compartment. Additionally, the specific energy consumption of an electrolytic hydrogen production process
would then be effectively increased as the Faraday efficiency
decreases due to hydrogen gas leakage. The E1050 PEM electrolyzer is designed to operate at hydrogen pressure of
5.0 MPa, and during operation the stack current should always
target its nominal setpoint: 70 A for an effective cell area of
69 cm2. At hydrogen outlet pressure of 2.0 MPa, the minimum
safe stack current density for this particular stack and system
design is 0.25 A cm2. The controllability of the stack current
improves as the hydrogen outlet pressure is decreased.
In addition to the current control range, the performance of
a water electrolyzer can also be evaluated based on its capability to perform a cold start. On average, the studied PEM
water electrolyzer reaches its nominal stack current in 30 min
upon a cold start where the initial stack temperature is 20  C.
In addition, the system start procedure is delayed by the
warm-up of the hydrogen drying unit, circulation of deionized
inlet water for the stack, performance of a hydrogen flush, and
building of oxygen and hydrogen stack pressures. In total,
these system preparations take 8e10 min [23]. Thus, the cold
start time to the nominal current takes a total 40 min. A
typical cold start time, defined as the time to reach the minimum stack load in Table 2, of 15 min can be achieved with the
studied PEM electrolyzer. However, the start-up time to the
nominal current setpoint would arguably better describe the
dynamic capabilities, since the stack should be warmed close
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to its optimal operating temperature before proceeding to
control the stack.
The stack current is limited by the controlling software by
two different means: 1) a general parameter for the current
slew rate (A s1); and 2) a maximum allowable cell voltage
level of 2 V to reduce corrosion. The ramp-up and rampdown responsesdbetween the minimum and nominal stack
currents at hydrogen pressure of 2.0 MPad of the E1050
electrolyzer are presented in Fig. 5, where the designated
operating temperature has already been reached. The nominal stack current 70 A is reached in 174 s, and during that
time, the power increases from 857 We4234 W. From the
nominal stack current, the minimum current setpoint is
reached in 44 s, and the stack power change is 4208 We
860 W. The E1050 electrolyzer is then able to increase and
decrease its stack power at the rates of 19 Ws1 and
76 Ws1, respectively, according to the current and voltage
measurement data acquired using the analog input modules
and compact DAQ system. The capability to change the stack
power then stays well below the values typically presented in
literature: the ramp-up from minimum load to nominal can
be performed at a rate 0.4% s1, while the typical ramp-up
performance of PEM water electrolyzers is 10% s1e100% s1
as presented in Table 2.

PEM water electrolyzer as a part of solar PV system
When dynamic operation is considered, the power production
of a single solar PV plant is especially challenging to follow
because of the dynamical behavior of the irradiation, due to
natural cloud movement, which can suppress power production in one moment or, vice versa, boost the production
rapidly. However, the dynamics of a maximum power point
tracking (MPPT) controller are slower than the sudden
changes in irradiation caused by clouds. Change in the position of the sun causes only slow and smooth changes to the
electricity production, as illustrated in Fig. 6.

Fig. 5 e Response of the E1050 PEM water electrolyzer as the stack current reference is changed at t ¼ 0 s. The stack
temperature is at the designed 70  C and hydrogen outlet pressure is restricted to 2.0 MPa. (a) From minimum to maximum.
(b) From nominal to minimum stack current.
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Fig. 6 e Measured solar PV production with the 5 kWp test system. (a) Clear summer day. (b) Summer day with variable
weather conditions. (c) Cloudy summer day.

The power references in Fig. 6 were applied to control the
PEM electrolyzer. The electrolyzer was operated with data
from the inverter MPPT power and the dynamics of the 5 kWp
system. Ten hours of solar PV data at 1 s sampling time were
selected for each test day. The PEM electrolyzer is operated in
current control mode where the stack current reference is
calculated from the solar power reference and the measured
PEM stack voltage. The internal automation system of the
electrolyzer causes a constant current reference offset where
the actual stack current is higher than the current setpoint
[23]. To account for the current reference offset, the solar
inverter MPPT power references were upscaled to match the
resulting PEM stack power.
The current reference is applied to power the PEM electrolyzer when the electrolyzer can be powered up to its minimum safe load, even momentarily. The dynamic operation
started when the hydrogen production system was already
operational and the nominal stack temperature of 70  C had
been reached. The water electrolyzer was operated continuously for 10 h for each of the three different reference summer
days. The PEM electrolyzer was driven in current control

mode, where the current setpoint is calculated according to
the solar power reference and the measured stack voltage. For
each test run, the hydrogen outlet pressure was restricted to
2.0 MPa, which sets the minimum safe load to 25% of nominal
70 A. A higher hydrogen outlet pressure would only further
limit the control range of the water electrolyzer, and hence
increase the electricity storage requirement, if off-grid operation is considered.
The required storage size is estimated for each test case as
the PEM electrolyzer was operated in on-grid mode, i.e. integrated into the electricity grid. The electricity grid then serves
as a virtual battery. The requirement for the power output of
the storage can be calculated by subtracting the renewable
power production reference from the PEM electrolyzer stack
power. Then, the storage energy requirement can be integrated from the instantaneous difference as a function of
time. The electric grid balancedin terms of power and energy
either supplied to or drawn from the griddis illustrated as a
function of time in Fig. 7.
In Fig. 7, an instantaneous negative power balance corresponds to power supplied to the electricity grid, which then
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Fig. 7 e Electricity grid power and energy balance in on-grid operation electrolyzer for the three different test days. (a), (b)
Clear summer day. (c), (d) Summer day with variable weather conditions. (e), (f) Cloudy summer day.

indicates excess renewable power production. Positive power
balance, meanwhile, represents power drawn from the electricity grid. In the clear summer day case, the maximum increase in instantaneous solar PV power is 102 Ws1, and in
turn the maximum decrease in power 116 Ws1. However,
operation during the 10-h test period is the least dynamic

overall, and the grid power balance stays within 200 W at any
given time.
During the summer day with variable weather, the weather
changes abruptly from cloudy to clear and vice versa several
times. The maximum power rise speed of the solar PV power
reference is 1116 Ws1 and power drop 1055 Ws1, which
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Fig. 8 e PEM electrolyzer stack power and the power reference used in dynamic operation tests. (a) Clear summer day. (b)
Summer day with variable weather conditions. (c) Cloudy summer day power reference.

creates the most challenging operation regime for the studied
PEM electrolyzer, far exceeding the dynamic capabilities of the
electrolyzer stack and system configuration. The maximum
instantaneous power supplied to the electric grid is 3492 W,
and the maximum power drawn from the grid to power the
electrolyzer is 2830 W. The cumulative grid energy balance in
Fig. 7(d) stays negative during the 10-h period, which further
illustrates the excess renewable power production and its
rapid dynamics. The minimum energy balance becomes
860 Wh, which can be limited using modern supercapacitors, in other words, by shaving the short peaks in the
power difference between the water electrolyzer and solar PV.
At t ¼ 4 h and at t ¼ 9 h, the grid energy balance starts to increase linearly for a while. This is caused by a situation where
the solar PV power reference decreases below the minimum
safe load of the PEM electrolyzer and grid electricity is
required to maintain continuous and safe operation of the
hydrogen production process. Otherwise, the PEM electrolyzer
should be shut down, which would be the case in off-grid
operation mode. The solar power reference and the
measured PEM stack power during the dynamic operation
tests are illustrated in Fig. 8.

In the final test case, the cloudy summer day solar PV
reference still provides brief bursts of power, but the renewable energy production total is the smallest of the three test
days. This power reference, due to its momentary peaks, enables the electrolyzer stack power to increase from the minimum load. For the vast majority of the 10-h period, the grid
energy balance stays positive, accumulating to 472 Wh by the
end.

Conclusion
In this paper, measurements from a 5 kWp fixed installation
solar power plant at 1s sampling time were used as a power
reference for a 1 Nm3h1 PEM water electrolyzer. The commercial PEM electrolyzer is a part of a complete hydrogen
setup and was operated connected to the electricity grid.
Study of the dynamic operation capabilities revealed that the
rapid response times in load changes typically reported for the
PEM technology cannot be achieved with this particular stack
and system design and configuration. The studied PEM electrolyzer was able to increase its stack power at the rate of
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19 Ws1 and decrease power at 76 Ws1 due to the control
limitations set by the manufacturer to prevent the stack from
accelerated cell degradation.
The dynamics and controllability of the PEM electrolyzer
system were experimentally studied as virtually integrated
into a 5 kWp solar PV power plant in on-grid operation mode.
Three reference summer days, with varying level of fluctuations in solar power production, were selected to power the
PEM electrolyzer system for 10 h per test day. Only a clear
summer day provides power reference variations slow enough
for the electrolyzer to follow. Otherwise, for example, a
supercapacitor is required to minimize the instantaneous grid
power imbalance. If off-grid operation is considered, battery
storages are required during electrolyzer start procedures and
at times of low to non-existent renewable power production.
Factors affecting the control of the commercial PEM electrolyzer were also studied. As the hydrogen outlet pressure
from the water electrolyzer stack was increased from 2.0 MPa
to 4.0 MPa, the electrical energy consumption did not show
any notable increase. However, the specific energy consumption of the PEM water electrolyzer was increased at
higher hydrogen outlet pressures, since the amount of
hydrogen effectively produced and supplied to the gas storage
was compromised. The Faraday efficiency was decreased,
while the requirement for electrical energy stayed practically
constant as a function of hydrogen outlet pressure within the
range of 2.0 MPae4.0 MPa. The specific energy consumption
was a maximum of 0.2 kWh/Nm3 higher at 4.0 MPa hydrogen
outlet pressure, when compared to operation at 2.0 MPa
hydrogen outlet pressure. In a PEM water electrolysis system
without separate post-electrolysis compression, the real
hydrogen production will therefore be maximized by controlling the stack hydrogen outlet pressure as close to the
storage pressure as possible.
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This work demonstrates hydrocarbon production directly from water, solar energy, and air—called SOLETAIR.
The plant includes direct air capture (DAC) of carbon dioxide, hydrogen production by water electrolysis, and
two-step synthesis bench-scale units that operate using grid-connected solar photovoltaic (PV) electricity. In
addition, co-feeding of hydrogen and carbon monoxide from gas bundles are utilized to enable scaling between
units. This pilot plant achieved a total operating time of approx. 300 h with a combined production of oil and
wax of 6.2 kg per day. The mass and energy balances in integration of the units are studied. According to the
experiments and studies, potential and bottlenecks to improve the individual units and their integration are
found. Finally, a conceptual Power-to-X plant is presented, which can achieve energy and carbon efficiencies of
47% and 94%, respectively, considering liquid and solid hydrocarbons as products.

1. Introduction
According to the Paris UN Climate Change Conference held in
December 2015 [1], the CO2 net emissions of the whole energy sector
have to be close to zero by 2050 to limit the global mean temperature
rise under 1.5 °C above the preindustrial level. A change of this nature
would require practically CO2-free power generation, and the energy
system could thus be based predominantly on wind and solar power
[2]. However, there are three main barriers to this transition: the intermittency of solar and wind power, the fuel needs of the transport
sector, and the production of chemicals. Firstly, both solar and wind
power are intermittent by nature, which generally leads to an imbalance between energy generation and consumption if no storage capacity is available. Secondly, the electrification of the whole transportation sector, such as passenger jets, cargo vessels, and heavy working
machines, will present a major challenge. Instead, they can be electrified indirectly by using renewable hydrogen or hydrocarbons as their
fuel, for example. Thirdly, the chemical industry sector is a significant
consumer of oil and gas that are used as a feedstock for manufacturing
e.g. plastics and nitrogen-based fertilizers, which should also be based
on the use of renewables.

⁎

Fuels produced from CO2 captured from ambient air can be carbon
neutral as the cycle of CO2 is closed [3,4]. The potential global upper
bound for annual CO2 removal has been estimated to be in the scale of
10 Gt for direct air capture (DAC) with reliable storage [5]. When
driven with renewable energy, DAC is a net negative CO2 emissions
technology that can sequester previously emitted carbon dioxide from
point and diffuse sources such as transportation [6]. Furthermore, there
are already studies related to DAC technology that present select cases
where the separation of CO2 from the air to moderate purities is energetically equivalent to the work requirements using other CO2 separation techniques from flue gases with high concentration of CO2
[7,8].
Power-to-Gas, Power-to-Liquids, or more generically, Power-to-X
conversion concepts arise as a synergetic solution both for storing energy from intermittent renewable energy sources and producing
carbon-neutral fuels from CO2 emissions [9]. Piloting of the Power-to-X
technologies is gaining ground and even reaching an industrial scale,
the Audi methanation plant (synthetic natural gas production using
alkaline water electrolysis and methanation of raw biogas), the Carbon
Recycling International methanol synthesis plant (alkaline electrolysis,
geothermal steam emission CO2, and methanol synthesis), and the
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Sunfire Power-to-Liquids plant (solid oxide electrolysis, DAC, and FT
synthesis planned) being examples of this trend [10–12].
Many technologies can be applied for the production of fuels and
chemicals from CO2 and H2, such as synthetic natural gas,
Fischer–Tropsch (FT) products, methanol, or even polymers and specialty chemicals. For the Power-to-X concept, these products are part of
the few solutions existing for seasonal storage of energy. The production of kerosene or other heavy fuels from CO2 emissions and renewable
electricity is gaining interest to indirectly electrify aviation and heavyduty transportation sectors. It has been estimated that the indirect
electrification of the transportation sector would increase the electricity
consumption in the European Union from 2.8 PWh in 2013 to more
than 10 PWh in 2050. Furthermore, the main part of electricity would
be used for water electrolysis to produce hydrogen for Power-to-X
processes [13–15].
In this paper, a Power-to-X process is experimentally verified with a
modular and transportable pilot plant capable to produce renewable
liquid and solid hydrocarbons. The mass and energy balances of the
complete Power-to-X process are studied for the production of gaseous,
liquid, and solid hydrocarbons from solar energy, water and CO2 captured from ambient air. This is the first Power-to-X pilot plant in which
the complete process chain is in the same place. Each of pilot plant's
units—DAC, water electrolysis, and two-step synthesis—are experimentally studied. The experimental results, together with literature and
process simulations, are then used as a basis for improving the entire
system. Based on these improvements, a theoretical Power-to-X concept
plant is presented where the developed process concept focuses on the
energy and carbon efficiencies of the complete Power-to-X process.

amines. These sorbents capture CO2 by a chemisorption process
forming a carbamate ion or carbamic acid [17].
To collect the chemisorbed CO2 and regenerate the adsorbent, heat
and/or vacuum is applied. When both heat and vacuum is used, the
process is called temperature-vacuum swing adsorption (TVSA) process,
which allows the operation of the desorption at a lower temperature
(≤100 °C) compared to temperature-swing adsorption. This is an attractive option since low-quality heat can be used.
Research on the improvement of DAC extensively involves the development of adsorbent properties to increase the CO2 working capacity
[18]. Amine bearing polymers such as polyethylenimine (PEI) impregnated to supports have been widely used as the active compound
for CO2 capture applications [19–24]. Aminosilanes which are covalently bonded to supports have also been applied for DAC [25–29].
Metal organic frameworks have also been recently developed with reported capability to maintain working capacity even after exposure to
humid air [30].
In addition to sorbent development, the adsorption chamber design
and process control can be improved. First, the DAC systems require a
significant amount of air to meet the production requirement because of
the dilute concentration of CO2. Secondly, as DAC uses ambient air, the
need to control the process based on weather conditions is equally
important to optimize the energy consumption of the process.
2.2. PEM water electrolysis
In water electrolysis, electrical and thermal energy are converted
into chemical energy, which is stored as hydrogen, and oxygen is produced as a byproduct. According to Faraday's laws of electrolysis, the
production of hydrogen is directly proportional to the electric charge
transferred at the electrodes. The lowest voltage required for the water
decomposition to occur is called the reversible voltage. Without auxiliary heat, the minimum voltage required is higher than the reversible
voltage, i.e. the thermoneutral voltage level [31,32]. The reversible
voltage and thermoneutral voltage at standard ambient conditions are
1.23 V and 1.48 V, respectively. According to the thermoneutral voltage, the minimum energy required to produce 1 kg of hydrogen is
39.4 kWh, which is equal to the higher heating value (HHV) of hydrogen.
Polymer electrolyte membrane (PEM) water electrolysis has gained
interest due to its compact system design, reportedly superior dynamic
operation capability [13,33,34], and high voltage efficiency (< 82%
HHV) at greater current densities compared to the traditional alkaline
technology. The high cost of components and typically inferior lifetime
have been the main factors limiting the emergence of PEM technology
[35], although improved stack power density and high efficiency have

2. Fundamentals of the Power-to-X process
Renewable electricity from a solar PV power plant is used for DAC
of CO2, hydrogen production with water electrolysis, and two-step
synthesis process. CO2 and hydrogen are supplied to FT process to
produce gas, liquid and solid hydrocarbons as shown in Fig. 1. Fundamentals of each of the main units of the Power-to-X process are introduced in the following subsections.
2.1. Direct air capture of carbon dioxide
DAC is a technology for collecting CO2 from ambient air, where the
concentration of CO2 is orders of magnitude lower than that of point
sources such as flue gas and other industrial emissions. DAC uses a
medium (solid or liquid) that has an affinity to CO2. The medium is a
base which forms covalent bond with the partially acidic C atom of CO2
[16]. The most common medium for DAC is solid sorbents containing

Fig. 1. The main idea of the SOLETAIR Power-to-X process producing CO2 neutral hydrocarbons with renewable electricity.
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moved the technology into the MW-scale [36,37]. Commercial PEM
electrolyzers typically operate at current densities of 0.6–2.0 A cm−2
and at operating temperatures of 50–80 °C, while alkaline electrolyzers
operate at current densities of 0.2–0.4 A cm−2 [33]. The system cost for
PEM water electrolyzers has been reported to be almost two times of the
cost of traditional alkaline water electrolysis systems [34].

3.1. Direct air capture unit
Key specifications of the DAC unit used in this study are listed in
Table 1. Characterization and equilibrium performance of the adsorbent are presented in [45,46]. The DAC unit (developed and supplied by Hydrocell Oy) was instrumented for data collection, visualization, and analysis.
The operating principle of the DAC is shown in Fig. 3. Immersed in
the bed of adsorbent is a brush type heat exchanger, which is used to
heat the bed during the desorption step. Two beds are operated in
parallel, and they are subject to the same stage of operation simultaneously. There are four stages of the TVSA operation. The first stage of
operation is the adsorption process (Fig. 3a) that lasts for ca. 20 h. In
this stage, air is led through the column via a flow distribution plate to
maximize mass transfer. In the second stage (Fig. 3 b), the remaining air
(mainly O2 and N2) is removed using a two-stage vacuum pump. The
purging step is essential to achieve high-purity CO2 gas required for the
synthesis. Purging lasts for 15 min. The next stage in the operation is
the heating stage, and it lasts for 30 min (Fig. 3c). Warm glycol-water
mixture (20% ethylene glycol) from a 3 kW boiler is pumped to the
intra-bed heat exchanger to preheat the bed and desorb some gases in
preparation for the next step, shown in Fig. 3d. Finally, after the preheating stage, CO2 is collected from the bed through the product gas
line. The hot gases from the beds pass through an ambient-air-cooled
heat exchanger and a water trap (right water trap) before being sucked
by the product vacuum pump. Then, the product gas, which is mainly
CO2 at this point, passes again through the ambient-air-cooled heat
exchanger and another water trap (left water trap) for further cooling
and drying before being compressed. The product gas is stored in a gas
bundle (12×50 L) and a 50 L buffer tank.

2.3. Two-step synthesis
FT is a well-known technology for production of gas, liquid, and
solid hydrocarbons from synthesis gas, also named syngas. Syngas
contains a mixture of H2 and CO, and usually some CO2. The product
consists of a distribution of linear hydrocarbons of different carbon
numbers, which obey the Anderson–Schulz–Flory (ASF) distribution
[38]. The ASF distribution can be described using one parameter, the
chain-growth probability (α). The product distribution depends on the
operating conditions and the catalyst composition. FT is a highly exothermic reaction operated at high pressures (20–30 bar) and relatively
low temperatures (180–250 °C). FT catalysts perform with low activity
(Fe-based catalysts) or complete inactivity (Co-based catalysts) towards
CO2. Thus, CO-rich syngas is required as a feedstock of the FT. For that
reason, using CO2 as a carbon source requires a two-step process
combining production of CO from CO2 by reverse Water-Gas Shift
(rWGS) reaction and subsequent FT [39].
The rWGS is an endothermic reaction favorable at high temperatures (over 600 °C). The chemical equilibrium of rWGS is independent
on pressure, and product formation increases with increasing temperature. However, operating rWGS at a high pressure has its advantages and disadvantages. High pressure increases methane formation by methanation reactions, and even carbon formation by the
Boudouard reaction or other carbon formation reactions. On the other
hand, operating at a high pressure reduces the reactor size by increasing
the residence time of the reactants in the reactor and provides an option
of removing compression between the rWGS and the FT if both steps are
operated at the same pressure [40,41].

3.2. Hydrogen production unit
A hydrogen laboratory system manufactured by IRD Fuel Cells
(currently known as EWII Fuel Cells) is built in a standard shipping
container. The hydrogen production process in the laboratory setup is
the following: Inlet water to the electrolyzer is first deionized to decrease the conductivity of the supplied water. The commercial PEM
water electrolyzer E1050 (IRD) system, which is illustrated in Fig. 4 and
presented according to its technical specifications in Table 1, then decomposes the water into hydrogen and oxygen. The water electrolyzer
is powered by two PAP3200 DC power supplies (Powerfinn) connected
in parallel. The dew point of the outlet hydrogen gas is then decreased
in a hydrogen gas drying unit (IRD) to −70 °C to prepare it for outdoor
storage in Nordic conditions. The total volume of the pressurized hydrogen gas storage is 700 L. Both the hydrogen and oxygen gas outlet
pressures are controlled by back-pressure valves. The designed pressure
levels of the E1050 electrolyzer for hydrogen and oxygen gases are
50 bar and 2 bar, respectively.
Operating temperature, water inlet pressure, water conductivity and
flow, hydrogen outlet pressure, stack voltage, stack current and

3. Description of the SOLETAIR pilot plant
The pilot plant was located at the premises of Lappeenranta
University of Technology (LUT) in the summer of 2017. The pilot plant
consisted of four parts; a 206.5 kWp solar PV power plant [42], a DAC
unit, a hydrogen production unit [43], and a two-step synthesis unit.
However, the production capacities for H2 and DAC were lower than
the feed requirement of the synthesis unit. For that reason, a gas container was used for co-feeding of CO and H2. Furthermore, electricity
from the grid was used to run the electrolysis in the night-time as no
electric battery unit was integrated into the system—the carbon intensity of grid electricity in Finland is 0.2 kg kWh−1 [44]. Technical
specifications of the pilot plant are presented in Table 1. The key seacontainer-installation units of the pilot plant (DAC, hydrogen production, and mobile synthesis) are illustrated in Fig. 2.

Table 1
Technical specifications of the DAC unit, electrolysis unit, and the two-step synthesis unit with the most relevant values.
DAC unit
Rated CO2 production
Max. air flow
Air temp. for blowers
Vacuum (desorption, min)
Max. water temp.
Cartridge content
Number of cartridge/bed
Mass of adsorbent/cartrigde
Temp. of operation
Pressure (adsorption)

Water electrolysis unit
3800 g d−1
1500 m3 h−1
−40–80 °C
5 mbar
100 °C
Amine-funct. polymer resin
8
30 kg
ambient to 90 °C
1.005 bar

Hydrogen production rate
Nominal stack power
Nominal voltage
Nominal current
Operating temp.
Number of cells in series
Cell cross-sectional area
Hydrogen purity
Hydrogen pressure
Oxygen pressure

237

Two-step synthesis unit
90 g h−1
4.5 kW
64 V
70 A
70 °C
33
69 cm2
> 99.995%
15–50 bar
1.5–2.5 bar

Preheater rWGS temp.
rWGS temp.
rWGS pressure
Condenser rWGS temp.
Compression ratio
Preheater FT
FT temp.
FT pressure
Hot trap temp.
Cold trap temp.

max. 450 °C
850 °C
1–5 bar
0–5 °C
5–10
200 °C
200–250 °C
20–30 bar
165–170 °C
5–10 °C
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Fig. 2. SOLETAIR pilot site.

Fig. 3. Stages of TVSA operation of the DAC unit. (a) Adsorption. (b) Purging. (c) Heating. (d) Desorption.

individual cell voltages are measured by the IRD's measurement system.
An additional data acquisition system (National Instruments) was
added to support the existing monitoring system.

the top and bottom of the catalyst bed. The reactor could be operated at
a maximum of 850 °C and 10 bar due to the limitations of the construction material of the reactor. The reactor operating conditions are
kept constant during the test campaigns at 850 °C at the outlet of the
catalyst bed, and 4 bar pressure. The feed gas for the rWGS is
0.6–0.8 L min−1 of CO2, 1.2–1.6 L min−1 of H2 and 0.11–0.15 L min−1
of N2. Nitrogen is added for gas analysis purposes. The feed gas composition for the rWGS is adjusted to produce an outlet gas composition
of the rWGS with a H2/CO ratio ≈ 2.1 matching the requirements of
the FT process. The gas feedstock for rWGS was kept constant during
the test campaign as long as possible. An air-driven piston compressor
compresses the syngas produced by the rWGS from 4 bar to over 20 bar
(operating pressure of the FT reactor).
The FT is performed using an industrial cobalt-based catalyst in a
plate-type microstructured heat exchanger reactor cooled by highpressure boiling water. The reactor is dimensioned for inlet flow rates
up to 2 N m3 h−1 of CO and 4 N m3 h−1 of H2. However, FT module
employs only 1 N m3 h−1 of CO and 2 N m3 h−1 of H2 for the test

3.3. Mobile synthesis unit for the two-step process
The mobile synthesis unit is a multi-purpose container-size demonstration unit. The two-step process, illustrated in Fig. 5 , consists of
a rWGS module (VTT) and a FT micro-structured heat exchanger reactor (INERATEC). A summary of the specifications of this setup are
presented in Table 1.
The rWGS reaction is performed in a fire-proof steel tubular reactor
filled with metallic monoliths of 20 mm in diameter coated with precious metal catalyst. The reactor is dimensioned for CO2 inlet flow rate
of 2 N L min−1 based on the maximum CO2 production capacity of the
DAC unit. The tubular reactor is heated externally by an electric oven.
The gas mixture is externally electrically preheated to temperatures up
to 450 °C before entering the reactor. Two thermocouples are placed at
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Fig. 4. Simplified process flow diagram of the H2 production system.

4. Results and discussion

campaigns of this work. Owing to the limitations of the CO2 production
from the DAC unit and H2 production from the PEM electrolysis unit,
the FT module requires co-feeding of stored bundles of both CO and H2
1
to match the continuous feed requirements (1 N m3 h CO
and
2 N m3 h H12 ). These bundle gases of CO and H2 (AGA) have a gas quality
of 99.8% and 99.95%, respectively. The FT reactor is operated at
230–240 °C and ca. 20 bar. After the FT reactor, the products are separated by condensation at different temperatures (Fig. 5). First, the
“solid” product is condensed in a hot trap at a temperature around
165–170 °C. Then, the liquid product is condensed in a cold trap at a
temperature of 5–10 °C. This liquid product is formed by an aqueous
phase and an oil phase. The rest of FT products and unreacted gases are
vented into the atmosphere during the tests. Part of this gas is used for
online analysis purposes. The conversion of the reactants and the FT gas
product composition are calculated using an online gas chromatograph.
The composition of the solid and liquid products are analyzed a posteriori by gas chromatography. The liquid product is analyzed as such
while the solid product is dissolved in cyclohexane.

4.1. Experimental results
The test campaigns of this study were performed in summer during
weeks 24, 26, 28, and 32 of 2017. The FT process was set to emphasize
wax production for demonstration purposes. The units were operated
simultaneously during these four test campaigns. The exact duration of
the test campaigns varied as explained in the following subsections. The
main objective of these test campaigns was proving the concept and
gaining operational experience by running the system continuously
during the test week. Further, the overall operation and energy balance
of the bench-scale plant are analyzed.
4.1.1. CO2 capture from air
Adsorption began immediately after the desorption period of the
previous cycle, which is illustrated in Fig. 6. Introducing ambient air
(400 ppm with very minor variations in concentration) to the hot bed
increases the CO2 concentration, temperature and humidity of the air
leaving the beds. After about 1 h, the CO2 concentration at the inlet and

Fig. 5. Simplified process flow diagram of the mobile synthesis unit.
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Fig. 6. CO2 and temperature at the inlet and outlet of beds 3 and 4. (a) CO2 concentration. (b) Temperature.

outlet were equal, which signified the actual start of CO2 adsorption.
During the first 3 h of the adsorption, the CO2 concentration of the
exiting air could decrease as low as 100 ppm for all the beds. As the
adsorption continued, the CO2 concentration at the exit started to increase and approached the inlet concentration indicating saturation of
the bed. During the adsorption process, the pressure drop across the bed
is 400 mbar. At the start of the heating process, warm liquid entered the
intra-bed heat exchanger at around 80 °C and left at 55 °C. The bed was
at ambient temperature. At the start of the desorption period, the bed
and the liquid leaving the bed were almost at the same temperature and
were rising at a rate of 0.25 °C min−1 until the inlet temperature
reached about 90 °C. The 90 °C limit was set to protect the adsorbents
from excessive heating, which may degrade the material. Thirty minutes before the desorption ended, the temperature of the bed and the
liquid inlet/outlet point dropped abruptly as a result of heating the next
bed pairs. The desorbing beds are in parallel with the beds being heated. The heating power of the boiler is shared between the two bed
sets. At the end of the desorption, the bed temperature rapidly cooled
down as a result of blowing cooler ambient air directly to the bed.
Fig. 7 also shows the waste and product vacuum line pressure in the
production phase. During the purging step, the bed was closed and
waste gases were removed by vacuuming down to 50 mbar(abs). The
bed vacuum pressure is presented as the product vacuum line. The
purging step was performed isothermally and thus, only pressure was
changed. As reported elsewhere, the effect of pressure in the desorption
of CO2 is much less significant than the effect of temperature [45]. For
this reason, the loss of CO2 during the purging step was considered
insignificant. Over the desorption period, the vacuum pressure was
between 100 mbar(abs) and 200 mbar(abs). The current setup could not
maintain an isobaric condition during the vacuum operation because of
problems in the product gas compressor operation. As a result, there
was significant variation in the amount of CO2 and water produced (see

Table 2
Daily production data, energy usage, and product gas quality of the DAC during
the SOLETAIR campaign periods. Some test days were excluded from the
analysis due to missing data when the logging system was not running.
Stat. (–)

CO2
prod.
(g)

H2O
prod.
(g)

Eused
(kWh)

Especific

1
(kWh kg CO
2)

CO2
(vol%)

H2O
(vol%)

O2
(vol%)

min
max
mean, μ
std. dev., σ
σ/μ

729
2749
1564
549
0.35

1493
4770
2954
939
0.32

27.5
41.8
36.9
4.4
0.12

15.0
49.0
26.4
10.5
0.40

93.85
100
98.55
0.70
0.007

0.12
1.17
0.58
0.23
0.40

0
1.59
0.3
0.23
0.74

Table 3
Quality of the water from the DAC and the water fed to the electrolyzer.
Sample

Total
carbon
(mg L−1)

Total
nitrogen
(mg L−1)

NH4
(mg L−1)

pH (–)

Conductivity
(μS cm−1)

DAC water
Electrolysis
water

119
6

101
0

113.7
< 0.05

7.59
5.27

679.5
2.222

Table 2). From the production data, the mean molar ratio was 4.6. The
quality of DAC produced water is compared to the deionized water
supplied to the PEM water electrolyzer in Table 3.
The CO2 gas quality during the test campaign is given in Table 2.
The medians of CO2 concentrations were all above 97 vol-% in all test
campaigns. The equilibrium working capacity of the adsorbent (moles
of CO2 per kilogram of adsorbent) is reported elsewhere [45]. Due to
the large variation in CO2 production in this device, it is difficult to
provide a meaningful comparison between the equilibrium working

Fig. 7. Key temperature and vacuum pressure measured for Bed 4 during the production phase. r is the radial distance from the center of the bed. The radius of a bed
is 500 mm. (a) Temperature. (b) Vacuum pressure.
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capacity reported in [45]. In a test campaign, the collected CO2 gas was
fed straight to the rWGS reactor of the two-step synthesis process
without further purification.
The power consumption of the DAC had two distinct regions. The
low power usage region, which lasted for ca. 15 h with a power usage of
0.6 kW, occurred when the fans were the only power-consuming devices during the adsorption period. Then, the high power usage region,
which lasted for approx. 9 h with an average power usage of 4 kW,
occurred for the desorption period when the boiler was running and
was consuming most of the power.
The total energy used per cycle is calculated from power data.
Unlike the CO2 production, the energy used per cycle does not vary
significantly (see Table 2) because the operation schedule is almost
constant for all the test runs. There were instances during the production operation when the boiler temperature had reached 90 °C and
caused the boiler to turn off for about 30 min; this caused the variability
in total energy consumption of the cycle.
The electrical requirement is for driving the fans, vacuuming, product compression, data logging setup, and heating the liquid pump. On
average, 57.8% of the specific energy requirement is for the thermal
requirement, the rest is for the electrical requirement. The average total
1
energy consumption is 26.4 kWh kg CO
, which is an order of magnitude
2
higher compared to the energy requirements of Climeworks DAC unit.
1
Climeworks state an energy requirement of 1.8–2.45 kWh kg CO
(data
2
obtained by request through Climeworks webpage [47]). However, if
the amount of CO2 reaches the designed production capacity of 3.8 kg/
cycle by improving the mechanical components of the DAC, the specific
energy requirement can be lowered to 9.7 kWh kg−1 (based on the
mean energy used in Table 2). The production levels of this DAC
compared to Climeworks are orders of magnitude different. The high
energy requirements of the experimental results was attributed to the
losses generated by the relatively small system of the DAC unit where
heat losses and compression and vacuum power become very significant.

stack voltage increases from 60.26 V to 60.63 V over the test campaign
weeks. The stack voltage increase can be explained by the increasing
trend of the inlet water conductivity. The average stack specific energy
consumption was 49 kWh kg H12 assuming unity Faraday efficiency.
However, if Faraday efficiency is considered, the stack specific energy
consumption increases further. The Faraday efficiency of the studied
PEM water electrolyzer at 40 bar has been identified as ≥95% in
nominal operation in [43]. With an assumed Faraday efficiency of 95%,
the stack specific energy consumption increases from 49 kWh kg H12 to
51 kWh kg H12 . Additional losses in the hydrogen production system are
caused by the hydrogen gas drying unit (average 2.1 kWh kg H12 in
nominal operation) and the small-scale DC power supplies of the PEM
water electrolyzer.
The energy needed for the water electrolysis is mainly consumed by
the PEM stack converting around 80% of the supplied electrical energy
into the chemical energy of the hydrogen gas. In the studied system, the
efficiency of the DC power source supplying the electrolyzer stack is
only around 90%, but the rectifiers used on the industrial scale may
reach an efficiency higher than 97%.
4.1.3. Two-step synthesis
The performance of the rWGS reactor was checked every test
campaign. The temperature at the bottom of the catalyst bed and
pressure of the reactor remained constant during operation with values
of 808 °C and 4 bar. The CO2 and H2 conversions also remained unchanged throughout steady operation with values of 63% and 34%,
respectively. The products were mainly CO and H2O, but some methane
was formed as a side product. The yields of CO and CH4 were 61.7%
and 1.3%, respectively.
The performance of the FT reactor was continuously measured
during each of the test campaigns. Fig. 8 a shows the CO conversion
over time of each of the campaigns from the start of the campaign. The
H2 conversion was always slightly lower compared to CO conversion
due to the slightly over stoichiometric composition of the gas feedstock
of the FT reactor with H2/CO ratio of ca. 2.1. This over stoichiometric
composition was chosen in order to avoid carbon formation in the FT
reactor. For instance, H2 conversion was 58.5% when CO conversion
was 60.3%. These conversion values were quite representative of the FT
process performance [48]. Using these values, the overall CO2 and H2
conversions after the rWGS and FT steps were 38% and 72.6%, respectively. Nevertheless, Fig. 8a shows a decline in the catalytic activity
of the FT catalyst, which seemed to stabilize after long periods of operation. This initial loss of activity was attributed to the increasing mass
transfer limitations on the catalyst surface resulting from the formation
and accumulation of the heavier fraction of the FT products in the reactor.
The rate of product formation also decreased over time for all the
products as a consequence of the decrease in the CO conversion.
However, the ratio between wax and oil formation rate increased over
time. This indicated an increase in the average molecular weight of the
products from the FT reactor, and thus, an increase in the average alpha
value of the product distribution. This effect could be due to the accumulation of waxes in the reactor at the beginning of operation that
stabilizes over time.

4.1.2. Hydrogen production
The PEM water electrolysis system presented in Section 3 is smaller
in hydrogen production capacity than the FT synthesis in terms of hydrogen consumption. Therefore, the PEM water electrolyser was set to
operate at its nominal production capacity of 1 N m3 h−1 (90 g h−1)
throughout the test campaigns. Partial load operation was not considered, since hydrogen production had to be maximized. The hydrogen
stack outlet pressure was controlled down to 40 bar, while the pressure
level in the synthesis process was controlled to 20 bar. The designed
hydrogen stack outlet pressure of 50 bar was not selected to ensure
continuous operation. The higher pressure from the water electrolyser
ensured that the hydrogen production could operate continuously even
if the synthesis process would stop for an extended period of time, as
the PEM water electrolyzer is set to automatically shut down if the
storage pressure meets the hydrogen stack outlet pressure. The oxygen
stack outlet pressure was controlled to the nominal 2 bar. The water
electrolyser stack was water cooled to 71 °C.
The continuous run times and key mean measurement results from
the PEM water electrolysis system are presented in Table 4. The mean

Table 4
Continuous system runtime and mean values of stack voltage, stack current, and stack inlet water conductivity as well as the produced hydrogen, stack energy
consumption, and stack specific energy consumption from the hydrogen production system for each test campaign week. H2 outlet pressure was controlled to 40 bar,
O2 outlet pressure to 2 bar, and stack temperature to 71 °C in all test campaigns.
Week (–)

t (h)

Ustack (V)

Istack (A)

σ (μS cm−1)

H2 prod. (kg)

Estack (kWh)

Es,stack (kWh kg H21 )

24
26
28
32

72.72
95.13
100.72
94.00

60.26
60.39
60.53
60.63

70.20
70.23
70.21
70.23

1.98
2.04
2.37
3.12

6.31
8.25
8.74
8.16

307.6
403.5
428.0
400.4

48.8
48.9
49
49.1
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Fig. 8. Measurements of FT synthesis. (a) CO conversion over time for each test campaign. (b) Molar fraction of the components contained in the sum of oil and wax
products, and ASF distributions.

Fig. 8b shows the molar fraction of each component taking into
account its amount in the oil and wax product. This chart also shows the
slopes of the ASF distributions for alpha values of 0.875 and 0.935. The
slope of the FT product with a lower carbon number (< C27) resembles
to the ASF distribution where alpha is 0.875. However, the slope of the
distribution switches at values C27–C30. The C30+ distribution resembles to an ASF distribution with an alpha value equal to 0.935. This
kind of deviation of a product distribution combining two different
alpha values has also been observed in the literature [38,49]. The oil
product contained hydrocarbons ranging mainly from C4 to C14
(91.1 mass-%). However, it also contained a small amount of propane
(1.5 mass-%) and quite a significant amount of C15+ (7.4 mass-%). This
analysis clearly showed that the oil phase easily dissolved propane and
butane, which otherwise should be gas in ambient conditions. The oil
product contained mainly paraffinic hydrocarbons but also small
quantities of α-olefins and alcohols. The wax product contained an even
wider range of hydrocarbons from C11 to C38 (84.8 mass-%). It also
contained < C11 (2.5 mass-%) and a significant amount of C39+
(12.7 mass-%). The wax product was also mainly formed of paraffinic
hydrocarbons with traces of olefins. Further, the aqueous phase produced in the FT reactor contained significant amounts of linear alcohols
with a chain length up to octanol. Thus, this aqueous phase would require purification before reuse in the system or to be released into the
environment.

4.1.4. Overall results
Fig. 9 shows the simplified diagram of the SOLETAIR pilot plant
with the most relevant energy and material input and output streams
for each unit during the first day of production on week 32. In the case
of the two-step synthesis unit, the value of the electric power input was
estimated based on the heat duty of the feed gas heaters and the rWGS
reactor, and the duty of the compressor (Fig. 5). The duty of the piston
compressor was calculated using an isentropic efficiency of 0.85 [50].
The two heat outputs correspond to the heat of the reaction from the FT
reactor, and the rest of heat sources, which are the condenser and the
gas cooling units. All the heat duties and the compressor duty were
calculated by simulation in Aspen Plus.
In the SOLETAIR pilot plant, only 30.8% of the hydrogen is bound
into the end products (including FT gas). Most of the hydrogen forms
water together with oxygen in the rWGS and the FT. Moreover, a significant part of the hydrogen travels non-reacting through the synthesis
process owing to the conversion limitation of each step of the two-step
process. This also affects the energy efficiency of the process as hydrogen is the main energy carrier. 59.5% of the carbon ends up in the
FT products. This carbon conversion number reduces to 38% when only
the carbon contained in the CO2 from the DAC is considered. The
carbon efficiency is equal to the overall CO2 conversion of the two-step
synthesis by rWGS and FT. This is also due to the conversion limitation
of the two-step process. A significant loss in the process is the chemical
energy contained in the vented gases containing unreacted H2 and CO,
and FT gases. Therefore, recirculation of unreacted gases into the

Fig. 9. Simplified diagram of the SOLETAIR pilot plant including mass and energy flow streams based on production during the first day of operation on week 32.
*Gas containing both the FT gas product and unreacted H2, CO, and CO2.
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process is essential in increasing the overall carbon utilization.

Another limitation of the two-step synthesis process is the compression between the two steps of the process. Hydrogen can be generated at a high pressure by the PEM electrolyzer (up to 50 bar). In the
experimental setup, the pressure of the hydrogen was reduced to 4 bar
in the rWGS step. Then, the syngas mixture after the rWGS reactor was
compressed to the FT operating pressure (20 bar). Thus, operating the
rWGS/CPO reactor at the same pressure as the FT reactor can save the
energy used for compression of the syngas between the two steps.
Temperature of the rWGS/CPO reactor also has to be increased in order
to minimize the formation of methane, which is thermodynamically
unfavorable at high temperatures.
Furthermore, the DAC uses the excess heat of the synthesis unit and
the water electrolysis. The DAC uses all of the heat from the synthesis
unit that is above 80 °C, and part of the heat generated by the PEM stack
to cover the heat requirement of the DAC process. However, 79% of the
PEM stack excess heat remains unused, and it could be used for other
processes that require low temperature heat. On the other hand, the
electrolyzer excess heat could also be used for DAC if the higher temperature heat from the synthesis can be used in external processes. This
exchange of thermal energy provides versatility depending on the location of the Power-to-X plant.
The water consumption of the electrolyzer could be further reduced
by utilizing the water collected in the DAC and the FT, albeit with some
limitations. The water collected after the rWGS/CPO step is used to cofeed the electrolyzer to reduce its water consumption. Therefore, 10%
of the water requirement for the hydrogen production unit is covered
by water recirculation. The amount of water captured by the DAC is
heavily dependent on the ambient conditions of humidity. However,
the water captured by DAC should be further analyzed to understand
the required water purification steps before PEM water electrolysis.
Direct use of the DAC water is not reasonable due to the impurities as
presented in Table 3. The FT aqueous phase includes significant amount
of alcohols in its composition that range from methanol to octanol.
These alcohols could accelerate the degradation of the PEM electrolyzer
cells, and thus, these should be cleaned out.

4.2. Theoretical Power-to-X plant
The pilot plant described in Section 3 was far from optimal for
several reasons. First, the process inside each unit was not optimized,
and there was room for improvement in all units. The overall efficiency
of the process could also be improved by integrating energy and mass
flows between the units. Second, there was a clear mismatch of production capacities between the units because they were not sized only
for the purposes of this study. Finally, these container-sized units constituted a relatively small-scale system. Therefore, the heat losses and
peripheral equipment generated significant energy loss compared with
the overall energy balance. For these reasons, a study of an improved
Power-to-X plant was required to get a clear picture of its potential and
limitations. The process concept development addressed the issues of
the Power-to-X pilot plant and aimed at maximizing the carbon and
energy efficiency of each unit and the overall Power-to-X process during
continuous operation.
4.2.1. System improvement
Several improvements have been made to this theoretical configuration over the SOLETAIR Power-to-X pilot plant. The improvements
for DAC and water electrolysis are based both on experimental results
and literature. In the case of the two-step synthesis, the improvements
are also supported with simulations of an enhanced two-step synthesis
process using the Aspen Plus software.
The limitations in CO2 and CO conversions can be overcome by
recirculation of unreacted gases back to the first step of the two-step
synthesis process. However, the gas effluent from product condensation
after the FT reactor contains a significant amount of light hydrocarbons
that have to be decomposed to form H2 and CO again, as well as unreacted CO2, CO, and H2. Furthermore, these light hydrocarbons are
more prone to form carbon at high temperatures than CO2 and CO. This
carbon can cause problems of fouling and clogging in the reactor. One
solution for this problem is the catalytic partial oxidation (CPO) by
addition of oxygen to the mixture of recirculated gas and “fresh” H2 and
CO2 feed. The addition of oxygen together with the make-up gas and
recirculation gas will help in decomposing the light hydrocarbons and
avoiding carbon formation by increasing the O/C ratio in the feedstock
of the first step of the process. Now, this first step is called the rWGS/
CPO step because it includes both the rWGS reaction and CPO reactions
of light hydrocarbons. However, pure O2 has to be used in order to
avoid dilution of the gas mixture with inert components such as the N2
contained in the air. Thus, the O2 effluent from water electrolysis is a
potential source of pure O2 for the new two-step process. However,
most of the generated electrolytic oxygen would be unused and vented
to the atmosphere or used for other external processes.

4.2.2. Results
The theoretical Power-to-X plant is sized for a PEM electrolyzer
stack of 1 MW. This process concept maximizes the overall carbon and
energy efficiencies of the system. Special attention is paid to the use of
excess heat and water supply between the units. The energy consumption of peripheral equipment (including civil and industrial areas)
of the plant such as control systems or other instrumentation is neglected in the calculations.
Fig. 10 shows a simplified diagram of the theoretical Power-to-X
plant sized for a PEM electrolyzer stack of 1 MW. This diagram shows
the connections of the energy and material streams between units. A
summary of the main technical specifications for each unit of the

Fig. 10. Simplified diagram of the theoretical Power-to-X plant including mass and energy flow streams. *Purged gas containing unreacted H2, CO, and CO2.
243

Journal of CO₂ Utilization 28 (2018) 235–246

F.V. Vázquez et al.

Table 5
Technical specification of each unit in the theoretical Power-to-X plant.
DAC unit

Water electrolysis unit

CO2 production
Air flow
Blower el. power
Heat power requirement
Type of adsorbent
Operating temp.
Water prod.

−1

136 kg h
4.85 × 105 N m3 h−1
51 kW
238 kW
Amine-based ads. into monoliths
Ambient to 100 °C
236 kg h−1

H2 production
O2 production
Water consumption
Nominal stack power
Heat power prod.
Operating temp.
H2 & O2 pressure

Synthesis unit
−1

20.3 kg h
163 kg h−1
589 kg h−1
1 MW
193 kW
71 °C
20 bar

rWGS/CPO temp.
rWGS/CPO pressure
Oxygen requirement
FT temp.
FT pressure
Total heat power prod.
Hot trap temp.
Cold trap temp.
Purged gas
FT oil production
FT wax production
FT aq. phase
rWGS/CPOx water prod.
Recycle compressor

980–1000 °C
20 bar
12 kg h−1
230–240 °C
20 bar
235 kW
170 °C
5 °C
6.2 kg h−1
17 kg h−1
24 kg h−1
60 kg h−1
60 kg h−1
0.32 kW

Fig. 11. Sankey diagrams for the overall mass and energy balances of the theoretical Power-to-X plant with 1 MW electrolyzer stack input power. (a) Hydrogen mass
balance (% of 20.3 kg h−1). (b) Carbon mass balance (% of 37.1 kg h−1). (c) Energy balance (% of 1140 kW).

theoretical Power-to-X plant are presented in Table 5.
Fig. 11 presents the Sankey diagrams for the energy and mass balances of the theoretical Power-to-X plant. As can be seen in Fig. 11b,
95% of the carbon supplied by the DAC ends up as FT products including gases. The carbon efficiency is calculated from
C

=

mC,in

mC in CO2,out
mC,in

hydrocarbons as the final products. Only 32% of the H2 produced by
electrolysis is “stored” in the FT products (Fig. 11a). The rest of H2 is
contained in the water formed in the rWGS/CPO and FT steps. Each
molecule of CO2 requires two molecules of H2 to get rid of the oxygen
atoms. Thus, the maximum percentage of H2 that could be “stored” in
the product would be 33.3%. The hydrogen losses are due to the extra
oxygen added for the CPO reactions and the H2 purged with the rest of
purged gases. For that reason, approximately two-thirds of the H2 actually end up forming water. However, the overall energy efficiency of
the Power-to-X plant is 50% considering all the FT products, and thus,
over half of the electrical energy harvested by the PV power plant

mC in CO,out
(1)

where mC,in is the mass of total carbon supplied, mCinCO2,out the mass of
carbon in unused CO2, and mCinCO,out the mass of carbon in unused CO
in the process. The carbon efficiency is 94% considering liquid and wax
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would end up in the FT products. The energy loss due to CPO reactions
is approx. 5% of the total energy input. The overall energy efficiency
reduces to 47% when only FT oil and wax are considered as final
products. The overall energy efficiency of the PtX plant is calculated
from
E

=

EFToil + EFTwax
Eelectrolyzer + EDAC + Esynthesis

in the FT products. The overall energy efficiency of the theoretical
Power-to-X plant is 47% considering liquid and wax hydrocarbons as
final products.
Future studies include measurement and weather forecast based
DAC process control and system integration of Power-to-X systems into
office buildings. Intelligent control of Power-to-X systems requires
studying the dynamic behavior of the Power-to-X system units and the
required energy and gas storages allowing off-grid operation.

(2)

where EFToil is the chemical energy in the FT oil products, EFTwax the
chemical energy in the FT wax products, Eelectrolyzer the electrical energy consumption of the PEM electrolyzer system, EDAC the electrical
energy consumption of the DAC, and Esynthesis the electrical energy
consumption of the two-step synthesis.
The total average electrical power consumption of the theoretical
Power-to-X plant is about 1.14 MW. This electric power is mainly used
for electrolysis (1 MW) but also for power electronics (losses) and other
auxiliary devices of the H2 production unit (76 kW), for the air blowers
of the DAC unit (51 kW), and for the compressors of the synthesis unit
(12.6 kW). Thus, the power for running the air blowers for the DAC
represents less than the 3% of the total energy consumption of the
plant. The synthesis unit also includes a two-stage compressor to increase the pressure of the CO2 from the DAC from atmospheric to
20 bar. Considering all these power consumptions, the annual energy
consumption of the plant is 9 GWh. The annual solar PV plant production exceeds 2000 kWh/kWp in the locations in the world where the
annual solar radiation is at highest [51]. Under this assumption and
assuming that this plant would be powered only by solar energy, the
estimated solar PV panel area needed for this theoretical plant would be
2.6 ha. If the plant is driven solely on solar power, a battery energy
storage is needed to compensate for variation in daily radiation. If the
plant is constantly consuming the nominal power, the battery energy
storage capacity should be in the range of 13 MWh. However, by optimizing the plant for variable energy production by adding a hydrogen
intermediate storage, overrating the water electrolyzer, and applying
an intelligent plant control, the energy storage capacity could be significantly decreased. Further dynamic operation studies and process
optimization are required to optimally dimension the battery and intermediate gas storages.
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Introduction
In 2050, the main proportion of the electricity produced in the
EU area may be used for water electrolysis to produce
hydrogen, which is used as a raw material of the synthesis to
produce both net CO2 free chemicals and fuels for transportation and seasonal energy storages [1]. The main idea of
the net CO2 free Power-to-X concept based on renewable energy sources is shown in Fig. 1 [2,3].
Hydrogen produced by water electrolysis and consumed by
fuel cells is suggested to be used as an energy storage in the
electric grid for example in Ref. [4], although the round-trip
efficiency is reported to be inversely proportional to the
power density and the capex effectiveness in Ref. [5]. As the

distributed production of wind and solar power provides a
sustainable and cost-effective solution for electricity generation [6,7], grid-connected water electrolyzers can also
contribute to electric grid services, such as inertia and frequency control, by executing controlled power consumption
[8e10].
As an example of the DC voltage and current levels in MWscale electrolyzers, the Power-to-Gas plant by ETOGAS in
Werlte, Germany, applies three 2 MW alkaline water electrolyzers, whose nominal input voltage is 250 V and current
9000 A [11]. Owing to the requirement for high DC currents,
the rectifiers in conventional industrial water electrolyzers are
typically based on thyristors and diodes [12]. The use of passive filters, especially on the MW scale, can be unfavorable
because of the high-amplitude and low-frequency harmonics
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Fig. 1 e Net CO2 free Power-to-X system is solely based on
renewable energy sources.

introduced by the rectification. Application of more modern
power electronic converters may be beneficial, but would
require modular conversion structures to share the supplied
currents to suitable levels for semiconductors using forced
commutation, such as an insulated-gate bipolar transistor.
Thorough investigation of the effect of electric conditioning
on water electrolysis systems is yet to be conducted.
Power-hardware-in-loop (PHIL) simulation enables testing
of power devices under actual load conditions. PHIL simulation
applications vary from testing of large electrical motors to
renewable energy systems including smart grid [13e15]. PHIL
simulation of electrolyzer systems provides an economically
feasible, safe, and flexible method to examine various power
electronic converters supplying the water electrolyzer on an
industrial scale. The losses of the converter can be measured
under actual load conditions, but the emulation of hydrogen
production eliminates the hydrogen safety aspects from the
experimental tests, since only electrical energy is transferred
through the PHIL simulator; no hydrogen is produced, handled,
or stored. PHIL simulation enables emulating of distinct electrolyzer technologies and sizes without costly hardware
changes. Further, the output voltage and current waveforms of
the converter can be measured to study the effect of the converter selection on the specific energy consumption of the
electrolyzer stack, varying as a function of DC current quality.
The output voltage of the water electrolyzer power supply
can be set to a constant value or the voltage can be adjusted in
real time based on the power reference from the upper-level
grid control. The power control can, for example, limit the
power to support the grid stability control or maximize the
hydrogen production of the renewable power sources. The
power supply can be diode, thyristor, or transistor based with
their distinct output voltage waveforms. The water electrolysis
PHIL simulator adapts the current to the voltage value of the
electrolyzer interface and gives information of the electrolysis
process according to the electrolyzer model. Among the most
relevant information are the electric power consumed and the
hydrogen, oxygen, and waste heat produced.
Hydrogen production emulation concepts have previously
been proposed on a smaller scale to assess operation with
renewable energy sources, for example in Refs. [16e18], but no
electrolyzer emulators on the power scale of tens of kilowatts
have been reported in the literature so far. Most of the PHIL

systems found in the literature are based on DC/DC converters
or DC power sources with powers not more than 1 kW [19,20],
but the aim is towards higher power levels [21].
In Ref. [22] the 405 A power-hardware-in-loop simulator,
further studied in this paper, is introduced, and the dynamics
of the simulator is found out to be adequate to emulate electrolytic hydrogen production with any of the main water
electrolysis technologies. In this paper, an electrochemical
stack model of a proton exchange membrane (PEM) electrolyzer is introduced and implemented into the PHIL simulator.
The main advantages of the proposed PHIL simulator over the
previous work are: 1. The power of the electrolyzer PHIL
simulator is significantly higher than reported in the literature. 2. The dynamics and efficiency of the industrial-scale
electrolyzer supply electronics can be studied in actual load
conditions. 3. The commercial converters make the proposed
PHIL simulator a robust and cost-effective solution for electrolyzer emulation. 4. The PHIL simulator allows emulation of
any water electrolyzer type or any other DC load without
hardware changes.
This paper is organized as follows. The fundamentals of
water electrolysis and the operation principle of PEM water
electrolysis is introduced in Section PEM water electrolysis.
The PEM water electrolyzer and a PHIL simulator used for
experimental tests are presented in Section Experimental test
setup. An electrochemical model for a PEM stack is introduced
and discussed in Section PEM electrolyzer modeling. Section
Experimental verification includes the experimental results of
emulating the operation of a PEM electrolyzer with the PHIL
simulator. The PHIL simulator is supplied with the measured
voltage waveform of a commercial PEM electrolyzer following
the measured solar photovoltaic (PV) output power. The
simulated current consumption and hydrogen production
results are compared with the measured values. Finally, Section Conclusions concludes the paper.

PEM water electrolysis
There are three main water electrolysis technologies available; 1) alkaline, 2) PEM, and 3) solid oxide electrolyte (SOE)
water electrolysis. Alkaline water electrolysis is the conventional and the most mature technology of the three and accounts for the majority of installed water electrolysis capacity
worldwide [23]. The PEM technology has been gaining interest
owing to its compact system design, reportedly superior dynamic operation capability, high hydrogen purity, and high
efficiency at higher current densities compared with alkaline
electrolysis [24,25]. PEM water electrolyzers have been associated with inferior system durability and a higher system
price compared with the conventional alkaline technology
[24], but recently, also the PEM technology has reached the
MW scale [26,27]. The SOE technology is still in the R&D stage,
and it is actually a steam electrolyzer [28].
The principle of water electrolysis is to pass a direct current
between two electrodes in order to decompose water into
hydrogen and oxygen. According to the Faraday's laws of
electrolysis, the production of hydrogen is directly proportional to the electric charge transferred at the electrodes, in
other words, the mean value of the current flowing through

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 2 ( 2 0 1 7 ) 1 0 7 7 5 e1 0 7 8 4

10777

the electrolyzer stack. The hydrogen production rate (mol s1)
of a single electrolytic cell can be expressed as
fH2 ¼ hF

icell Acell
;
zF

(1)

where z (for hydrogen, z ¼ 2) is the number of moles of electrons transferred in the reaction, F is the Faraday constant
(9.6485  104 C mol1), icell is the current density (A cm2), Acell
is the effective cell area (cm2), and hF is the Faraday efficiency,
also known as the current efficiency. The energy required for
the reaction to take place is the enthalpy of formation of water
DH. Only the free energy of this reaction, the Gibbs free energy
change DG, has to be supplied to the electrodes in the form of
electrical energy. The lowest voltage required for the water
decomposition to occur is called the reversible voltage Urev.
Without auxiliary heat, the minimum voltage required is
higher than the reversible voltage. A designation “thermoneutral voltage” Utn is often used in the literature for this higher
voltage level [29,28]. The reversible voltage and the thermoneutral voltage in standard ambient conditions are 1.23 V and
1.48 V, respectively (DH ¼ 258.84 kJ mol1, DG ¼ 237.21 kJ mol1).
The electrolytic cell voltage is a sum of the reversible and
additional overvoltages in the electrolytic cell
Ucell ¼ Urev þ Uohm þ Uact þ Ucon ;

(2)

where Ucell is the cell voltage, Uohm is the overvoltage caused
by ohmic losses in the cell elements, Uact is the activation
overvoltage caused by electrode kinetics, and Ucon is the
concentration overvoltage caused by mass transport processes [28]. In the literature, it has been stated that the concentration overvoltage would only be significant at current
densities significantly higher than in present commercial PEM
water electrolyzers, and hence, it has been neglected in the
model [30]. The commercial PEM electrolyzers typically operate at current densities of 0.6 A cm2e2.0 A cm2 and at
operating temperatures of 50  Ce80  C. In PEM water electrolyzers, a thin 50 mme250 mm proton conducting membrane is
applied as a solid polymer electrolyte rather than the liquid
electrolyte solutions typically used in alkaline water electrolyzers. The absence of liquid electrolyte then minimizes the
need for additional equipment for the circulation of electrolytes and separation of gases. The operating principle of PEM
electrolysis is presented in Fig. 2. Deionized water is supplied
to the anode side, where the oxygen evolution reaction occurs.
Hþ protons from the decomposed water molecules pass
through the polymer electrolyte membrane and combine with
electrons to form diatomic hydrogen gas at the cathode. The
chemical reactions taking place in the PEM electrolysis at the
anode and the cathode are as follows
1
H2 O/ O2 þ 2Hþ þ 2e ;
2

(3)

2Hþ þ 2e /H2 :

(4)

For the state-of-the-art PEM electrolyzers, voltage efficiencies, specified for example in Ref. [31], have been reported
to be up to 82%, which corresponds to a cell voltage level of
1.8 V. This level of voltage efficiency has also been achieved by
the alkaline technology, albeit at lower current densities
limited below 0.4 A cm2 [24]. The compact character of

Fig. 2 e Operating principle of a PEM water electrolyzer.

electrolysis modules and the structural properties of the
membrane electrode assemblies allow high operating pressures and give PEM electrolyzers the ability to endure great
pressure differences between the electrode compartments.
This enables the direct production of pressurized hydrogen
gas and eliminates the need to handle pressurized oxygen
[28]. For example, the commercial PEM electrolyzer, studied in
this paper and introduced in the next section, has a designed
hydrogen gas outlet pressure of 5000 kPa, while the oxygen
outlet pressure is maintained at 200 kPa [32].

Experimental test setup
A power-hardware-in-loop simulator is introduced for water
electrolysis emulation. A commercially available PEM water
electrolyzer is used for parameter fitting of the PEM stack
model and experimental verification of the results.

PEM electrolyzer
A commercially available 4.5 kW PEM electrolyzer shown in
Fig. 3 is used for the verification of the electrochemical PEM
stack model. Further, the PEM electrolyzer is used to verify the
PHIL simulator operation under the operating cycle defined by
the solar PV electricity production.
The main parameters of the PEM water electrolyzer are
collected in Table 1.

Power-hardware-in-loop simulator
The PHIL simulator is capable of handling continuous current
up to 405 A and more than 600 V of voltage, producing a
power of 250 kW. The operating principle of the PHIL
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Table 2 e Nominal values of the Power Boost DC/DC
converter and the Power Master inverter both
manufactured by Visedo Oy.

Fig. 3 e IRD E1050 differential pressure PEM water
electrolyzer built in a 6 m shipping container.

Nominal power
Nominal DC link voltage
DC link voltage
Nominal output DC voltage
Output AC voltage
Nominal current

Power Boost

Power Master

250 kW
750 V
0 Ve800 V
617 V
e
405 ADC

250 kW
750 V
0 Ve800 V
e
0 Ve560 V
300 ARMS

Table 1 e Main parameters of the IRD E1050 PEM water
electrolyzer.
Hydrogen production rate
Nominal stack power
Nominal voltage
Nominal current
Number of cells in series
Cell cross-sectional area
Hydrogen pressure
Oxygen pressure

0.97 Nm3/h
4.5 kW
64 V
70 A
33
69 cm2
1500 kPae5000 kPa
150 kPae250 kPa

simulator with the converter reference signals is illustrated
in Fig. 4. The nominal values of the converters are collected
into Table 2, and the hardware of the PHIL simulator is
shown in Figs. 5 and 6.
The PHIL simulator is modular and can be divided into
three operational parts as shown in Fig. 4. The power supply
module will be the actual device under test (DuT) supplying
DC voltage to the electrolyzer. At the moment, the power
supply consists of a grid-connected rectifier with an internal
DC link capacitor and a buck converter reducing the voltage
level to be suitable for the electrolyzer.
The electrolyzer emulator acts as a variable impedance to
control the emulator interface current to match the measured
electrolyzer interface voltage based on a predefined current
surface. The emulator has a boost converter and an additional
LCL filter between the boost converter and the power supply
unit.

Fig. 5 e Power supply side of the PHIL simulator. Rectified
voltage is supplied to the buck DC/DC converter with an
external inductor. An LCL filter is located between the buck
and boost converters to enable independent current
control of the converters. The current and voltage of the
electrolyzer emulator are measured between the buck
inductor and the emulator LCL filter.

The grid interface returns the electric energy, stored in the
DC link capacitor, safely to the grid through the transformer
providing the galvanic isolation between the input and the
output of the system. An additional grid LCL filter is used to
improve the power quality. The grid inverter is controlled with
a DC link voltage reference.

Fig. 4 e Block diagram of the PHIL simulator. Both the buck converter and the boost converter are Power Boost DC/DC
converters with external inductors, and the grid inverter is a Power Master inverter.
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Fig. 6 e Grid interface side of the PHIL simulator. A gridsupplied rectifier is connected to the fuse box and further
to the buck DC/DC converter on the power supply side. The
boost inductor is connected to the emulator LCL filter on
the power supply side. The DC links of the boost converter
and the grid inverter are connected to an additional DC link
capacitor. The grid inverter is connected to the grid
transformer through the grid LCL filter, sharing the casing
with the DC link capacitor, to improve the output power
quality.

The system is controlled using an NI LabVIEW environment on a PC. A CompactRIO (cRIO) real-time controller is
employed for current and voltage measurements of the electrolyzer emulator interface at the 10 kHz sampling frequency.
The CANopen protocol is used to communicate with the
converters.
The voltage reference for the buck converter is selected
based on the electrolyzer power control strategy applied. In
this paper, the voltage is controlled to follow the power produced by the solar PV system. The current reference for the
boost converter is generated using the predefined electrolyzer
current surface (Lookup Table) based on the voltage measurement and the temperature, as described in the next Section, with a 25 ms control period.

PEM electrolyzer modeling
In general, the purpose of electrolyzer stack modeling is to
define the stack voltage under certain operating conditions
(pressures and temperature) as a function of current. The
hydrogen production can be assumed to be linearly proportional to the current as shown in (1), and the stack voltage
eventually decides the electrical power consumed by the
electrolyzer. Typically, experimental data are required to
define the parameters needed to calculate the reversible cell
voltage and the cell overvoltages as shown in Refs. [33e35].
However, in the case of PHIL simulation, the stack may not be
available for experimental parameter tuning. Therefore, it
would be favorable to be able to estimate the electric behavior
of the electrolyzer based on the analytical equations and the
main parameters of the electrolyzer stack. Further, in the PHIL
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simulation, the current of the stack has to be defined as a
function of operating temperature and the momentary
voltage of the stack.
Some PEM electrolyzer models with little or no experimental parameter tuning can be found in the literature.
Several PEM stack models are compared with each other in
Ref. [24]. A Simulink model for a PEM electrolyzer system
including auxiliary devices, such as water pumps and cooling
fans, is presented in Ref. [36]. A dynamic model for a PEM stack
is introduced and applied to study the effect of temperature
and pressure on the performance of the PEM electrolyzer in
Ref. [37]. The effect of temperature and pressure on the PEM
characteristic curve is examined in Refs. [38,39]. A PEM stack
model including a simple thermal model has been experimentally tuned and verified in Ref. [30].
Excluding the effect of significantly slower thermal phenomena, the reported electrochemical time constants for an
alkaline electrolyzer, which is shown to have a longer time
constant than PEM electrolyzers, vary from 10 ms to 40 ms
[40,41] to 10 min [42]. The response time of the commercial
alkaline electrolyzer system, fed with solar and wind energy,
has been reported to be less than 1 s in Ref. [43]. Typically, the
current derivative of the electrolyzer stack is limited by the
supply electronics to prevent premature aging of the electrolytic cells as shown in Ref. [44]. However, the PHIL simulator is
used to study the electrolyzer as part of the grid inertia control
with a response time in the range of tens of seconds. Therefore, a dynamic electrolyzer stack model is not implemented,
but a static electrochemical PEM stack model is used.
The PEM electrolyzer stack, used in this study, has a
controlled liquid cooling system trying to keep the stack
temperature constant by adjusting the flow rate of the
coolant. The temperature of the electrolyzer stack was
measured to vary not more than 3  C during the variable load
cycle, described in Section 5, as the stack temperature had
reached the constant value of 70  C beforehand. Therefore, the
electrolyzer stack is assumed to operate under constant
temperature, and the thermal transients are not studied in
this paper.

Electrochemical PEM stack model
Based on Dalton's law, the partial pressures of hydrogen and
oxygen can be defined by subtracting the partial pressure of
water vapor from the total pressures of cathode and anode,
which are assumed to be constant, as follows
pH2 ¼ pcat  pH2 O ;

(5)

pO2 ¼ pan  pH2 O ;

(6)

where pcat is the total pressure at the cathode in (Pa), pan is the
total pressure at the anode, and pH2 O is the water vapor saturation pressure defined as a function of electrolyzer temperature Tel<283 K by the Antoine equation
log10 pH2 O ¼ 5:1962 

1730:63
:
233:426 þ Tel

(7)

As the partial pressures are known, the open-circuit
voltage is defined using the Nernst equation [37].
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1=2

Urev ¼ U0rev þ

pH2 $pO2
RTel
ln
zF
pH2 O

!
;

(8)

where U0rev is the reversible cell voltage, and R is the universal
gas constant (8.314 4621 J mol1 K1). The reversible cell
voltage is defined as a function of temperature as shown in
Ref. [45].
U0rev ¼ 1:229  0:9  103 ðTel  298Þ:

(9)

The activation overpotential is calculated using the ButlereVolmer equation [46].
Uact ¼





RTel
icell
RTel
icell
arcsinh
arcsinh
þ
:
aan F
2io;an
acat F
2io;cat

(10)

The anode charge transfer coefficient aan (0.433 p.u. at
60  C) is experimentally defined as a function of temperature
in Ref. [38]. The cathode charge transfer coefficient acat is
selected to be 0.5, and the anode and cathode exchange current densities io,an and io,cat are temperature dependent and
experimentally defined as shown for example in Ref. [38].
The ohmic overpotential is mainly caused by the voltage
across the membrane as the conductivity of electrodes is
significantly higher
Uohm ¼

dm icell
;
sm

(11)

where dm is the thickness of the membrane in (cm). The
conductivity of the membrane sm (S cm1) is [47].



1
1

sm ¼ ð0:005139l  0:00326Þexp 1268
;
303 Tel

(12)

where l is the water content of the membrane, and defined for
values near 20 as a function of temperature in Ref. [48].
l ¼ ðð2:89556 þ 0:016Tel Þ þ 1:625Þ=0:1875:

(13)

The effect of concentration overpotential in (2) is neglected
as the practical current densities in PEM cells are reported to
be not high enough to face mass-transport limitations in
Ref. [30].
To define the current reference table as a function of
temperature and voltage for the PHIL simulator, the stack
voltage curve is calculated by (2) as a function of stack current
at various temperatures. The PEM stack characteristic curve is
verified comparing it with the values measured with a 4.5 kW
PEM water electrolyzer described above.
The anode charge transfer coefficient and the anode and
cathode exchange current densities are fitted based on the
experimentally defined operating points using a nonlinear
least squares method by Matlab's curve fitting toolbox. The
fitted characteristic curve with measured points at the temperature of 70  C is shown in Fig. 7. With the hydrogen outlet
pressure of 2000 kPa the minimum current allowed is 15 A.
The fitted parameters are collected in Table 3.
It can be seen that the shape of the voltage curve deviates
from the experimental points even with the fitted parameters.
Therefore, a modified version of the activation overpotential
Equation (10) is suggested. First, for example in Ref. [30] the
cathode overpotential has been stated to be so small that it

Fig. 7 e Characteristic curves of the PEM stack at the
temperature of 70  C with parameters gathered from the
literature, with experimentally fitted parameters, and with
the modified activation overpotential equation. The
measured operating points during the cycle studied are
indicated by purple crosses. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 3 e Cell model parameters gathered from the
literature [38] and experimentally fitted.
aan (p.u.)
io,an (A cm2)
io,cat (A cm2)
ban (p.u.)

Literature

Fitted

Modified

0.433
0.5  103
0.391
e

0.186
0.111
0.653
e

1.246
3.845  106
e
4.394

can be neglected. Secondly, in this case a third-degree polynomial term is added to describe the concentration effects at
the anode.
Uact ¼



RTel
icell
RTel
arcsinh
b i3 ;
þ
aan F
2io;an
aan F an cell

(14)

where ban is an experimentally tuned coefficient. With the
additional term, the match with the experimental data is
significantly better as shown in Fig. 7.
To emulate a 90 kW PEM water electrolyzer with a nominal
current of 350 A, the measured PEM stack voltage and current
are scaled up. The measured voltage is multiplied by four and
the current is multiplied by five to represent four 4.5 kW stacks
connected in series and five in parallel. For each temperature
under study, the current is solved as a function of voltage. The
current surfaces with fitted parameters and a modified model
for a 90 kW PEM stack are shown in Fig. 8.
The current surfaces have a slightly different shape as a
function of voltage as already seen with constant temperature
in Fig. 7 as the fitted model suggests lower voltage compared
with measurements at both highest and lowest current values
studied. The current surface with modified model is
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Fig. 8 e PEM stack current as a function of stack voltage and temperature.

implemented in the PHIL simulator and used for the experimental verification in the next section.

Experimental verification
The PEM electrolyzer, shown in Fig. 3, is fed with a current
reference defined by the momentary power of the 5 kWp solar
PV of the LUT Solar Power Plant (fixed installation) [49].
The 1000 s reference period with variable cloudiness was
selected for analysis. The voltage and current supplied to the
electrolyzer stack, with a nominal power of 4.5 kW, are
measured. The measured solar PV power with the hydrogen
production of the PEM electrolyzer is shown in Fig. 9. The
hydrogen production is estimated by the measured current
value using Faraday's law (1) and verified by the pressure
change in the hydrogen tank [44,32].
The hydrogen production of the electrolyzer follows the
power reference somewhat behind because of the relatively
low-gradient power ramps (20 W s1 increase, 80 W s1
decrease) used to limit the current rise rate to protect the PEM
stack from premature aging; thus, a cell voltage degradation
rate of 7 mV/h has been obtained for the studied PEM

Fig. 9 e Power produced by the solar panels and the
hydrogen production of the 4.5 kW PEM electrolyzer.

electrolyzer stack design in steady-state operation [44]. The
power reference is measured from the solar PV system, but at
the moment, the actual power supply of the electrolyzer is
from the public grid allowing the momentary electricity consumption of hydrogen production to deviate from the solar PV
output power. Moreover, during the highest solar radiation
periods, all the power produced by the solar panels cannot be
used for the electrolysis because of the 70 A stack current limit.

Voltage and current characteristics
The electrolyzer current and voltage values are measured
with 1-s sampling time, and a linear interpolation is used to
generate the voltage reference values for the PHIL simulator.
The measured electrolyzer voltage and current are scaled up
to emulate a 90 kW PEM water electrolyzer with a nominal
current of 350 A. The experimental results are shown for the
experimentally fitted model and the modified model
described above.
The measured voltage waveform of the PHIL simulator is
similar for both PEM stack models and shown with the upscaled PEM stack values in Fig. 10.

Fig. 10 e Measured voltage of the PEM stack and the PHIL
simulator.
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The lack of the voltage measurement of the buck converter causes a slight difference between the PEM stack
voltage and the simulated voltage. However, the difference
in voltages is less than 250 mV over the whole cycle. The
difference in voltages produces additional discrepancy
while generating the current reference according to the

predefined current surface based on the voltage measurement. Even a small difference in voltage may excite a significant discrepancy in currents as the electrolyzer stack
voltage changes only slightly as a function of stack current
as seen in Fig. 7. The measured PEM stack current, analytically calculated based on the measured voltage with the

Fig. 11 e Measured current of the PEM stack and the PHIL simulator. The analytical current is estimated using the analytical
model based on the measured PEM stack voltage without any hardware.

Fig. 12 e Hydrogen production estimated based on the currents.

Fig. 13 e Hydrogen production efficiency comparing the higher heating value of the hydrogen produced with the electrical
energy consumed by the electrolyzer stack.
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model described above, and the measured PHIL simulator
current are compared with each other in Fig. 11.
In the case of the fitted model, the error between the model
and the experimental results is emphasized at currents close
to the nominal operating point as already illustrated in Fig. 7.
The difference between the measured and simulated currents
with the fitted model is around 30 A at the worst instant. The
currents of the modified model visually match the PEM stack
currents both analytically and in the PHIL simulation. At the
worst instant, the simulated current deviates by 7 A from the
measured current and by 3 A from the analytical results. The
difference between the analytical results and the measured
PHIL simulator current is due to the voltage and current
measurement inaccuracies as the same PEM model is used in
analytical calculation and PHIL simulation. Thus, the
maximum momentary difference between the measured PEM
stack current and the PHIL simulator current is less than 2%.

Hydrogen production and efficiency
The hydrogen production rates estimated based on the
measured PEM stack current, the analytically calculated current, and the simulated current are compared with each other
in Fig. 12.
The difference in currents obviously leads to a respective
error in the hydrogen production. However, the difference in
the total amount of hydrogen produced during the cycle
estimated based on the measured and emulated currents is
not more than 1% even in the case of the fitted model and less
than 0.5% in the case of the modified model. Finally, the
hydrogen production efficiency is defined comparing the
higher heating value (3.54 kWh/Nm3) of the hydrogen produced with the electrical energy consumed by the electrolyzer
stack in Fig. 13.
The hydrogen production efficiency has the highest values
above 85% at the lowest current densities as the ohmic and
activation overpotentials in (2) are minimized. The average
stack efficiency over the studied solar PV power defined cycle
is approximately 83%. However, it must be taken into account
that the energy consumption of the auxiliary devices such as
water purification and hydrogen drying, which degrade the
total hydrogen production efficiency, is neglected in this
study.

Conclusions
A power-hardware-in-loop simulator for water electrolysis
emulation was introduced. The parameters for a PEM stack
model documented in the literature were defined experimentally. Moreover, the model was modified slightly, and the
results were compared with each other. Both models were
implemented into a PHIL simulator adapting the electrolyzer
emulator current to the predefined current surface based on
the measured voltage values. The voltages and currents of the
PEM stack and the PHIL simulator were measured, and it was
found that the PHIL simulator is able to emulate the electrolyzer behavior well enough to set a realistic load for any
electrolyzer stack power supply electronics under test.
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Ursúa A, Gandia LM, Sanchis P. Hydrogen production from
water electrolysis: current status and future trends. Proc IEEE
2012;100(2):410e26.
Ulleberg Ø. Modeling of advanced alkaline electrolyzers: a
system simulation approach. Int J Hydrogen Energy
2003;28(1):21e33.
Garcı́a-Valverde R, Espinosa N, Urbina A. Simple PEM water
electrolyser model and experimental validation. Int J
Hydrogen Energy 2012;37(2):1927e38.
Zeng K, Zhang D. Recent progress in alkaline water
electrolysis for hydrogen production and applications. Prog
Energy Combust Sci 2010;36(3):307e26. http://www.
sciencedirect.com/science/article/pii/S0360128509000598.
Koponen J, Kosonen A, Huoman K, Ahola J, Ahonen T,
Ruuskanen V. Specific energy consumption of PEM water
electrolysers in atmospheric and pressurised conditions. In:
Proc. 18th European Conf. on Power Electron. and Applicat.
(EPE '16eECCE Europe), Karlsruhe, Germany; 2016.

[33] van der Merwe J, Uren K, van Schoor G, Bessarabov D. A
study of the loss characteristics of a single cell pem
electrolyser for pure hydrogen production. In: Proc. IEEE Int.
Conf. on Industrial Technology (ICIT '13); 2013. p. 668e72.
[34] da Costa Lopes F, Watanabe EH. Experimental and
theoretical development of a PEM electrolyzer model applied
to energy storage systems. In: Proc. Brazilian Power Electron.
Conf. (COBEP '09); 2009. p. 775e82.
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