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Abstract: Alkaline water electrolysis is a key technology for large-scale hydrogen production powered
by renewable energy. As conventional electrolyzers are designed for operation at fixed process
conditions, the implementation of fluctuating and highly intermittent renewable energy is challenging.
This contribution shows the recent state of system descriptions for alkaline water electrolysis and
renewable energies, such as solar and wind power. Each component of a hydrogen energy system
needs to be optimized to increase the operation time and system efficiency. Only in this way
can hydrogen produced by electrolysis processes be competitive with the conventional path based
on fossil energy sources. Conventional alkaline water electrolyzers show a limited part-load range
due to an increased gas impurity at low power availability. As explosive mixtures of hydrogen and
oxygen must be prevented, a safety shutdown is performed when reaching specific gas contamination.
Furthermore, the cell voltage should be optimized to maintain a high efficiency. While photovoltaic
panels can be directly coupled to alkaline water electrolyzers, wind turbines require suitable
converters with additional losses. By combining alkaline water electrolysis with hydrogen storage
tanks and fuel cells, power grid stabilization can be performed. As a consequence, the conventional
spinning reserve can be reduced, which additionally lowers the carbon dioxide emissions.

Keywords: alkaline water electrolysis; hydrogen; renewable energy; sustainable; dynamic;
fluctuations; wind; solar; photovoltaic; limitations

1. Introduction

Hydrogen is considered a promising energy carrier for a sustainable future when it is produced
by utilizing renewable energy [1]. Today, less than 4% of hydrogen production is based on electrolysis
processes, of which the main part is hydrogen as a by-product of chlorine production. Hence, the major
share of the needed hydrogen depends on the fossil path through the steam reforming of natural
gas [2]. This situation is caused by the higher production costs of electrolysis processes compared to
the conventional fossil sources, due to high electricity costs and interfering laws [3]. To reduce CO2
emissions and to become independent of fossil energy carriers, the share of hydrogen produced using
renewable power sources needs to be increased significantly in the next few decades. Therefore, water
electrolysis is a key technology for splitting water into hydrogen and oxygen by using renewable
energy. After drying and removing oxygen impurities, the hydrogen purity is higher than 99.9%, and
the hydrogen can be directly used in the following processes or in the transport sector [4]. Solar and
wind energy are the preferred renewable power sources for hydrogen production, as their distribution
is the most widespread [5,6]. Hydropower, biomass, and geothermal energy are alternatives, and are
often utilized for the base load [7]. The main problem with using renewable energy is the unevenly
distributed and intermittent local availability [6]. With a higher share of renewable energy from wind
turbines or solar photovoltaic panels and fair CO2 emission costs, hydrogen production by water
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electrolysis will become more attractive. The combination of water electrolysis with renewable energy
is particularly advantageous, as excess electrical energy can be chemically stored in hydrogen to
balance the discrepancy between energy demand and production [6]. For large-scale applications,
the hydrogen can be stored in salt caverns, storage tanks, or the gas grid [8–12]. Smaller hydrogen
quantities can also be stored in metal hydrides [13,14].

For water electrolysis, there are three technologies available: Alkaline water electrolysis (AEL),
proton exchange membrane (or polymer electrolyte membrane) electrolysis (PEMEL), and solid
oxide electrolysis (SOEL) [15–18]. While the low-temperature technologies, AEL and PEMEL, both
provide high technology readiness levels, the high-temperature SOEL technology is still in the
development stage [19]. Alkaline water electrolysis uses concentrated lye as an electrolyte and requires
a gas-impermeable separator to prevent the product gases from mixing. The electrodes consist of
non-noble metals like nickel with an electrocatalytic coating. PEMEL uses a humidified polymer
membrane as the electrolyte and noble metals like platinum and iridium oxide as the electrocatalysts.
Both technologies are operated at temperatures from 50 to 80 ◦C and allow operation pressures of
up to 30 bar. The nominal stack efficiency of both technologies is around 70% [18,20]. SOEL is also
known as high-temperature (HTEL) or steam electrolysis, as gaseous water is converted into hydrogen
and oxygen at temperatures between 700 and 900 ◦C. Theoretically, stack efficiencies near 100%
are possible due to positive thermodynamic effects on power consumption at higher temperatures.
However, the increased thermal demand requires a suitable waste heat source from the chemical,
metallurgical, or thermal power generation industry for economical operation. Moreover, the corrosive
environment demands further material development [6,20,21]. As a consequence, SOEL provides only
small stack capacities below 10 kW, compared to 6 MW for AEL and 2 MW for PEMEL [20]. Hence,
the investment costs and the lifetime determine whether AEL or PEMEL is the most favorable system
design for a large-scale application. Today, the investment costs for AEL are from 800 to 1500 € kW−1

and for PEMEL from 1400 to 2100 € kW−1. Furthermore, the lifetime of alkaline water electrolyzers is
higher and the annual maintenance costs are lower compared to a PEMEL system [15,20,22,23]. Often,
PEMEL systems are preferred for dynamic operation due to the short start-up time and a broad load
flexibility range. The shortcomings of AEL are gradually being overcome by further development [24].
Therefore, this review focuses on alkaline water electrolysis powered by renewable energy. To ensure
safety and high efficiency, alkaline water electrolyzers must be optimized for dynamic operation.
Hence, the process needs to be analyzed for how the dynamics will affect the system performance
and what aspects should be considered when fluctuating renewable energy is used instead of a
constant load [25]. Thus, this contribution shows model descriptions for alkaline water electrolysis,
photovoltaic panels, and wind turbines to identify the limitations when combining all components into
a hydrogen energy system. Furthermore, theoretical models can help to solve the existing problems
using intelligent system design and suitable operation strategies.

This study mainly contains literature that was obtained with the keywords alkaline electrolyzer
(or electrolyser or electrolysis) in combination with one of the following words: Renewable, sustainable,
green, dynamic, fluctuation, intermittent, solar, photovoltaic, wind, and power to gas. For a
broader overview, additional literature is also included. Figure 1 shows the number of annual
publications that are listed in the Web of Science Database for the given keywords from 1990
to 2019. Additionally, the keyword alkaline is replaced by other water electrolysis technologies
to show the share of technology-specific publications [26]. Around 2010, the number of annual
publications started to increase persistently due to the discussion about the energy turnaround,
especially in Germany and other European countries [9,27]. Furthermore, the topic is often discussed
technology-independently, as the number of technology-specific publications is small compared to
publications with unspecified water electrolysis technologies. While the low-temperature technologies,
AEL and PEMEL, show an equal share of technology-specific publications, the high-temperature
technology SOEL is mentioned less. This distribution reflects the recent considerations of which
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technology may be favored for sustainable hydrogen production. Particularly, alkaline water
electrolysis is considered as the most reliable method for large-scale hydrogen production [5,21].

1990 2000 2010 2020
0

10

20

30

40

50

year / a

n
u
m

b
er

of
p
u
b
lic

at
io

n
s

/
a
−
1 AEL

PEMEL

SOEL

unspecified

Figure 1. The number of publications per year from 1990 to 2019 containing the specified keywords.
Around 2010, the publication rate increases due to greater interest in the energy turnaround. While the
topic is often discussed technology-independently (unspecified), more publications for low-temperature
technologies, like alkaline water electrolysis (AEL) and proton exchange membrane electrolysis
(PEMEL), are available than for the high-temperature technology solid oxide electrolysis (SOEL) [26].

2. Alkaline Water Electrolysis

Alkaline water electrolysis is used to split water into the gases hydrogen and oxygen using electric
energy. The chemical reactions are given in the Equations (1)–(3). At the cathode, water molecules are
reduced by electrons to hydrogen and negatively charged hydroxide ions. At the anode, hydroxide
ions are oxidized to oxygen and water while releasing electrons. Overall, a water molecule reacts to
hydrogen and oxygen in the ratio of 2:1.

Cathode: 2 H2O(l) + 2 e– H2(g) + 2 OH–
(aq) (1)

Anode: 2 OH–
(aq) 0.5 O2(g) + H2O(l) + 2 e– (2)

Overall reaction: H2O(l) H2(g) + 0.5 O2(g) (3)

The required cell voltage for this electrochemical reaction can be determined by thermodynamics.
The free reaction enthalpy ∆RG in (4) can be calculated with the reaction enthalpy ∆RH,
the temperature T, and the reaction entropy ∆RS.

∆RG = ∆RH − T · ∆RS (4)

The reversible cell voltage Urev in (5) is determined by the ratio of the free reaction enthalpy
∆RG to the product of the number of exchanged electrons z = 2 and the Faraday constant F

(96,485 C mol−1) [28].

Urev = −

∆RG

z · F
(5)

At a temperature of 25 ◦C and an ambient pressure of 1 bar (standard conditions), the free reaction
enthalpy for the water splitting reaction is ∆RG = 237 kJ mol−1, which leads to a reversible cell voltage
of Urev = −1.23 V. As the free reaction enthalpy is positive at standard conditions, the water splitting
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is a non-spontaneous reaction [28]. Due to irreversibilities, the actual cell voltage needs to be higher
than the reversible cell voltage for the water splitting reaction. The thermoneutral voltage Uth in
Equation (6) depends on the reaction enthalpy ∆RH, which is composed of the free reaction enthalpy
∆RG and irreversible thermal losses T · ∆RS.

Uth = −

∆RH

z · F
(6)

At standard conditions, the reaction enthalpy for water electrolysis is ∆RH = 286 kJ mol−1.
Hence, the thermoneutral voltage is Uth = −1.48 V [28].

3. System

A schematic flow diagram of alkaline water electrolysis is shown in Figure 2. The electrolyte is
pumped through the electrolysis stack, where the product gases are formed. While natural convection
can be a cost-efficient alternative, gas coverage of the electrode surface can raise the required cell
voltage and therefore increase the operational costs [29]. Additionally, most alkaline water electrolyzer
systems provide a temperature control for the electrolyte to maintain an optimal temperature range.

− +

electrolysis stack

cathode anode

H2O

gas separator gas separator

heat exchangers

pumps

equalization line

purification
demister/dryer

H2

purification
demister/dryer

O2

Figure 2. A schematic flow diagram of an alkaline water electrolyzer. The electrolyte is pumped
through the electrolysis cell where the gas evolution takes place. Adjacent gas separators split both
phases, and the liquid phase flows back to the electrolysis stack. Heat exchangers ensure that the
optimal temperature is maintained, and the product gases can be purified afterward.

The two-phase mixtures of liquid electrolyte and product gas leave the electrolysis cell and enter
subsequent gas separators. Mostly, the phase separation is realized with a high residence time in large
tanks. The product gas is demisted and dried before it is purified to the desired level [30]. The liquid
electrolyte leaves the gas separator and is pumped back to the electrolysis stack. As the product gases
are soluble in the electrolyte solution, the mixing of both electrolyte cycles causes losses and higher
gas impurities. An alternative can be to use partly separated electrolyte cycles with an equalization
line for liquid level balancing of both vessels [31,32]. With separated electrolyte cycles, the electrolyte
concentration will increase on the cathodic side due to water consumption and decrease on the anodic
side due to water production. Therefore, the electrolyte requires mixing, on occasion, to maintain an
optimal electrolyte conductivity.
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4. Cell Design and Cell Voltage

The design of the electrolysis stack depends on the manufacturer; however, some general
similarities can be observed. Two variants of cell designs are shown in Figure 3. Earlier alkaline
water electrolyzers used a conventional assembly with a defined distance between both electrodes.
Later, this concept was replaced by the zero-gap assembly, where the electrodes are directly pressed
onto the separator to minimize ohmic losses due to the electrolyte. Porous materials like Zirfon™ Perl
UTP 500 (AGFA) or dense anion exchange membranes can be used as the separator [33–37].

(a)

− +

cathode anode

conventional

separator

electrode distance

H2 O2

(b)

− +

cathode anode

zero-gap

H2 O2

Figure 3. Different cell designs for alkaline water electrolysis. Whereas (a) shows a conventional
assembly with a defined distance between both electrodes, (b) depicts a zero-gap assembly where the
electrodes are directly pressed onto the separator [38].

During operation, the required cell voltage is always higher than the reversible cell voltage due to
different effects. A calculated cell voltage profile is displayed in Figure 4. In addition to the ohmic
losses, I · Rohm, there are activation overvoltages of the electrodes, ηact. The ohmic resistance of the cell
design is affected by the electronic conductivity of the electrode material, the specific conductivity of
the electrolyte, the ionic conductivity of the separator material, and gas bubble effects.
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Figure 4. The calculated cell voltage of an atmospheric alkaline water electrolyzer at a temperature
of 60 ◦C according to Equation (8). The overall cell voltage consists of the reversible cell voltage Urev,
ohmic losses I · Rohm, and activation overvoltages ηact [39,40].
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The zero-gap design tries to eliminate the electrolyte losses by minimizing the electrode distance.
There is still a minimal gap between both electrodes, which can increase the cell voltage. The activation
overvoltages are defined by the electrode materials. Whereas nickel is the most-used electrode
material, it provides very high overvoltages for the oxygen and hydrogen evolution reactions [41–44].
Hence, electrocatalytic materials are added to the electrodes. Iron is a cost-efficient catalyst for the
oxygen evolution reaction [41,42,45]. Molybdenum decreases the overvoltage for the evolution of
hydrogen at the cathode [44,46,47].

Several authors have proposed correlations for the modeling of cell voltage. Equation (7) considers
the operation temperature ϑ and the current density j by describing the dependencies with empirical
parameters. While the parameters ri reflect ohmic losses, s and ti stand for the activation overvoltages
of the hydrogen and oxygen evolution reactions [28].

Ucell = Urev + (r1 + r2 · ϑ) · j + s · log
[(

t1 +
t2

ϑ
+

t3

ϑ2

)

· j + 1
]

(7)

This correlation can be extended with the effects of the operation pressure p in (8) by adding
the empirical parameters di, which specify the additional losses owing to pressurized operation [39].
In general, the reversible cell voltage increases with the pressure; however, the ohmic resistance caused
by the gas bubbles decreases as the bubble diameter becomes smaller. Hence, both effects equalize
each other and only small differences can be observed [48].

Ucell = Urev + [(r1 + d1) + r2 · ϑ + d2 · p] · j + s · log
[(

t1 +
t2

ϑ
+

t3

ϑ2

)

· j + 1
]

(8)

The correlations (7) and (8) are empirical and therefore only valid for the actual system to which
they are adjusted. The correlation parameters and a suitable equation for the reversible cell voltage
under atmospheric conditions can be found in the Appendix A in Table A1 and Equation (A1). Other
authors have proposed physically reasonable models based on actual dimensions and properties of
the system rather than on empirical correlations.

An example for such an approach is Equation (9), in which the terms are split into experimentally
determinable parts [49].

Ucell = Urev + ηc
act + ηa

act + I · (Rc + Ra + Rele + Rmem) (9)

The cell voltage Ucell is calculated with the reversible voltage Urev, the activation overvoltages ηact,
and the ohmic resistances. Whereas Rc and Ra represent the reciprocal electronic conductivity of the
electrode materials, Rele stands for the ohmic loss caused by the electrolyte conductivity. Additionally,
the ohmic resistance Rmem of the separator material is taken into account. The activation overvoltages
ηact can be calculated with the Butler–Volmer equation. In most cases, the simplified Tafel equation is
sufficient to describe the resulting overpotentials [40]. The required Tafel slope and exchange current
density can be extracted from experimental data. Hence, those parameters are only valid for the
actual system design; however, they can be easily replaced by other data when needed. As the
ohmic resistances of the electrodes (Rc and Ra) only depend on the electronic conductivity and
electrode dimensions, both values are known. In most cases, the ohmic resistance of the electrode is
comparably small and can be neglected. The electrolyte resistance Rele is determined by the specific
electrolyte conductivity and the cell design. Whereas the electrolyte gap is minimal in zero-gap
designs, conventional setups maintain a defined distance between both electrodes. As the specific
conductivity of the electrolyte gap is affected by gas bubbles, there is an optimal electrode distance
for conventional designs [50]. If the electrode distance is too small, the gas bubbles accumulate in the
gap and lower the conductivity. With increasing distance, the bubble detachment is enhanced and the
specific conductivity increases. It is a trade-off between a small electrolyte gap—as the ohmic resistance
increases linearly with this parameter—and a better conductivity of the space between both electrodes.
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In addition to the decreasing electrolyte conductivity with higher amounts of gas bubbles, the active
electrode surface can be blocked by gaseous compounds, which leads to additional losses [49]. As this
phenomenon depends on the cell design and operation concept, there are difficulties in describing it
properly. Therefore, it is often neglected, or empirical correlations referring to the gas hold-up are
utilized [49].

Furthermore, the installed separator material also has significant ohmic losses. While the porous
separator Zirfon™ Perl UTP 500 is often used, anion exchange membranes are promising alternatives.
For Zirfon™-based materials, experimental data of the resistance at a fixed electrolyte concentration
for different temperatures are available [51].

The most-used electrolyte for alkaline water electrolysis is an aqueous solution of potassium
hydroxide (KOH) with 20 to 30 wt.% KOH, as the specific conductivity is optimal at the typical
temperature range from 50 to 80 ◦C [25]. A cheaper alternative would be a diluted sodium hydroxide
solution (NaOH), which has a lower conductivity [52]. Calculated specific electrolyte conductivities for
both electrolyte solutions at different temperatures are shown in Figure 5. While KOH provides
a specific conductivity around 95 S m−1 at 50 ◦C, NaOH reaches a value around 65 S m−1. At a
temperature of 25 ◦C, a similar effect can be seen. The conductivity of KOH is around 40 to 50%
higher than the conductivity of a NaOH solution at the optimal weight percentage. Another aspect
is the solubility of the product gases inside the electrolyte, as this influences the resulting product
gas purity. In general, the gas solubility decreases with an increasing electrolyte concentration due to
the salting-out behavior [53]. NaOH also shows a slightly higher salting-out effect than that of KOH.
Hence, the product gas solubility is higher in a KOH solution [54–56].
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Figure 5. The calculated specific electrolyte conductivity as a function of the electrolyte concentrations
of sodium hydroxide (NaOH) and potassium hydroxide (KOH) solutions at different temperatures
obtained by Equations (A2) and (A3). The correlation parameters can be found in Table A2 [52,57].

Another approach is to use ionic liquids (ILs) as the electrolyte or as an additive, owing to
their remarkable properties [5,6,21]. Ionic liquids are organic substances which are liquid at room
temperature and are electrically conductive [58]. A negligible vapor pressure, non-inflammability,
and thermal stability are promising arguments for their utilization in water electrolysis. Furthermore,
ILs can be used over a wide electrochemical window [59]. The absorption and separation of gases
is an additional area of application [60,61]. However, the toxicity of ILs is a current field of
research, and the viscosity is comparably high, which should be taken into account before any
large-scale implementation [6,58,59]. In addition to providing high-efficiency water electrolysis at low
temperatures, ILs are chemically inert and therefore do not require expensive electrode materials [62].
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5. Gas Purity

Gas purity is an important criterion of alkaline water electrolysis. While the produced hydrogen
typically has a purity higher than 99.9 vol.% (without additional purification), the gas purity of oxygen
is in the range of 99.0 to 99.5 vol.% [48]. As both product gases can form explosive mixtures in the
range of approximately 4 to 96 vol.% of foreign gas contamination, technical safety limits for an
emergency shutdown of the whole electrolyzer system are at a level of 2 vol.% [31,63]. Therefore,
the product gas impurity needs to be below this limit during operation to ensure continuous production.
Experimentally determined anodic gas impurities for alkaline water electrolysis are presented in
Figure 6 for different operation modes. The current densities are in the range from 0.05 to 0.7 A cm−2

and the system pressures range from 1 to 20 bar [64].
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Figure 6. Anodic gas impurity (H2 in O2) in relation to the current density at different pressure
levels for (a) separated and (b) mixed electrolyte cycles, at a temperature of 60 ◦C, with an electrolyte
concentration of approximately 32 wt.% and an electrolyte volume flow of 0.35 L min−1 [64].

While the gas impurities with separated electrolyte cycles are below 0.7 vol.% for all tested current
densities and pressure levels, mixing of the electrolyte cycles increases the gas impurity significantly.
Furthermore, two similarities can be seen. The gas impurity lowers with increasing current density and
increases at higher pressure levels. Both effects are physically explainable. While the contamination
flux stays constant with varying current densities, the amount of produced gas becomes lower in
a linear relationship. Hence, at a higher current density, the contamination is more diluted than
at a lower current density [32,64]. As a consequence, the operation in the part-load range is more
critical due to the higher gas impurity. The amount of dissolved product gas increases with pressure;
thus, high concentration gradients for the diffusion through the separator material are available, and
more dissolved foreign gas reaches the other half-cell when mixing [64]. However, operation at slightly
elevated pressures is favorable, as the costly first mechanical compression level can be avoided by
the direct compression inside the electrolyzer system [65]. With mixed electrolyte cycles, the gas
impurity reaches critical values even at higher current densities during pressurized operation. While
at atmospheric pressure, the gas impurity is only at a current density of 0.05 A cm−2, slightly above
the safety limit of 2 vol.% H2 in O2, this limit is already reached at 0.5 A cm−2 for a system pressure of
10 bar. At 20 bar, no sufficient gas purity could be measured, as even a current density of 0.7 A cm−2

results in a gas impurity of 2.5 vol.%.
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6. Periphery

The operation of alkaline water electrolyzers is also affected by the installed periphery, including
power supplies. The output signal may contain a specific number of ripples, which directly influences
the process performance [66]. Power supplies with a high ripple propensity lower the overall efficiency
and, therefore, signal smoothing is necessary. The ripple formation is avoidable, but the component
costs will be higher [67]. In general, thyristor-based power supplies tend to deliver a higher degree
of fluctuation, and transistor-based systems output a smoother signal. Additionally, a higher ripple
frequency does not affect the system performance as much as the occurrence of low-frequency
ripples [68]. Furthermore, a coherence between the ripple behavior of a power supply and the
product gas quality of alkaline water electrolysis can be observed [69].

7. Renewable Energy

The combination of alkaline water electrolysis with renewable energy is essential for sustainable
hydrogen production without significant carbon dioxide emissions. While solar and wind energy are
often favored due to their wide availability, other renewable energies, such as hydropower, biomass,
and geothermal energy, are frequently utilized for the base load [7]. The direct usage of renewable
energy in the power grid is difficult due to the mismatch between energy demand and production
and the limited storage possibilities for electricity. Hence, excess electric energy should be chemically
stored in hydrogen for later usage [6]. Due to the fluctuating and intermittent behavior of solar and
wind power, alkaline water electrolyzers must be adapted to a dynamic operation. To evaluate the
requirements, local weather data can be used to extract the amplitudes and frequencies of fluctuations.

Typical time-related profiles for solar radiation and wind velocity are shown in Figure 7. The data
were measured by the weather station of the Clausthal University of Technology on the rooftop of a
university building. Whereas the wind velocity shows a mean value of around 3.8 m s−1, the significant
solar radiation is only available during the daytime. Hence, the averaged value over the whole day is
233 W m−2 for a sunny day and only 29 W m−2 for a cloudy day.
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Figure 7. Typical time-related profiles for (a) solar radiation and (b) wind velocity, measured by the
weather station of the Clausthal University of Technology. Though solar radiation peaks around noon,
wind velocity shows sinusoidal oscillations.

The volume flow of the produced hydrogen directly follows the renewable energy profile used
for operation [70]. Only a short delay is noticeable for the gas purity, which is defined by the system
volume [71]. Due to the possibility of direct coupling of water electrolysis and photovoltaic panels,
this technology is highly appropriate for renewable hydrogen production [29,72,73]. As photovoltaic
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panels require high investment costs, wind power is often favored for large-scale hydrogen production.
In comparison with photovoltaic power, wind power shows a higher degree of fluctuation and is very
intermittent. Therefore, the dynamic operation of alkaline water electrolyzers is more challenging [4].

Hence, the dynamic behavior of an alkaline water electrolyzer can be used to develop
suitable system designs and to operate existing systems safely and efficiently. As measurements
of solar radiation and wind velocity are often available for a given location, the theoretically
available renewable energy can be calculated and used as an input during the system design.
Different approaches exist for the calculation of solar photovoltaic power and wind turbine power.
While the current–voltage characteristics of photovoltaic panels can be expressed as a function of
manufacturer data and solar radiation, the power of wind turbines is a fraction of the maximum
available wind power, which is defined by the wind speed and a performance coefficient [72,74].

7.1. Solar Photovoltaic Power

The behavior of photovoltaic panels can be described by single-diode and two-diode models with
varying degrees of complexity. Often, the solution must be obtained iteratively or with numerical
methods when very detailed models are utilized [75,76]. Simple models with analytical solutions
are a recent research topic, as a short processing time can be needed for online characterization and
the optimization of existing systems [75]. In Figure 8, the coupling possibilities of an alkaline water
electrolyzer and solar photovoltaic panels are shown. Additional losses of a DC/DC transformer can
be avoided when a direct coupling of the systems can be realized. Otherwise, the transformation
ensures a fit of both systems by an indirect coupling [73,77,78].

photovoltaic panel

energy
DC/DC
converter

(optional)

energy alkaline water
electrolysis

H2 O2

H2O

Figure 8. Schematic of alkaline water electrolysis powered by solar energy. Photovoltaic panels convert
the solar radiation into electricity, which can be used for the operation. The implementation of a
DC/DC power converter is optional, as direct and indirect coupling is possible [70,78,79].

When a direct coupling of both systems is to be realized, the possible operation points can be
determined by the intersection of the current–voltage curves. A typical current–voltage characteristic
of an alkaline water electrolyzer is given by (8). The resulting current of a photovoltaic cell IPV at
different solar radiation levels can be described by (10) with a suitable single-diode model as a function
of the voltage UPV [29,72,73]. Therefore, specific data from the photovoltaic (PV) panel and the ambient
conditions are required in order to calculate the photocurrent Iph, the reverse saturation current Is,
and the thermal voltage UT. Furthermore, the serial Rs and parallel Rp resistance of the photovoltaic
panel must be available.

IPV = Iph − Is ·

[

exp
(

UPV + IPV · Rs

UT

)

− 1
]

−

UPV + IPV · Rs

Rp
(10)

The photocurrent Iph is defined in (11), which shows a linear relationship with the solar radiation
Esun absorbed by the photovoltaic cell. A higher cell temperature Tc increases the photocurrent.

Iph =
(

0.003 m2 V−1 + 10−7m2 V−1 K−1
· Tc

)

· Esun (11)

The reverse saturation current Is can be calculated by (12) with the short-circuit current Isc,
the open-cell voltage Uoc, and the thermal voltage UT. Whereas the short-circuit current and the



Processes 2020, 8, 248 11 of 23

open-cell voltage are provided by the manufacturer, the thermal voltage depends on the physical
properties.

Is =
Isc

exp
(

Uoc
UT

)

− 1
(12)

An equation for the thermal voltage is given in (13), which is based on the Boltzmann constant
kB (1.3806·10−23 J K−1) and the electron charge e (1.602 19·10−19 C) [72]. Additionally, the number of
serially connected cells, ns, and the cell temperature are required. Furthermore, the non-ideality factor
m contains any deviations from the theoretical behavior.

UT = m ·

ns · kB · Tc

e
(13)

In addition to these equations, the calculation of the resulting current of a photovoltaic cell requires
knowledge of the serial (Rs) and parallel (Rp) resistance of the system. By adding parallel photovoltaic
cells, the current multiplies by the amount of parallel paths np. Suitable parameters of an existing
photovoltaic cell setup are given in Table 1. For this exemplary calculation, a constant temperature of
the photovoltaic cell is assumed. Otherwise, the cell temperature increases with the absorbed solar
radiation. While simple linear approaches already result in a good agreement with experimental data,
a complete energy balance is the best way to determine the temperature exactly [29,72].

Table 1. Parameters for the example calculation of the photovoltaic current using Equation (10).
The number of serial ns and parallel np connected photovoltaic cells, the short-circuit current Isc,
the open-cell voltage Uoc, the serial Rs and parallel resistance Rp, and the non-ideality factor m are
setup-specific data. A constant cell temperature Tc is assumed [29,72,73].

ns np Isc Uoc Rs Rp m Tc

– – AAA VVV ΩΩΩ ΩΩΩ – ◦C◦C◦C

9 2 5.98 4.615 0.099 20 1.6 48

The results of the example calculation are shown in Figure 9. The current–voltage characteristics
are given for different solar radiation levels from 200 to 1000 W m−2, in combination with a typical
polarization curve of an alkaline water electrolyzer (10 cm2 electrode area) from (8) in Figure 9a.
The power–voltage curves for the photovoltaic cell are shown in Figure 9b. The maximal power point
(MPP) for each radiation level is marked with a dot in both diagrams.

In Figure 9a, the characteristics of the alkaline water electrolyzer deviate from the MPP curve.
Therefore, the photovoltaic cell cannot deliver the maximal power, and the overall efficiency decreases.
Hence, both systems should be optimized until the alkaline water electrolyzer performs close to the
maximal power output [73,80]. The alternative would be an indirect coupling of both systems with the
integration of a DC/DC converter, which also implies losses, with an efficiency of around 90% [81,82].
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Figure 9. Example calculation results of the (a) current–voltage characteristics of a photovoltaic
panel at different solar radiation levels and the corresponding (b) power–voltage curve.
Additionally, a current–voltage characteristic of an alkaline water electrolyzer (AEL) is implemented.
The intersections determine the possible operation points. For an efficient operation, the distance to the
maximal power points (MPP) should be minimal [29,72,73].

7.2. Wind Power

As the power from photovoltaic cells is only available during the daytime, wind power is another
important energy source for the renewable production of hydrogen. The schematic concept is shown
in Figure 10. For the implementation of conventional wind turbines, an AC/DC converter is essential.
The efficiency of an AC/DC conversion is also approximately 90% [82,83].

wind
turbine

energy
AC/DC

converter

energy alkaline water
electrolysis

H2 O2

H2O

Figure 10. Schematic of alkaline water electrolysis powered by wind energy. Wind turbines convert the
available wind power into electricity, which can be used for the operation. The implementation of a
suitable AC/DC converter is mandatory [74,79].

For the calculation of the wind turbine power, the exact wind velocity at the height of the turbine
rotor should be known. Often, the wind velocity is measured at rooftops or special measurement
facilities with a defined height of approximately 10 m, which is significantly lower than the height of
a wind turbine, around 100 m [84]. Therefore, the measured data should be corrected to the desired
height by (14).

vwind = vwind,ref ·
ln

(

zwind
z0

)

ln
(

zwind,ref
z0

) (14)
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The wind velocity vwind at the height zwind can be determined from the measured wind velocity
vwind,ref at the height zwind,ref in combination with the roughness of the terrain z0 [48]. To obtain the
output power of a wind turbine Pturbine, first, the theoretical wind power Pwind needs to be calculated
using (15). Therefore, the air density ρ (from 1.22 to 1.3 kg m−3), the area spanned by the rotor blades
A, and the wind velocity are needed [74,85].

Pwind =
1
2
· ρ · A · v3

wind (15)

The maximal wind power cannot be completely converted into wind turbine power.
This circumstance is considered by the implementation of the performance coefficient CP, which
lowers the maximal reachable power output. The actual wind turbine power results from the product
of the wind power and the performance coefficient in (16).

Pturbine = Pwind · Cp (16)

The determination of the correct performance coefficient is a complete research topic in itself,
which consists of empirical correlations and computational fluid dynamics (CFD) simulation studies.
Often, experimental data are used to fit the correlations to the measurements [74]. An example equation
for the performance coefficient is shown in (17) [74,79].

Cp = 0.22 ·
(

116
λi

− 0.4 · β − 5
)

· exp
(

−

12.5
λi

)

(17)

Therefore, the pitch angle of the turbine blades β has to be defined and the tip speed ratio λ

needs to be calculated in (18) from the turbine blade radius R, the rotational speed ω, and the wind
speed [74].

λ =
R · ω

vwind
(18)

The calculation of the performance coefficient also requires the parameter λi, which is described
by (19) based on the tip speed ratio and the blade pitch angle [74].

1
λi

=
1

λ + 0.08 · β
−

0.035
β3 + 1

(19)

For the blade radius, a value of 46.5 m is assumed, which is a typical blade length for a wind
turbine with a rated power of 2 MW [74]. In Figure 11, the calculation results for the performance
coefficient, depending on the tip speed ratio and the turbine power at different wind velocities, are
shown. The performance coefficient of conventional wind turbines is limited at Cp = 0.593 [74]. In this
example, a maximal performance coefficient of approximately Cp = 0.450 is reached for a blade pitch
angle of β = 0°. With an increasing pitch angle, the maximum of the performance coefficient decreases
and shifts towards smaller tip speed ratios.
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Figure 11. Example calculation results of (a) the performance coefficient for various rotor blade
pitch angles using Equation (17) and (b) the wind turbine power for different wind velocities using
Equation (16). The maximum power point (MPP) trajectory is marked [74,79].

For the calculation of the turbine power in Figure 11b, a pitch angle of β = 6° is assumed.
With increasing wind velocity, the value of the maximal power point (MPP) becomes higher and shifts
towards faster rotational speeds. The rated wind speed of this exemplary wind turbine is at 11 m s−1

with rotational speeds from 6 to 17 min−1. The cut-in wind speed is 3 m s−1 and the cut-out wind speed
is 22 m s−1 [74]. In comparison with the power characteristics of photovoltaic panels, the polarization
curve of alkaline water electrolyzers can not be directly optimized towards the MPP trajectory, as the
optimal operation point highly depends on the wind turbine design and weather conditions. Therefore,
an efficient AC/DC converter is the best option for maintaining an efficient operation of an alkaline
water electrolyzer [82].

8. Hydrogen Energy System and Power Grid Stabilization

An exemplary process scheme for a hydrogen energy system is provided in Figure 12. Photovoltaic
panels and wind turbines are connected with suitable converters to a DC bus, from which alkaline
water electrolyzers are powered. The produced hydrogen can be stored for later application in fuel cells.
To raise the fuel cell efficiency, the produced oxygen can be used instead of air. Therefore, an additional
storage tank must be available, which incurs further costs [86].

The fuel cells are also connected to the DC bus, and the power can be used by the electricity
grid with DC/AC converters. At lower energy demands, hydrogen can be produced and converted
back into energy when it is needed. As conventional alkaline water electrolyzers are designed for
operation at constant conditions, occurring fluctuations may be damped by additional energy storage
devices like batteries, supercapacitors, or flywheels [25,28,82]. When excess energy is available, this
energy storage can be charged to be fully available when needed. The damping quantity is limited to
a certain degree of fluctuation, as the energy storage amount is also restricted to the capacity of all
installed devices. Additionally, the produced hydrogen can also be used for the decarbonization of
industrial processes or as a fuel in the transport sector [87–89]. To raise the overall efficiency, some
DC/DC converters could be neglected by optimized system designs by lowering the system flexibility.
Furthermore, when the alkaline water electrolyzers are able to operate under dynamic conditions,
additional energy storage devices are not required or, at least, the number of such devices could
be lowered. There are still some challenges for electrolyzer manufacturers to overcome before this
possibility becomes available.
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Figure 12. The schematic process scheme of a hydrogen energy system. Photovoltaic panels and wind
turbines generate renewable energy to power alkaline water electrolyzers, and stored hydrogen can be
converted back into electricity by fuel cells. Therefore, either oxygen or air can be utilized. Additional
energy storage devices can damp fluctuations, and the complete hydrogen energy system can be used
for power grid stabilization [25,28,82,87].

With an increasing share of renewable energies in the power grid, it is difficult to maintain a
constant power frequency. Such hydrogen energy systems or alkaline water electrolyzers can be
used to stabilize the power frequency by damping the fluctuations. An additional benefit would be
the reduction of the conventional spinning reserve, which reduces costs and CO2 emissions [87,90].
A predictive control can be used for stable and efficient operation. Pressurized alkaline electrolyzers
are more suitable for damping fast fluctuations, whereas atmospheric units can handle the slow
fluctuations [87].

9. Limitations and Solution Approaches

The implementation of a hydrogen energy system into the existing power grid is a challenging
task with some limitations which must be overcome in order to guarantee high system availability.
The main problem of an alkaline water electrolyzer powered by renewable energy is the high gas
impurity in the part-load range, which can cause a safety shutdown when reaching a foreign gas
contamination of 2 vol.% [31,91]. Hence, the annual operation time is limited to the time spans with
sufficient renewable energy [91].

9.1. Limited Operation Time

The limited operation time leads to a high number of startup and shutdown cycles, which can
exceed the maximal start/stop count defined by the manufacturer and, therefore, can lower the
expected system lifetime or warranty agreements. Mainly, the electrodes are affected by the repetitive
start/stop behavior and the electrode degradation is accelerated [48,82]. Nickel electrodes are known
to degrade significantly after 5000 to 10,000 start/stop cycles. When operating with photovoltaic
power only, 7000 to 11,000 cycles are already reached in the period of 20 to 30 years. The fluctuating
nature of renewable energy amplifies the electrode degradation, as this phenomenon acts partly as a
start/stop process [92]. This issue can be solved by the development of stable electrode compositions
or self-repairing electrode surfaces [92].
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To circumvent the drawbacks of having only one renewable power source, such as in the
daytime-limited operation with solar power, the combination of several energy sources enhances
the overall efficiency. While the operation with only PV shows a faradaic efficiency of approximately
40%, wind power leads to a faradaic efficiency of around 80%. The combination of both technologies
enhances the faradaic efficiency above 85% [79].

To hinder the gas impurity from reaching the lower explosion limit, the part-load range of most
alkaline electrolyzers is limited to 10 to 25% of their nominal load [82,91]. Fluctuations below the
minimal load can be balanced out with the implementation of energy storage devices, as shown
in Figure 12; however, in some scenarios, the available energy storage will not be sufficient. When
the gas impurity is still in a tolerable region, short periods without an electrode polarization can
be allowed. The cathode starts to degrade noticeably below a voltage of around 0.25 V [82]. Thus,
the complete shutdown can be held until reaching this voltage limit. The available time depends on the
electrode composition, as the electrochemical double layer acts as a capacitor and delays the voltage
breakdown after a power loss. Experimentally, a time span of around 10 min has been reported [82].

9.2. Optimal System Design and Operation Strategies

To mitigate the rise of gas impurities during low power availability, an optimal system design
can allow enough time until sufficient energy is available again. While the gas volume inside the
system acts as a buffer tank and dilutes the gas contamination, the liquid and the solid volume of an
electrolyzer buffers the system temperature during part-load operation [25,71].

Furthermore, to maintain an efficient operation, the system temperature has to be in an
optimal range of 50 to 80 ◦C for an electrolyte solution with 20 to 30 wt.% KOH [25]. As most
renewable-energy-powered alkaline water electrolyzers will not provide a separate heating unit,
the temperature needs to be reached and maintained only by the heat of the reaction [4]. Temperatures
above 80 ◦C should be avoided with a suitable cooling system to prevent high degradation rates.
An alternative would be the operation at low temperatures to damp electrode degradation, but then,
very active electrocatalysts are needed to reach a sufficient efficiency [86].

More experimental and theoretical work is needed to fully understand the dynamic behavior
of alkaline water electrolyzers powered by renewable energy [25]. In addition to an optimal system
design, suitable dynamic operation strategies can be beneficial for lowering the gas impurity. While
low gas impurities occur with separated electrolyte cycles, high gas impurities result in combined
mode. The measured stationary gas impurities in Figure 6 are reached after a specific duration. When
the electrolyzer is able to switch between both operation modes automatically, this can be used to
switch to the separated mode when the gas impurity is too high, and then combine again when a
sufficient gas production rate is available. Experimental work shows that the gas impurity can be
almost halved by this approach [31].

The primary reason for high gas contamination is the continuous operation at low current densities.
This circumstance can be prevented by reducing the overall cell area (overloading) or by subdividing
the system into several smaller blocks [91]. While the implementation of electrolyzers with smaller
electrode areas also limits the maximal load compared to larger systems, partial system operation is
a more elegant method. During low power availability, single stacks or compartments of a system
with multiple stacks can be powered off, which lowers the available electrode area and therefore
results in higher current densities [93]. Obviously, this strategy causes problems in maintaining the
optimal system temperature due to the disabled components. An alternative method to prevent
adverse process states is the use of predictive control systems. For example, when low renewable
power availability is forecasted, the system can change the temperature, pressure, or operation mode
to a more suitable state before negative effects occur [87].
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10. Conclusions

The combination of alkaline water electrolysis and renewable energy for sustainable hydrogen
production is an essential step towards the decarbonization of industrial processes and the transport
sector [87–89]. To determine the most relevant limitations and to propose suitable solution approaches,
the technologies have to be fully understood [25]. Whereas the process of alkaline water electrolysis can
be defined by current–voltage characteristics and the resulting gas impurity, photovoltaic panels and
wind turbines should be operated at the maximal power point [73,74,79]. Therefore, the influencing
parameters must be known. Different model approaches exist, out of which the most suitable one
should be chosen. While empirical correlations are often only valid for the specific experimental setup,
physically reasonable models can be used in a more general way to develop new solutions. For alkaline
water electrolysis, many experimental and theoretical data are available to calculate and analyze the
cell voltage under operation conditions. As the actual system design and cell arrangement differ
for every electrolyzer, certain parameters have to be determined experimentally to use the proposed
models for another system. Mainly, this issue exists for electrode compositions and separator materials.
To describe the gas purity of hydrogen and oxygen mathematically, only models and correlations on an
empirical basis are currently available due to the high number of influencing variables [31,32]. As the
gas impurity mainly determines the system availability of an alkaline water electrolyzer, more research
for the development of physically-based models is needed. The dynamic system behavior should
be analyzed, as optimized dynamic operation strategies can be beneficial for the overall system
efficiency. Many models with different complexity levels are available for the description of the
current–voltage characteristics of photovoltaic panels. Most models rely on physical principles and
manufacturer data [75]. Thus, proper modeling for different systems is possible. The power conversion
by wind turbines can be described by system properties and suitable correlations for the performance
coefficient [74]. As this variable is influenced by many parameters, including the design of the turbine
blades, the correlation should only be used for very similar wind turbines, or the parameters must be
determined experimentally or by simulation.

To conclude, there are appropriate models available for all components of a hydrogen energy
system. However, some descriptions need further improvement to be applicable to a variety of different
system designs. With this knowledge and with experimental studies, many researchers have already
examined the limitations of renewable-powered alkaline water electrolyzers [48,79,82]. The central
prospect is to increase the operation time through intelligent system designs and advantageous
operational concepts. While the implementation of conventional energy storage devices to damp the
dynamics is a first logical step, alkaline water electrolyzers should be enabled to handle all dynamics
directly to reduce costs and to enhance the efficiency [25]. As the hydrogen production from fossil
energy carriers is less expensive than hydrogen from electrolysis processes, only optimized systems
with the use of excess renewable energy can be competitive.
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Abbreviations

AC Alternating current
AEL Alkaline water electrolysis
CFD Computational fluid dynamics
DC Direct current
HTEL High-temperature electrolysis
ILs Ionic liquids
MPP Maximum power point
PEMEL Proton exchange membrane electrolysis
PV Photovoltaic
SOEL Solid oxide electrolysis

Appendix A. Correlations and Parameters

A correlation for the reversible cell voltage Urev of alkaline water electrolysis is given in (A1).
The obtained value can be used for the calculation of the cell voltage in (7) or (8) at atmospheric
conditions. For a pressurized system, extended correlations are required, as the reversible cell voltage
increases at higher pressures [40]. The empirical correlation parameters for the calculation of cell
voltage by (7) and (8) are given in Table A1.

Urev = 1.503 42 V − 9.956 · 10−4 V ·

(

T

K

)

+ 2.5 · 10−7 V ·

(

T

K

)2

(A1)

Table A1. Parameters for the calculation of cell voltage by Equations (7) and (8) [28,39,94].

Parameter Equation (7) [28,94] Equation (8) [39] Unit

r1 8.05·10−5 4.451 53·10−5
Ωm2

r2 −2.5·10−7 6.888 74·10−9
Ωm2 ◦C−1

s 0.185 0.338 24 V
t1 1.002 −0.015 39 m2 A−1

t2 8.424 2.001 81 m2 ◦C A−1

t3 247.3 15.241 78 m2 ◦C2 A−1

d1 – −3.129 96·10−6
Ωm2

d2 – 4.471 37·10−7
Ωm2 bar−1

The correlations for the calculation of specific electrolyte conductivity for KOH and NaOH can
be found in (A2) and (A3). The required correlation parameters are listed in Table A2. The validity
range for (A2) is a temperature T from 258.15 to 373.15 K and KOH mass fractions wKOH between 0.15
and 0.45. Equation (A3) is valid for temperatures ϑ between 25 and 50 ◦C and NaOH mass fractions
wNaOH from 0.08 to 0.25 [52,57].

σKOH =K1 · (100 · wKOH) + K2 · T + K3 · T2 + K4 · T · (100 · wKOH)

+K5 · T2
· (100 · wKOH)

K6 + K7 ·
T

(100 · wKOH)
+ K8 ·

(100 · wKOH)

T

(A2)

σNaOH = K1 + K2 · ϑ + K3 · w3
NaOH + K4 · w2

NaOH + K5 · wNaOH (A3)
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Table A2. Parameters for the calculation of the specific electrolyte conductivities of KOH and NaOH
solutions by Equations (A2) and (A3) [52,57].

Parameter Equation (A2) [57] Unit Equation (A3) [52] Unit

K1 27.984 480 3 S m−1
−45.7 S m−1

K2 −0.924 129 482 S m−1 K−1 1.02 S m−1 ◦C−1

K3 −0.014 966 037 1 S m−1 K−2 3200 S m−1

K4 −0.090 520 955 1 S m−1 K−1
−2990 S m−1

K5 0.011 493 325 2 S m−1 K−2 784 S m−1

K6 0.1765 – – –
K7 6.966 485 18 S m−1 K−1 – –
K8 −2898.156 58 S K m−1 – –
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73. Ðukić, A. Autonomous Hydrogen Production System. Int. J. Hydrog. Energy 2015, 40, 7465–7474. [CrossRef]
74. Dai, J.; Liu, D.; Wen, L.; Long, X. Research on Power Coefficient of Wind Turbines Based on SCADA Data.

Renew. Energy 2016, 86, 206–215. [CrossRef]
75. Chin, V.J.; Salam, Z.; Ishaque, K. Cell Modelling and Model Parameters Estimation Techniques for

Photovoltaic Simulator Application: A Review. Appl. Energy 2015, 154, 500–519. [CrossRef]
76. Vergura, S. A Complete and Simplified Datasheet-Based Model of PV Cells in Variable Environmental

Conditions for Circuit Simulation. Energies 2016, 9, 326. [CrossRef]
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