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A B S T R A C T

Green hydrogen is seen as a promising energy storage and balancing solution to complement the ever-
increasing share of variable renewable energy sources in the grid. The dynamic operation of polymer electrolyte
membrane (PEM) electrolyzers has the potential to simultaneously lower the cost of green hydrogen and
improve the flexibility of the grid by taking advantage of the volatility of renewable production. However,
dynamic operation affects a wide range of variables related to the degradation of electrolyzer components
and the safety and efficiency of the process, often in counterintuitive ways. This, in turn, makes it difficult
to predict the levelized cost of the green hydrogen produced when operating on the electricity markets.
This critical review examines state-of-the-art literature on the behavior of PEM electrolyzers under dynamic
operation, bearing in mind the objective of reducing the levelized cost of green hydrogen. Knowledge gaps, key
development directions, and future research needs are identified with respect to PEM electrolysis equipment,
operating parameters, degradation, and the role of dynamically operated PEM electrolyzers on the electricity
markets. It is found that while the field is developing at a rapid pace, there is a lack of holistic studies that
consider all (or even most of) the interconnected variables that affect the levelized cost of green hydrogen
during the dynamic operation of PEM electrolyzers. It is postulated that this complex network of interactions
will give rise to data-driven approaches (such as Machine Learning) to bridge this gap.

1. Introduction

One of the major contributors to global warming is the energy sector
which is responsible for roughly three quarters of global greenhouse gas
emissions [1,2]. Although electrification plays a significant role in de-
carbonizing this sector, its implementation still faces many challenges.
The intermittent nature of variable renewable energies (VRE) affects
the stability and reliability of the electric grid [3–5]. In addition, some
aspects of the energy sector are hard to electrify: aviation, maritime
shipping, heavy transport vehicles, and the heavy industry [6–8].

Green hydrogen, produced through electrolysis using emission-free
energy sources, can contribute to solving these challenges by replacing
fossil-based hydrogen in chemical processes or as a feedstock for pro-
ducing different near carbon neutral e-fuels via power-to-X technolo-
gies. These e-fuels can be used directly to decarbonize hard-to-electrify
sections of the energy sector [9–11].

For limiting the temperature rise to 1.5 ◦C, the International Re-
newable Energy Agency (IRENA) estimates that the share of VRE
production in the electricity grid needs to increase from 7% in 2018
to 42% in 2030 and 63% in 2050. Further, IRENA projects that the
capacity of water electrolyzers needs to increase from 458 MW in
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2021 to 350 GW in 2030 [12]. This increase in electrolysis capacity
could either add more stress to the electricity grid or be exploited as
an opportunity through the dynamic operation of electrolyzers. The
dynamic operation of electrolyzers can improve stability and flexibility
of the electric grid by providing more demand response capabilities [9,
13,14]. Moreover, producing green hydrogen when VRE is abundant
and electricity prices are low has the potential to reduce the levelized
cost of green hydrogen [15,16]. However, frequent fluctuations with
short intervals during the dynamic operation of electrolyzers accelerate
their degradation [17–19]. Therefore, it is important to understand and
optimize the dynamic operation of electrolyzers for them to add value
to a decarbonized energy system.

This paper focuses exclusively on the dynamic operation of polymer
electrolyte membrane (PEM) electrolyzers. Although alternative op-
tions for direct water splitting exist which require less electrical energy
per unit of green hydrogen produced and operate at a lower voltage
than direct water electrolysis (such as SO2-depolarized electrolysis),
their technology readiness level is still low and they are excluded from
this review [20–22]. PEM electrolysis was chosen as the sole subject
of this review due to its superior dynamic characteristics compared to
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Nomenclature

Abbreviations

AEL Alkaline electrolyzer
HER Hydrogen evolution reaction
IRENA International Renewable Energy Agency
MEA Membrane electrode assembly
OER Oxygen evolution reaction
PEM Polymer electrolyte membrane
PTL Porous transport layer
RF Ripple factor
SOEL Solid oxide electrolyzer
VRE Variable renewable energy

Symbols

𝑎H2O Activity of water fed in liquid state, –
𝛼 Charge transfer coefficient, –
𝐶 Electric capacitance value, farad
𝛥𝐺 Gibbs free energy, J
𝜂𝑒𝑙𝑒𝑐 Electrical efficiency, –
𝐸𝑂𝐶 Open circuit voltage, V
𝐸𝑟𝑒𝑣 Reversible voltage, V
𝐹 Faraday constant, C mol−1

𝜂𝑓 Faraday efficiency, –
𝑖 Current density, A m−2

𝑖0 Exchange current density, A m−2

𝐼𝐴𝐶 Alternating (ripple) current component, A
𝐼𝐷𝐶 Direct current component, A
𝐼𝑒𝑙 Effective electrolyzer current, A
𝐼𝑖𝑛 Input current, A
𝑖𝐿 Limiting current density, A m−2

𝐼𝑅𝑀𝑆 Root mean square current, A
𝑛 Number of electrolyzer cells in series, –
𝑝 Operating pressure, Pa
𝑃H2

Electric power converted to hydrogen, W
𝑝H2

Partial pressure of hydrogen, Pa
𝑃𝑖𝑛 Input electric power, W
𝑝O2

Partial pressure of oxygen, Pa
𝑅 Universal gas constant, J K−1 mol−1

𝑅𝑋 Electric resistance of component X, Ω
𝑇 Operating temperature, K
𝑡 Operating time, s
𝜏 Time constant, s
𝑈𝑡ℎ Thermoneutral voltage, V
𝑈𝑎𝑐𝑡 Activation overvoltage, V
𝑈𝑑𝑖𝑓𝑓 Diffusion overvoltage, V
𝑈𝑖𝑛 Input voltage, V
𝑈𝑜ℎ𝑚 Ohmic overvoltage, V
𝑉𝑎𝑐𝑡𝑢𝑎𝑙 Actual volume of hydrogen produced, m3

𝜂𝑣 Voltage efficiency, –

other direct water splitting technologies. As can be seen in Table 1, PEM
electrolysis has lower response times than alkaline electrolysis (AEL)
and solid oxide electrolysis (SOEL), which enables PEM electrolysis to
react faster to the fluctuations in electricity production than AEL and
SOEL, making it a better candidate for dynamic operation with VRE.

In recent years, research interest in water electrolysis has been in-
creasing exponentially. However, the percentage of publications

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 Theoretical volume of hydrogen produced,
m3

𝑋𝑎 Subscript a indicates anode side, –
𝑋𝑐 Subscript c indicates cathode side, –
𝑧 Number of electrons involved in the reac-

tion, –

Table 1
Load flexibility and start-up times of different water electrolysis technologies.

AEL PEM SOEL Reference

Load flexibility
(% of nominal load) 20%–100% 0%–100% −100%–+100% [23,24]

Warm start-up 1 – 5 min <10 s 15 min [23]

Cold start-up 1 – 2 h 5 – 10 min hours [23]

regarding PEM electrolysis only covers 15% of the total publications
about water electrolysis and only 11% of these publications are re-
lated to the dynamic operation of PEM electrolysis [25]. In addition,
according to the authors’ knowledge, there is no literature review that
focuses on the dynamic operation of PEM electrolyzers. The novelty
of this critical review is exploring the state-of-the-art literature on the
dynamic operation of PEM electrolyzers and identifying areas that need
further research from multidisciplinary perspectives, bearing in mind
the overarching objective of minimizing the levelized cost of green
hydrogen. First, the fundamentals of PEM electrolysis and state-of-the-
art electrolyzers and their materials are reviewed in Section 2. Next,
state-of-the-art literature related to different interconnected variables
affecting the dynamic operation of PEM electrolysis in terms of oper-
ating characteristics, degradation, and electricity markets is reviewed
and discussed in Sections 3–5. These sections also present the research
gaps and opportunities identified by the authors. Finally, conclusions
are presented in Section 6. Based on the identified shortcomings of
the literature, this review found that holistic approach to optimize the
levelized cost of green hydrogen produced by the dynamic operation of
PEM electrolyzers is needed to ensure the reduction of green hydrogen
levelized cost. In such an approach, all interconnected variables should
be considered together, preferably using data-driven methodologies.

2. PEM electrolysis

PEM electrolyzers operate according to the same principles as other
water electrolysis technologies: water is electrochemically split into
hydrogen and oxygen in the presence of electrical energy. A PEM
electrolyzer consists of three main parts, as shown in Fig. 1: anode,
cathode, and proton conducting membrane [26,27]. Water is fed into
the anode where it splits into protons, electrons, and oxygen. This
reaction is called the oxygen evolution reaction (OER) [28].

H2O → 2H+ + 1
2
O2 + 2𝑒− (1)

Next, protons move to the cathode through the proton conducting mem-
brane, and electrons transfer to the cathode through a power source. At
the cathode, electrons and protons combine to produce hydrogen. This
reaction is called the hydrogen evolution reaction (HER) [28].

2H+ + 2𝑒− → H2 (2)

The global reaction of a PEM electrolyzer is as follows [28]

H2O → H2 +
1
2
O2 (3)

Green hydrogen produced via water electrolysis has a high purity,
with the only side product being oxygen [28]. In addition, harmful
emissions associated with green hydrogen production are limited to
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Fig. 1. Main components of a proton exchange membrane (PEM) electrolyzer cell.

those arising from the production of the renewable electricity source
and manufacturing of the electrolyzer [29,30].

PEM electrolyzer development efforts focus on decreasing the cost
and increasing the reliability and efficiency of materials used in the
anode, the cathode, and the proton exchange membrane [27,31]. A
PEM electrolyzer stack consists of current collectors at both ends,
bipolar plates, and membrane electrode assembly (MEA) where the
active material electrodes are painted on top of the polymer electrolyte
membrane [32,33]. Fig. 1 shows the components of a single cell of a
PEM electrolyzer stack. The cell consists of current collectors, bipolar
plates, porous transport layers (PTL), catalyst layers, and polymer
electrolyte membrane.

2.1. Anode

Anode material development is very challenging, as the anode
environment is highly oxidative. Moreover, the OER is slower than the
HER, and it requires a higher activation energy [34,35]. Therefore,
a higher electric overpotential is applied to the anode electrodes.
Thus, materials used in anode electrocatalysts should be highly ac-
tive, corrosion resistant, and should be able to withstand high electric
potential to improve the relabilty and efficiency of the electrolyzer.
These conditions place limitations on the range of materials that can
be used [34]. Currently, noble rare metals, especially iridium-based
and ruthenium-based catalysts, are seen as the most suitable materials.
Although ruthenium-based catalysts are more active and less expen-
sive than iridium-based catalysts, they have a higher corrosion rate.
Therefore, iridium is the most used material in manufacturing anode
electrocatalysts [34,36]. While the anode catalyst accounts for only 6%
of the PEM electrolyzer stack cost, future supply of iridium could be a
bottleneck in the large-scale deployment of PEM electrolysis [31,37].

Iridium accounts for less than 3% of the Platinum group metals
mined in South Africa and Zimbabwe where about 95% of iridium
production takes place. In 2022, the global annual demand of iridium

was only 7.9 tonnes [38]. Kiemel et al. [39] modeled the capacity
of electrolyzers needed in Germany for reducing GHG emissions by
85% until 2050 along with the required critical materials for achieving
this target. When assuming a constant iridium loading (0.667 g/kW),
80% recycling efficiency after the end of life of the electrolyzers, and
a 40% market share of PEM electrolyzers in 2050, it was found that
about 37% of the global iridium production in 2016 (2650 kg) will be
needed for satisfying the needs of the added capacity in Germany by
2050. However, if a technological advancement in iridium loading is
considered (projected to be as low as 0.05 g/kW in 2035), the iridium
demand in 2050 will decrease to about 200 kg and peak in 2027 at
about 500 kg (about 3% and 7% of 2016 production, respectively).

Moreover, when Kiemel et al. increased the scope of their analysis
to include critical materials required globally for electrolyzers, it was
found that, in the scenario where technological advancement can be
achieved, about 45% of 2016 iridium production will be needed to
satisfy the global demand in 2050 with a peak in 2027 around 113%.
The cumulative global electrolysis capacity in this scenario is 3400 GW,
which is the lower end value in the study. The upper end estimate
of 9900 GW seems to be rather high, as the upper end estimate in
another study by the Hydrogen Council and McKinsey & Company for a
net-zero emissions economy scenario is 4000 GW electrolysis capacity
in 2050 [40], more in alignment with the lower end estimate of the
Kiemel et al. study [39]. Kiemel et al. estimated that lifespan of PEM
electrolyzers will increase from 20 to 27 years by 2050. Although a
shorter lifespan can decrease the severity of iridium supply shortage by
allowing more iridium to be recycled, it also decreases the electrolyzer
capacity factor. This, in turn, can increase the levelized cost of green
hydrogen if operation is not correctly optimized. Moreover, the possi-
bility of recycling iridium from other industries was not included in the
study.

Therefore, current research focuses mainly on reducing the loading
of iridium in anode electrocatalysts. Inert elements (such as molyb-
denum, tantalum, and tin) and active elements (such as ruthenium)
are doped into the iridium oxide solid solution. Using inert elements
improves the stability and decreases the activity of the catalyst [41,42].
Therefore, a compromise between cost, activity, and stability must be
reached. Moreover, developing iridium free catalysts have been studied
extensively, particularly unary metal oxides (such as manganese oxides,
cobalt oxides, and iron oxides). Thus far, none of the unary metal
oxides achieved stability and activity comparable to iridium based
catalysts [42]. Therefore, focus has recently shifted to polymetallic mix-
tures where various compositions of non-precious metals are designed
to enhance the activity and stability of the catalyst. Patel et al. [43]
succeeded in developing a fluorine doped copper manganese oxide
catalyst which has a comparable activity to iridium based catalysts
along with a good long term stability. Despite the promising results that
started to emerge from this area, more research is needed to confirm
the reported outputs and to establish the long term stability of catalysts
under both constant and dynamic operation.

Other components of the anode, the current collector, the bipolar
plate, and the PTL should be corrosion resistant and have high electrical
conductivity [27,28]. The geometry of components plays an important
role in the efficiency of a PEM electrolyzer, because at higher current
densities, mass transfer becomes a limiting factor. Increasing porosity
improves mass transfer within the anode, but it simultaneously de-
creases the electrical conductivity [28,44]. Therefore, more research
is needed for optimizing the geometry of the components and their
resulting flow fields.

Overall, current anode material development primarily focuses on
reducing the capital cost of the anode and decreasing the demand
of iridium in PEM electrolyzers. To do so, research focuses on us-
ing cheaper support materials with coating for protection from the
harsh environment, reducing the loading of noble metals in the elec-
trocatalysts, and utilizing nanostructured materials and mixed metal
oxides [31,45].
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2.2. Cathode

Although the environment is less harsh at the cathode than at the
anode, cathode material development is still needed to improve the ef-
ficiency and reduce the cost of PEM electrolyzers. The cathode environ-
ment is not oxidative, and the HER requires less electric overpotential
than the OER. This enables the utilization of less expensive, non-noble
metals in cathode electrocatalysts, such as transition metal compounds
and carbonaceous materials [46,47]. However, noble-metal-free elec-
trocatalysts, or those with ultra low loading of noble metals (such as
less than 0.02 mg cm−2 Pt-loading [48]) still suffer from significantly
lower activities and stabilities than commercially used noble-metals-
based electrocatalysts. This increases operational cost, electricity use,
and maintenance cost, which outweighs the cost savings from reducing
noble metal content [41]. However, more research emphasis should be
placed on improving the activity and stability of cathode electrocat-
alysts that have an ultra low loading (or a complete lack) of noble
metals. With the expected increase in the global demand for PEM
electrolyzers in the coming years, the supply of noble metals used in
cathode electrocatalysts (such as platinum) can act as a bottleneck
for scaling up the production of PEM electrolyzers [39]. Currently,
platinum- and palladium-based nanoparticle electrocatalysts on less
expensive support materials, such as platinum supported on carbon
(Pt/C), are used commercially [28,41].

Although the cathode catalyst currently accounts for only 2% of
the PEM electrolyzer stack cost, platinum demand can also affect the
large-scale deployment of PEM electrolysis [31,39]. Kiemel et al. [39]
assigned a high risk rating to the supply of platinum, because the
current demand already exceeds the supply from primary production.
In addition, PEM electrolyzers will be competing with other industries
where platinum is widely used. However, this issue can be tackled
by increasing the recycling of platinum through improving the eco-
nomic viability of the recycling process and introducing legislation
that encourages platinum recycling. In the last 6 years, only 25%
of platinum demand was supplied by recycling, although platinum
recycling efficiency can reach as high as 95% [38,49].

While reducing the cost and increasing the efficiency of electro-
catalysts is instrumental in achieving economic viability for green
hydrogen, it is worth mentioning that titanium has the highest cost
contribution of any material in PEM electrolyzers, accounting for about
50% of the stack cost [16]. This is mainly due to its high manufacturing
cost. Titanium is used in bipolar plates and PTLs. Therefore, reducing
the manufacturing and material cost of these components is also an
essential piece of the puzzle.

2.3. Membrane

The proton exchange membrane is a critical part of a PEM elec-
trolyzer. It allows the transport of protons from the anode to the
cathode and prevents the transport of gaseous molecules — oxygen
from the anode to the cathode and hydrogen from the cathode to
the anode [27,28]. Currently, the most commercially used materials
for proton exchange membranes are Perfluorosulfonic acid polymers
such as Nafion™. Nafion™ has high strength, high stability, high proton
conductivity, low gas permeability, and it withstands high current den-
sities [27,28]. However, it also has a high cost, as it accounts for about
5% of PEM electrolyzer stack cost. Besides, the manufacturing cost of
the MEA accounts for 10% of the stack cost [31]. Material development
for proton exchange membranes focuses on using cheaper materials
and reducing the thickness of the membrane without compromising
stability, safety requirements, and proton conductivity.

When gaseous molecules pass through the membrane, oxygen
molecules recombine with hydrogen to produce water and hydrogen
peroxide. This decreases the efficiency of the electrolyzer and acceler-
ates its degradation [50,51]. Moreover, a gaseous mixture of hydrogen

and oxygen is combustible, presenting a safety hazard when the volu-
metric percentage of hydrogen in oxygen reaches 4%. Therefore, a PEM
electrolyzer shuts down when the volumetric percentage of hydrogen
at the anode reaches 2% [50,52]. The trade-offs mandated by these
process safety considerations warrant further discussion: hydrogen,
when used in chemical processes or as a feedstock for producing e-fuels,
must often be supplied at high pressure [53–55]. Ayers et al. stated that
electrochemical compression of hydrogen via accumulating hydrogen
gas on the cathode side of a PEM electrolyzer (up to 700 bar) is
more efficient than mechanical compression [56]. However, increasing
the pressure difference between the cathode and the anode increases
the penetration of hydrogen molecules to the anode [57], leading to
the increase of the safety risks. Therefore, for improved electrolysis
efficiency and safe operation, proton exchange membranes should be
designed to prevent hydrogen penetration even at elevated pressure
differences if hydrogen needs to be supplied at high pressures.

Bukola and Creager [58] reported that embedding a single layer
of graphene in the middle of a Nafion™ membrane decreases the
penetration of hydrogen molecules to the anode up to eight-fold while
slightly decreasing the proton conductivity. This can enable reducing
the thickness of the membrane beyond the current state-of-the-art
even at elevated pressure differences between the cathode and the an-
ode. Decreasing the membrane thickness without compromising safety
standards simultaneously decreases the cost and improves the proton
conductivity of the membrane. In addition, Ion-Ebrasu et al. [59]
reported that doping graphene into a Fumapem™ membrane improves
water intake in the membrane, which in turn improves the proton
conductivity. However, long-term stability and the crossover of gaseous
molecules should be studied further. Graphene is a promising material
for further research in order to reduce the cost, improve the proton
conductivity, and decrease the crossover of gaseous molecules through
the membrane. These properties can enhance the ability of the PEM
electrolyzer to follow the production of VRE, even at low production
times and high cathode–anode pressure differences.

3. Dynamic operation characteristics

This section begins with a brief overview of the interaction between
the key operating parameters: current, voltage, temperature, and pres-
sure, to provide a basis for discussing the effect of dynamic operation on
PEM electrolyzers. In an electrical equivalent model, complex systems
can be simplified by approximating different physical properties and
losses using electrical components [60,61]. PEM electrolyzers can be
modeled using different combinations of resistance, capacitance, and
voltage source.

Since a PEM electrolyzer is operated using direct current [62], the
input power needed is the product of input current and voltage [63].

𝑃𝑖𝑛 = 𝐼𝑖𝑛 ⋅ 𝑈𝑖𝑛 (4)

The relation between input current from the power source (I𝑖𝑛) and
useful current in the electrolyzer (I𝑒𝑙) is determined by the Faraday
efficiency (𝜂𝑓 ) [64]

𝜂𝑓 =
𝐼𝑒𝑙
𝐼𝑖𝑛

(5)

where 𝜂𝑓 represents losses due to short-circuit currents and the trans-
port of gases through the membrane. Because the value of 𝜂𝑓 is usually
close to 1, it is often neglected when modeling electrolyzer behav-
ior [64,65]. However, at low current densities, 𝜂𝑓 value decreases
significantly. In addition, 𝜂𝑓 changes with electrolyzer temperature and
pressure [66,67]. 𝜂𝑓 can be experimentally calculated by dividing the
measured volume of hydrogen produced by the theoretical volume
of hydrogen when the input current is assumed to be equal to the
electrolyzer current [27,66].

𝜂𝑓 =
𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
(6)
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where

𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑅 ⋅ 𝑇 ⋅ 𝐼𝑖𝑛 ⋅ 𝑡
𝐹 ⋅ 𝑝 ⋅ 𝑧

(7)

R is the universal gas constant, T is the electrolyzer operating tempera-
ture, t is the electrolyzer operating time, F is the Faraday constant, p is
the electrolyzer operating pressure, and z is number of electron moles
involved in the reaction.

For the electrolysis reaction to occur, the applied voltage needs to
overcome open-circuit voltage and various overvoltages [64,68].

𝑈𝑖𝑛 = 𝑛(𝐸𝑂𝐶 + 𝛥𝑈𝑎𝑐𝑡 + 𝛥𝑈ohm + 𝛥𝑈𝑑𝑖𝑓𝑓 ) (8)

n is the number of cells in series, E𝑂𝐶 is the open-circuit voltage, U𝑎𝑐𝑡
is the activation overvoltage, Uohm is the ohmic overvoltage, and U𝑑𝑖𝑓𝑓
is the diffusion overvoltage.

The open-circuit voltage can be calculated by the Nernst equation
by taking into account the operating temperature, the activity of the
reactant and the partial pressure of products [64,68]. Assuming that
products are ideal gases, these equations take the following form:

𝐸𝑂𝐶 = 𝐸𝑟𝑒𝑣 +
𝑅 ⋅ 𝑇
𝑧 ⋅ 𝐹

𝑙𝑛(
𝑝H2

⋅ 𝑝
1
2
O2

𝑎H2O
) (9)

and

𝐸𝑟𝑒𝑣 =
𝛥𝐺𝑇 ,𝑝𝑟𝑒𝑓

𝑧 ⋅ 𝐹
(10)

where E𝑟𝑒𝑣 is reversible voltage, pH2
is the partial pressure of hydrogen,

pO2
is the partial pressure of oxygen, aH2O is the activity of water fed

in the liquid state, and 𝛥G is the Gibbs free energy at the electrolyzer
operating temperature and reference pressure.

U𝑎𝑐𝑡 represents electromagnetic field losses caused by the transfer
of electrons between the electrolyte and the electrodes on both the
anode and the cathode sides. U𝑎𝑐𝑡 can be modeled using the Tafel
equation [64,66]:

𝛥𝑈𝑎𝑐𝑡,𝑎 =
𝑅 ⋅ 𝑇

𝛼𝑎 ⋅ 𝑧 ⋅ 𝐹
𝑙𝑛(

𝑖𝑎
𝑖0,𝑎

) (11)

𝛥𝑈𝑎𝑐𝑡,𝑐 =
𝑅 ⋅ 𝑇

𝛼𝑐 ⋅ 𝑧 ⋅ 𝐹
𝑙𝑛(

𝑖𝑐
𝑖0,𝑐

) (12)

𝛥𝑈𝑎𝑐𝑡 = 𝛥𝑈𝑎𝑐𝑡,𝑎 + 𝛥𝑈𝑎𝑐𝑡,𝑐 (13)

where U𝑎𝑐𝑡,𝑎 and U𝑎𝑐𝑡,𝑐 represent the activation overvoltage, 𝛼𝑎 and 𝛼𝑐
are the charge transfer coefficients, i𝑎 and i𝑐 are the current densities,
and i0,𝑎 and i0,𝑐 are the exchange current densities. Subscripts a and c
represent the anode and the cathode, respectively.

Uohm represents losses due the movement of electrons through
the PEM electrolyzer (electrical losses) and the movement of protons
through the membrane (ionic losses). Electrical losses occur in both
electrodes, the PTL, the bipolar plates, and in the current collector [66,
69]. Uohm is calculated using Ohm’s law [64]:

𝛥𝑈ohm = 𝐼𝑒𝑙(𝑅𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 + 𝑅𝑃𝑇𝐿 + 𝑅𝑏𝑖𝑝𝑜𝑙𝑎𝑟𝑝𝑙𝑎𝑡𝑒𝑠

+ 𝑅𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠) (14)

where U𝑑𝑖𝑓𝑓 represents mass transport limitations. When the concentra-
tion of products (H2 and O2) increases, the reaction rate decreases [64,
66]. The anode U𝑑𝑖𝑓𝑓 is much higher than the cathode U𝑑𝑖𝑓𝑓 , since
the anode reaction rate is slower than the cathode reaction rate and
requires more energy [34,46]. U𝑑𝑖𝑓𝑓 can be modeled using the Limiting
Current technique [64,70]:

𝛥𝑈𝑑𝑖𝑓𝑓 ,𝑎 =
𝑅 ⋅ 𝑇

𝛼𝑎 ⋅ 𝑧 ⋅ 𝐹
𝑙𝑛(

𝑖𝐿
𝑖𝐿 − 𝑖𝑎

) (15)

𝛥𝑈𝑑𝑖𝑓𝑓 ,𝑐 =
𝑅 ⋅ 𝑇

𝛼𝑐 ⋅ 𝑧 ⋅ 𝐹
𝑙𝑛(

𝑖𝐿
𝑖𝐿 − 𝑖𝑐

) (16)

𝛥𝑈𝑑𝑖𝑓𝑓 = 𝑈𝑑𝑖𝑓𝑓 ,𝑎 + 𝑈𝑑𝑖𝑓𝑓 ,𝑐 (17)

where U𝑑𝑖𝑓𝑓 ,𝑎 and U𝑑𝑖𝑓𝑓 ,𝑐 are the diffusion overvoltages of the anode
and the cathode respectively, and i𝐿 is the limiting current density.

During dynamic operation, in transient state, the electrical fre-
quency is no longer zero. Therefore, the capacitive nature of the anode
and cathode electrodes affects the voltage change in transients [71,
72]. Although PEM electrolyzers have a fast response to changes in
input electricity, over/under-voltage of the activation voltage occurs
in the transient state until steady state is reached again [73,74]. This
over/under-voltage occurs due to the dynamics of the reaction at the
anode and the cathode. This, in turn limits the change of activation
voltage during a transient as follows [66]:
𝑑𝑈𝑎𝑐𝑡,𝑎

𝑑𝑡
=

𝐼𝑒𝑙
𝐶𝑎

− 1
𝜏𝑎

⋅ 𝑈𝑎𝑐𝑡,𝑎 (18)

and
𝑑𝑈𝑎𝑐𝑡,𝑐

𝑑𝑡
=

𝐼𝑒𝑙
𝐶𝑐

− 1
𝜏𝑐

⋅ 𝑈𝑎𝑐𝑡,𝑐 (19)

where C𝑎 and C𝑐 are the anode and cathode capacitance values respec-
tively, and 𝜏 is the time constant which is equal to the product of the
resistance and the capacitance of the electrode [66,71]. According to
Guilbert et al. [73], during a transient state, the discrepancy between
experimental data and the steady state model can be as high as 15%.
However, when the dynamic nature of electrolyzer is considered in
the model, the maximum discrepancy drops to 4%. Transients can
occur when VRE production changes or due to quality issues of power
electronics [71,75]. Dynamic models are still very limited, especially
when considering different devices used in the electrolysis process other
than the electrolyzer, such as pumps, compressors, heat exchangers,
power converters, and separators. Therefore, more research is needed
in dynamic modeling of PEM electrolysis, to have full understanding of
the effect of transient state on PEM electrolysis operation.

The power converted to hydrogen can be calculated using a relation
between electrolyzer current and open circuit voltage [64,68,71]. As
can be seen, in equations from (8) to (17), increasing the electrolyzer
current increases the required electrolyzer voltage because overvoltage
losses increase, while E𝑂𝐶 remains constant. However increasing elec-
trolyzer current increases hydrogen production, as shown in Eq. (20).

𝑃H2
= 𝑛 ⋅ 𝐼𝑒𝑙 ⋅ 𝐸𝑂𝐶 (20)

3.1. Efficiency

In this section, the effect of dynamic operation on the efficiency
of PEM electrolyzers will be discussed. Three main variables are used
for describing the efficiency of a PEM electrolyzer: electrical efficiency
(𝜂𝑒𝑙𝑒𝑐), voltage efficiency (𝜂𝑣), and Faraday efficiency (𝜂𝑓 ), as described
earlier. 𝜂𝑒𝑙𝑒𝑐 is the ratio of the power of the produced hydrogen to the
input electric power. 𝜂𝑣 is the ratio between thermoneutral voltage and
input voltage [66,71].

𝜂𝑒𝑙𝑒𝑐 =
𝑃H2

𝑃𝑖𝑛
(21)

𝜂𝑣 =
𝑈𝑡ℎ
𝑈𝑖𝑛

(22)

where

𝜂𝑒𝑙𝑒𝑐 = 𝜂𝑓 ⋅ 𝜂𝑣 (23)

Increasing the input current decreases 𝜂𝑣 and increases 𝜂𝑓 [76,77].
However, the effect of input current on electrical efficiency also de-
pends on initial current density and pressure. At a very low current
density and a high differential pressure, the increase in 𝜂𝑓 is greater
than the decrease in 𝜂𝑣, which improves the electrical efficiency. Con-
versely, at a higher current density and a high differential pressure, the
decrease in 𝜂𝑣 is higher, which reduces the efficiency [67]. However,
at ambient pressure, the decrease in 𝜂𝑣 dominates, and efficiency is
inversely proportional to the input current [78]. Fig. 2 shows how
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Fig. 2. Relation between proton exchange membrane electrolyzer efficiency and
current density at various pressures and a temperature of 60 ◦C. 𝜂𝑓 is Faraday
efficiency, 𝜂𝑣 is voltage efficiency, and 𝜂𝑒𝑙𝑒𝑐 is electrical efficiency.
Source: Data calculated from [79,80].

the electric-, voltage-, and Faraday efficiencies change with current
density at different pressures. Faraday efficiency was calculated using
experimental data from Trinke et al. [79], while PEM electrolyzer
voltage was calculated using empirical equations developed by Atlam
and Kolhe [80]. In these calculations, only the PEM electrolyzer cell
efficiency is considered at T = 60 ◦C.

𝜂𝑣 decreases because increasing current density increases the de-
tachment diameter of gas bubbles, which, in turn, decreases the catalyst
area exposed to the electrolysis reaction and increases 𝛥𝑈𝑎𝑐𝑡 overvolt-
age losses [81]. Moreover, gas bubbles also affect the passivation of
metals in the PTL and the bipolar plates. Frequent formation and de-
tachment of gas bubbles near the PTL and the bipolar plates causes the
detachment of anti-corrosion coating materials, leading to the passiva-
tion of the PTL and the bipolar plates. As current density increases, the
detachment of anti-corrosion materials accelerates, increasing 𝛥𝑈ohm
overvoltage losses [82–84]. Therefore, more anti-corrosion coating for
the PTL and the bipolar plates is needed for operating PEM electrolyzers
at higher current densities. However, increasing the thickness of the
anti-corrosion coating increases the capital cost of a PEM electrolyzer.

Another mechanism through which efficiency depends on pressure
is the transport of hydrogen molecules from the cathode to the anode:
increasing differential pressure facilitates this process and decreases
the efficiency of the electrolyzer [67,85]. However, when the entire
electrolysis process is accounted for, efficiency actually increases up
to 700 bar, as discussed in Section 2.3. Next, while partial loading of
a PEM electrolyzer improves the electrical efficiency, it decreases the
capacity factor of the electrolyzer, leading to two counteracting effects
on the levelized cost of the produced hydrogen.

In addition to partial loading, the dynamic operation of PEM elec-
trolyzers is associated with changing input power over time. The fre-
quency of fluctuations depends on the nature of the connected power
source and the mode of operation. Fluctuations increase when the
electrolyzer is directly connected to VRE sources without any storage
or back-up power source. Lee at al. [86] found that the direction of
fluctuation (i.e. whether the system is ramping up or down) and the
rate of change affect gas bubble accumulation. The rate of gas bubble
formation during ramping up is higher than bubble detachment rate
during ramping down. Lingering gas bubbles can block water from
reaching the membrane, leading to a decrease in the water content of
the membrane. This, in turn, leads to a decrease in its ionic conductivity
and an increase in 𝛥𝑈ohm overvoltage losses.

Conversely, gas bubbles near the catalyst layer decrease 𝛥𝑈𝑑𝑖𝑓𝑓
overvoltage losses, since the formation of gas bubbles absorbs dis-
solved oxygen, decreasing its concentration and increasing the rate
of the OER [87,88]. However, to achieve high efficiencies in PEM
electrolysis with fluctating input power (especially during dynamic
operation), the number of bubble nucleation sites should be maximized
and the bubble detachment diameter should be minimized. This can
be done by controlling the flow of input water, a sudden adjustment
of operating pressure, or a sudden adjustment of input current or
voltage [81,89]. Fig. 3 illustrates this concept: it shows the nucleation,
growth, and detachment of gas bubbles in the catalyst layer along
with the detachment of catalyst active sites from the catalyst layer due
to the frequent formation and detachment of gas bubbles. When the
detachment diameter of gas bubbles increases, stress at the interface
between the catalyst and the gas bubbles increases, which accelerates
the detachment of catalyst active sites and decreases the lifetime of
the catalyst layer. When catalyst active sites are covered or detached,
𝛥𝑈𝑎𝑐𝑡 overvoltage losses increase. Therefore, more research regarding
optimizing the flow fields arising in PEM electrolyzers during different
modes of operation is recommended with the aim of maximizing the
number of gas bubbles and minimizing their detachment diameter to
ensure high efficiency and durability during dynamic operation.

Moreover, increasing load fluctuation within a given amount of time
affects 𝜂𝑓 . Any unidirectional current (I𝑅𝑀𝑆 ) consists of two compo-
nents, a direct current component (I𝐷𝐶 ) and an alternating (ripple)
current component (I𝐴𝐶 ) according to [90]:

𝐼𝑅𝑀𝑆 =
√

𝐼2𝐷𝐶 + 𝐼2𝐴𝐶 (24)

In a pure direct current, I𝑅𝑀𝑆 is equal to I𝐷𝐶 and I𝐴𝐶 is zero. Ripple
factor (RF) is a ratio that measures the deviation of unidirectional
current from pure direct current [91]:

𝑅𝐹 =
𝐼𝐴𝐶
𝐼𝐷𝐶

(25)

Buitendach et al. [90] investigated the effect of the ripple factor on
power consumption and hydrogen production in a PEM electrolyzer.
It was found that power consumption, which indicates the increase
of input current, increases with increasing ripple factor. However,
hydrogen production is solely dependent on I𝐷𝐶 and has no correlation
with the ripple factor. The extra power consumed is dissipated in the
form of heat, and does not drive the electrolysis reaction. Therefore,
𝜂𝑓 decreases when RF increases. In addition, Buitendach et al. [90]
suggested that the input waveform has no effect on efficiency and
attributed the differences in efficiency between different waveforms
at identical frequencies solely to the ripple factor. However, a com-
parison between different waveforms at the same ripple factor and
frequency was not included in that study. This warrants further inves-
tigation, since different input current waveforms can affect gas bubble
accumulation within the electrolyzer.

Finally, operating temperature also affects the efficiency of PEM
electrolyzers. Increasing the temperature increases the ionic conduc-
tivity of the membrane along with reaction rates, which improves the
overall efficiency [92]. However, it accelerates the degradation of the
membrane, as will be discussed in Section 4.

3.2. Safety

This section discusses the effect of dynamic operation on the op-
erational safety limits of PEM electrolyzers. The main safety issue
related to operating a PEM electrolyzer is the crossover of hydrogen
gas from the cathode to the anode. As mentioned in Section 2.3, when
the volumetric percentage of hydrogen in oxygen reaches about 4%,
the mixture becomes combustible. Therefore, the ratio is kept below
2% to assure safety [50,52,85]. Hydrogen penetration through the
membrane is directly proportional to the electrolyzer current density.
However, at low current densities, the amount of produced oxygen at
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Fig. 3. Schematic of gas bubble nucleation, growth, and detachment with catalyst active site detachment. Gas bubble (White). Catalyst layer active sites (Green). Catalyst support
(Brown).

the anode is low, which can lead to a higher hydrogen to oxygen ratio.
At ambient pressure and a low operating temperature, the material and
the thickness of the proton exchange membrane are designed to avoid
this problem. However, Hydrogen penetration through the membrane
increases with increasing operating temperature and differential pres-
sure between the cathode and the anode, which sets a lower limit on
the allowable input current [67,85,93].

Therefore, when a PEM electrolyzer is operated at an elevated
temperature or pressure, the minimum operating load increases in com-
parison with ambient temperature and pressure. This impairs the ability
of PEM electrolyzers to follow the production of VRE during periods
of low production. In off-grid VRE systems without energy storage,
electricity produced during these periods can thus be wasted instead
of being utilized by the electrolyzer. Such waste of electricity increases
the levelized cost of the electricity produced by the VRE plant, since
capital and operating costs are the same while the amount of product
sold decreases. The effect of differential pressure on the safety and the
minimum operating load can be mitigated by pressurizing the hydrogen
produced using a compressor outside the electrolyzer, and operating
the electrolyzer without a pressure difference between the anode and
the cathode. However, this decreases the overall electrolysis process
efficiency, as discussed in Section 2.3. Moreover, it increases the capital
and maintenance costs of the plant due to the increase in the number of
components, which increases the levelized cost of the produced green
hydrogen. Therefore, safety constraints should be considered when
optimizing the dynamic operation of a PEM electrolyzer.

4. Degradation during dynamic operation

The degradation of a PEM electrolyzer refers to the gradual loss of
its performance over its lifetime. It is useful to distinguish between
reversible and irreversible degradation. The dynamic operation of a
PEM electrolyzer can help prevent the accumulation of some reversible
degradation. However, it also introduces more challenges that need
to be understood and solved for efficient and safe operation [94,95].
Reversible degradation can be fixed by dynamic operation and by pre-
forming regular preventive maintenance, for example the chemical re-
moval of titanium passivation in the PTL and the bipolar plates [89,96].
Sudden change of input current or voltage helps by flushing oxygen
bubbles from the anode, which improves the mass transport of water
and protons and thus enhances the performance of the electrolyzer.
In contrast, irreversible degradation, such as membrane thinning and
iridium dissolution, is permanent. Therefore, irreversible degradation
limits the lifetime of a PEM electrolyzer [89,97].

During dynamic operation, the operator needs to take decisions to
follow the fluctuating power source, operate at a partial load or com-
pletely shut down the electrolyzer. This section discusses the potential
effect of these decisions on degradation.

4.1. Load fluctuation

As discussed in Section 3.1, load fluctuation can increase the accu-
mulation of gas bubbles and the ripple factor. When gas bubbles are
formed near the catalyst layer, the frequent formation and detachment
of gas bubbles induces stress on the catalyst-bubble interface. This
stress can lead to the detachment of the active layer of the catalyst.
Moreover, the accumulation of bubbles in the catalyst layer pores can
affect its porous structure. Also, when gas bubbles are formed near the
PTL or the bipolar plates, interfacial stress can detach anti-corrosion
coating material, which speeds the corrosion of the PTL and the bipolar
plates. The stress exerted by gas bubbles is directly proportional to gas
bubbles detachment diameter. In addition, the non-homogeneous distri-
bution of gas bubbles can cause local water scarcity on the membrane
and the catalyst, resulting in the formation of hotspots, which creates
small areas with extremely high temperatures and increases the thermal
stress acting on the membrane and the catalyst [81,98].

Increasing the ripple factor of the input power increases the power
dissipated as heat energy due to the increase of the ripple current
component. However, since the production of hydrogen depends on the
direct current component, the rate of the electrolysis process remains
unchanged. This increases the operating temperature, since the heat
absorbed by the - endothermic - electrolysis reaction remains the
same [90,99].

Zhang et al. [100] examined the effect of different loading wave-
forms on the dynamic response of a PEM electrolyzer and found that
the temperature rise caused by a multi-stepped loading waveform was
higher than that caused by single-stepped and linear loading wave-
forms, while a linear loading waveform caused a higher temperature
increase than a single-stepped waveform. Zhang et al. suggested that
the increase in temperature was caused by the increase in activation
overvoltage losses. However, the ripple factor of the input waveforms
as a possible cause of the temperature increase was not considered. The
multi-stepped loading waveform had the highest ripple factor, followed
by linear loading and the single-stepped waveform. The higher the
ripple factor, the higher the alternating current which dissipates its
energy in the form of heat without participation in the electrolysis
reaction. Therefore, more research is needed to fully understand the
effect of different input power waveforms on the degradation of PEM
electrolyzers.

Finally, a lower water content and a higher temperature both de-
crease the chemical and mechanical stability of Perfluorosulfonic acid
polymers [101,102]. However, input water flow rate and temperature
can be controlled to overcome these issues. When the temperature
increases, water can be fed either at lower temperatures or higher
input flow rates than during normal operation to dissipate the heat
accumulated in the electrolyzer.
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4.2. Partial loading

Partial loading decreases the detachment diameter of gas bubbles
which increases the area of the active layer of the catalyst exposed to
the electrolysis reaction [81,103]. Besides, partial loading reduces the
detachment of the anti-corrosion coating material and the corrosion of
the PTL and the bipolar plates [82–84].

In contrast, partial loading accelerates the thinning of the mem-
brane and the catalyst ionomer. When oxygen penetrates through the
membrane from anode to cathode, it can react with hydrogen to
produce hydrogen peroxide. Hydrogen peroxide is further involved in
different reactions where hydroxyl radicals are formed via the Fenton
reaction in the presence of metal ions. Hydroxyl radicals attack car-
boxylic acid end-groups in the membrane and the catalyst ionomer,
causing their thinning. The source of metal ions is thought to be
impurities in the water or the stainless steel used in the construction
of the equipment [89,104].

Although oxygen permeability is directly proportional to the input
current, the molar ratio of oxygen to hydrogen in cathode is low at
higher currents, which decreases the formation of hydrogen peroxide.
Therefore, membrane thinning is inversely proportional to the input
current [51,105]. However, temperature has a larger impact on mem-
brane thinning than input current. When the operating temperature
increases from 60 ◦C to 80 ◦C, membrane thinning can accelerate up
to 5 times [106].

Siracusano et al. [107] measured the degradation rate of a PEM
electrolyzer at 1 A/cm2 and 3 A/cm2 with a catalyst loading of 1.27
mg𝐼𝑟+𝑅𝑢/cm2 for 1000 h. It was found that the degradation rate in-
creased from 5 μV/h at 1 A/cm2 to 11 μV/h at 1 A/cm2. Siracusano
et al. suggested that the increase in degradation is due to the changes
in the roughness and the surface chemistry of the catalyst. Moreover,
Siracusano et al. examined membrane thickness and found no clear
evidence for membrane thinning. Besides, it was found that ohmic
overvoltage losses decreased, which indicates a better ionic or electric
conductivity. However, the tests were executed on a single cell, and the
material of construction for the tubing was not reported. The absence of
other potential electrolysis plant components and stainless steel pipes
may highly decrease the concentration of metal ion impurities in the
feed water. This in turn, slows down the Fenton reaction. Moreover, at
a low concentration of metal ion impurities, the reduction in membrane
thickness may be undetectable.

It seems that partial loading can initially improve the performance
of a PEM electrolyzer and decrease ohmic overvoltage losses due to the
increased ionic conductivity of a thinner membrane. However, it can
also cause the thickness of the membrane to reach a critical value where
the transport of hydrogen to the anode increases to unsafe levels. The
potential severity of this issue will increase with the trend of reducing
the thickness of the polymer electrolyte membrane to decrease capital
costs. However, with the promising research results of using graphene
with perfluorosulfonic acid polymers, as discussed in Section 2.3, the
penetration of gaseous molecules through the membrane decreases,
which reduces the membrane thinning due to partial loading and
allows for capital costs saving because of the decreased thickness of
the membrane.

4.3. On/off cycles

Another parameter that influences degradation during dynamic op-
eration is switching between on and off modes. Weiß et al. [108]
explained the effect of on/off times on degradation. During shutdown,
hydrogen crosses from the cathode to the anode where it accumulates
and lowers the anode catalyst potential. At a low enough voltage (about
0.8 V at 80 ◦C), hydrogen reduces the anode catalyst iridium oxide to
elemental iridium metal. During operation, iridium is oxidized again
into an amorphous structure instead of the original crystalline one.
Although amorphous iridium oxide catalyst has a higher activity, it

also exhibits a lower stability. This improves the performance initially,
but leads to a quicker degradation, because of the increased dissolution
rate of iridium. With the current state of the art in anode catalyst man-
ufacturing, the effect of iridium dissolution is not critical [109,110].
However, when iridium loading will be decreased to reduce capital
cost, and on/off cycles will increase to follow VRE production, the
possibility of iridium dissolution being a limiting factor for the lifetime
of PEM electrolyzers increases. Weiß et al. suggested keeping PEM
electrolyzers in a stand-by mode at about 1% of input current to prevent
the reduction of iridium oxide [108].

Rakousky et al. [17] studied the effect of dynamic operation on PEM
electrolyzer degradation. It was found that dynamic operation with 6 h
in on mode followed by 6 h in off mode for 1000 h decreased degrada-
tion. However, when the intervals became faster and more frequent (10
min), degradation worsened. This is in line with the findings of Weiß
et al. where more frequent intervals increase degradation, although
Rakousky et al. suggested that the degradation of the cathode catalyst
is the main cause of increased electrolyzer degradation. In contrast,
when Frensch et al. investigated the effect of dynamic operation, It
was found that having shorter interval times of on and off modes
decreases degradation [111]. However, Rakousky et al. did not report
the operating pressure, while Frensch et al. performed their tests at
atmospheric pressure. Increasing the differential pressure between the
cathode and the anode increases hydrogen crossover which accelerates
iridium dissolution. Furthermore, it is recommended to report the
quality of the dc current used during electrolysis experiments, as it may
also influence the degradation of the PEM electrolyzer, as discussed
below in Section 4.4.

On/Off cycles are not expected to pose a significant challenge
to off-grid systems where there is a direct connection between VRE
sources and a PEM electrolyzer, because short-interval interruptions
rarely occur in solar and wind power plants [112,113]. However,
when connecting a PEM electrolyzer to an electricity grid with a high
volatility due to the high share of VRE, the possibility of shutting
down PEM electrolyzers for short-intervals during consumption peaks
and low production periods increases, which accelerates their degra-
dation. Therefore, the complete shutdown of PEM electrolyzers for
short intervals during dynamic operation should be avoided as much
as possible.

4.4. Input power quality

An electric power converter is an essential component of elec-
trolyzer operation. AC-DC converters are needed for connecting PEM
electrolyzers to the electricity grid or wind energy, while DC-DC con-
verters are needed to connect to photovoltaics. Different power convert-
ers have different output waveforms, such as square wave, triangular
wave, and sinusoidal wave, which all produce different current rip-
ples [114]. Parache et al. [115] investigated the effect of current
ripples on PEM electrolyzer degradation for 3000 h. It was found that
overvoltage degradation increased about 5 times when a triangular
current ripple with a frequency of 10 kHz is used instead of the
reference constant current. However, degradation decreased by roughly
40% when a sinusoidal current ripple with a frequency of 300 Hz
was used. The differences in degradation with different input power
waveforms and frequencies can likely be attributed to differences in gas
bubble accumulation and ripple current, as discussed in Section 4.1.

Parache et al. [115] suggested that the increase in overvoltage
difference over time between the triangular waveform current and the
reference constant current is due to the passivation of titanium on the
anode side. However, the effect of the ripple factor, which increases
the operating temperature, was not taken into account. The ripple
factor of a triangular waveform with a frequency of 10 kHz is roughly
20% higher than that of the reference constant current. Consequently,
more research is needed to elucidate the reasons behind changes in the
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Table 2
The effect of operator actions during dynamic operation on the degradation of PEM electrolyzers. The (+) sign indicates a less degradation
while the (–) sign indicates more degradation.
Actions Effect Reason Component

Load fluctuation

– Reduce catalyst layer activity

– Change porous structure of
catalyst layer

Membrane
– Accelerate PTL and bipolar – Higher gas bubble
plate passivation accumulation Catalyst layer

– Accelerate membrane and – Higher ripple current PTL
catalyst ionomer thinning (Higher temperature)

Bipolar plates
– Increase membrane and
catalyst water starvation and hot
spot formation

Partial load

+ Decrease catalyst active layer
detachment + Lower gas bubbles Membrane

detachment diameter
+ Decrease PTL and bipolar plates Catalyst layer
passivation – Higher oxygen to

hydrogen ratio in cathode PTL
– Accelerate membrane and
catalyst ionomer thinning Bipolar plates

On/Off cycles – Reduce catalyst layer activity – Higher hydrogen gas Catalyst layeraccumulation in anode

Power quality

Membrane
– Accelerate PTL and bipolar – Input power waveform
plates passivation and frequency Catalyst layer

– Accelerate membrane and – Higher ripple current PTL
catalyst ionomer thinning (Higher temperature)

Bipolar plates

degradation rate as a function of input power quality. In addition, re-
porting input current/voltage quality in different research is necessary
to facilitate comparison between different studies. An undesirable side
effect of increasing the quality of power converters used to minimize
degradation and maximize efficiency, is the increase in costs. However,
using more modern transistor-based power converters can decrease
the PEM electrolyzer-specific energy consumption by up to 14% when
compared with 6-pulse thyristor converters [99]. Therefore, the cost of
power converters and the quality of their output waveform should be
included in the optimization of PEM electrolyzer operation.

Table 2 summarizes how different actions taken during dynamic
operation by the operator/optimizer affects degradation, and which
electrolyzer component is affected. The (+) sign indicates a positive
effect on degradation (less degradation) while the (−) sign indicates the
opposite (more degradation). As can be seen in Table 2, load fluctuation
has the highest impact on the degradation of a PEM electrolyzer.
Increasing load fluctuation increases both gas bubble accumulation and
the ripple current, which increases the degradation of all electrolyzer
components. Metal ions in the feed-in water, whether from water
impurities or stainless steel used in equipment manufacturing, should
be avoided as much as possible. Most of the actions taken during the
dynamic operation of a PEM elctrolyzer, except for switching between
on and off modes, accelerate the thinning of the membrane and the
catalyst ionomer in the presence of metal ions.

5. Dynamic PEM electrolyzer operation and the market

The dynamic operation of a PEM electrolyzer can influence the
cost of green hydrogen in various ways. Operating PEM electrolyzers
when electricity prices are low and VRE sources are available decreases
the operational expenses. In addition, when PEM electrolyzers are
used for balancing the electricity grid, the reserve market can provide
extra revenues to the operation, thus decreasing the levelized cost of
the green hydrogen produced. Conversely, lowering the number of
operating hours, when compared with constant operation, increases
the levelized cost due to the resulting higher contribution of capital

Table 3
Effect of proton exchange membrane electrolyzer mode of operation on electricity
prices, operating hours, and revenues from the reserve market.

Constant operation Dynamic operation

Electricity prices
Operating hours
Reserve market revenue

costs. Table 3 summarizes the influence of PEM electrolyzer mode of
operation on electricity prices, operating hours, and revenues from the
reserve market which are affecting the levelized cost of the produced
green hydrogen.

Currently, global hydrogen demand is about 90 Mt/year and it is
expected to rise in the future [116]. In IRENA’s scenario for limiting
global warming to 1.5 ◦C by 2100, clean hydrogen production in
2030 reaches 154 Mt [12]. In 2022, Water electrolysis accounted for
roughly 5% of global hydrogen production, while the fossil-based route
accounted for the other 95%, out of which only 8 Mt is produced at sites
with carbon capture and storage facilities. Det Norske Veritas forecasts
that in 2030, 18% of hydrogen production will come from water elec-
trolysis. Currently, the two largest hydrogen consumers are petroleum
refining and the production of ammonia for fertilizers. However, it is
expected that a significant demand for hydrogen as an energy carrier
will arise, both for direct utilization and for producing various e-fuels.
Moreover, the demand for hydrogen as an energy carrier is expected to
exceed its demand for non-energy applications after 2040 [116]. One
of the major challenges facing green hydrogen production is its high
cost, as the price of green hydrogen is currently 2 to 3 times higher
than hydrogen produced by steam methane reforming [117].

The causes of this high cost can be partially attributed to the high
cost of PEM electrolyzers. This can be divided into the electrolyzer stack
costs and balance of plant costs. The PEM electrolyzer stack accounts
for roughly 45% of the total cost. IRENA forecasts that the stack cost
of PEM electrolyzers can be reduced from 400 USD/kW in 2020 to
less than 100 USD/kW in 2050. This reduction will be facilitated
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by the development of cheaper materials for the manufacturing of
PEM electrolyzers, e.g. through the replacement of expensive noble
metals in catalysts and other components. In addition, the learning
curve associated with producing PEM electrolyzers on a large scale will
decrease the overall cost, including balance of plant costs [16].

However, reducing the cost of the electrolyzer alone is not enough
for economically viable green hydrogen. The cost and consumption of
electricity in the electrolyzer also needs to be reduced, since electricity
price is the single main parameter affecting the levelized cost of green
hydrogen [118,119]. IRENA forecasts that, in the long run, decreasing
electricity cost, reducing the amount of expensive materials used and
switching to affordable materials as much as possible, benefiting from
the economy of scale, and the learning curve in manufacturing can
reduce green hydrogen cost by 85% [16].

5.1. Electricity purchase

According to the directive act adopted by the European Commission
in February 2023 regarding the production of renewable liquid- and
gaseous transport fuels of non-biological origin, hydrogen produced
by electrolyzers can be classified as green (renewable) only if the
electricity used can be proven to be renewable according to temporal
and geographical correlations [120]. This can be done by directly
connecting the electrolysis plant to a renewable power plant or by
establishing power purchase agreements with such plants.

Moradpoor et al. [121] investigated different scenarios for purchas-
ing renewable electricity in Finland and examined their effect on the
break-even price of the green hydrogen produced. When using a PEM
electrolyzer, It was found that the break-even price of green hydrogen
ranged from about 4.75 EUR/kg H2 in the case of buying baseload
using power purchase agreement contracts, to about 6.14 EUR/kg
H2 on a pay as produced power purchase agreement contract with
the electricity grid as the balancing agent and compressed air energy
storage for decreasing dependency on the electricity grid. When the
PEM electrolysis plant was directly connected to a wind park with the
electricity grid as a balancing agent, the break-even price of produced
hydrogen was 6 EUR/kg H2.

However, both in the direct connection and the pay as produced
power purchase agreement contract scenarios a situation can arise
when the wind energy available is not enough to operate the PEM
electrolyzer at full power. In such a case, if the grid is used for
balancing, all electricity supplied by the grid should be proven to be
renewable on a monthly basis until the end of 2029 and on a hourly
basis from the beginning of 2030 in order to classify the produced
hydrogen as green [120]. If proving the renewable origin of electricity
is not possible, decreasing the electrolysis capacity factor or adding
more electricity storage is needed. This will increase the break-even
price of green hydrogen even further.

In addition, Ginsberg et al. [122] compared the levelized cost of
hydrogen produced by a PEM electrolyzer in constant and dynamic
operation. Electricity production profile of California in 2019 was used,
which had a 14% share of solar energy and 7% of wind energy with an
average electricity price of 0.03 USD/kWh. It was found that the price
of green hydrogen decreases with dynamic operation by roughly 9.5%
when compared to constant operation. However, Ginsberg et al. did
not consider the possible revenues from the electricity reserve market
which can increase the green hydrogen price saving. In addition, it is
expected that more VRE sources connected to the electricity grid will
increase its volatility, which will reduce the cost of green hydrogen
even further. In 2021, renewables accounted for 34.8% of California
total electricity production [123]. Renewable energies considered in
this figure include solar, wind, biomass, small hydro, and geothermal
energy. California targets a 60% share of renewables in all retail sales
by 2030 [124]. If realized, these plans will increase the advantage of
dynamic operation over constant operation.

5.2. Electricity reserve market

The electricity reserve market increases the reliability of the elec-
tricity grid by balancing the production and the consumption of elec-
tricity. As the share of VRE in the electricity grid increases, the volatil-
ity of the grid increases. Therefore, more reserve is needed for ensuring
its reliability. One way to increase the reliability of the electricity grid is
to increase the electricity grid flexibility by demand response. Dynamic
operation of PEM electrolyzers can provide the electricity grid with part
of this flexibility needed to ensure the reliability of the grid.

Bertuccioli et al. [31] modeled the influence of reserve market
revenues in Germany 2030 on the levelized cost of green hydrogen. It
was found that the benefits from reserve market revenues and improv-
ing efficiency outweigh the increase in capital cost. Bertuccioli et al.
forecasted that green hydrogen cost can be reduced by approximately
45% when the electrolyzer is operating at 50% of its capacity, offering
both positive and negative power balancing capabilities to the grid.
However, it was assumed that the degradation rate is identical during
constant and dynamic operation. The accelerated degradation caused
by dynamic operation will reduce both the hydrogen output and the
lifetime of the PEM electrolyzer. This consideration will increase the
levelized cost of green hydrogen and affect the economic evaluations
conducted in both studies.

As can be seen throughout this critical review, different actions and
parameters during the dynamic operation of PEM electrolysis have con-
tradictory effects on the levelized cost of the produced green hydrogen.
Therefore a holistic optimization approach is needed, to ensure the
reduction of green hydrogen cost. Fig. 4 shows some interconnected
parameters to be taken into account while optimizing the dynamic
operation of a PEM electrolyzer. These parameters can increase or
decrease depending on the market where the PEM electrolyzer is being
operated. Dynamic operation can reduce the levelized cost of green
hydrogen by utilizing cheap renewable electricity and revenues from
the electricity reserve market. In off-grid VRE systems and for ensuring
the renewable origin of the electricity used in on-grid systems, the
additional cost of an on-site energy storage system, which increases the
capacity factor of the electrolyzer, should also be considered in the opti-
mization process. Moreover, actions taken by operator and adjustments
of the operating parameters affect the degradation, efficiency, capacity
factor, and operational safety limits of the electrolyzer.

Finally, PEM electrolyzer stack development should consider the
operational mode in which the electrolyzer will be used. Further-
more, improvements of PEM electrolyzers should be compared with the
state-of-the-art in both constant and dynamic operation modes using
different sets of criteria with different weights for each criterion. For
example, the lowest partial loading allowed or the rate of change of
input current is more important in dynamic operation than in constant
operation. The current research trend of reducing iridium loading in
the anode electrocatalyst or reducing the thickness of the polymer
electrolyte membrane decreases the manufacturing capital costs, but at
the same time it affects the degradation of the electrolyzer differently in
constant and dynamic operation. In addition, a thinner polymer elec-
trolyte membrane reduces the capability of the electrolyzer to follow
the production of VRE at times of low production, especially at elevated
cathode–anode pressure differences. Moreover, increasing capital costs
in balance of plant, such as installing mechanical compressors and
modern power converters, can slow electrolyzer degradation, and have
a beneficial effect on electrolyzer efficiency and safety limits. Therefore,
capital costs associated with manufacturing the electrolyzer, possible
reduction of manufacturing capital costs at the expense of increasing
the degradation, and the capital costs of the balance of plant should all
be included in the optimization of the levelized cost of green hydrogen
during the dynamic operation of a PEM electrolyzer.
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Fig. 4. Actions and parameters to be considered during the optimization of the levelized cost of green hydrogen produced during the dynamic operation of a PEM electrolyzer.

6. Conclusion

PEM electrolyzers are a good candidate for utilizing VRE production
via dynamic operation. PEM electrolyzers have a fast response time,
a high input current density, and a wide operating range. Optimizing
the levelized cost of green hydrogen while utilizing cheap renewable
electricity is a complicated task due to the large number of inter-
connected variables that must be considered. Different actions taken
by the operator/optimizer, operating parameters, electrolyzer capital
costs, and electricity costs all affect each other and affect the levelized
cost of the green hydrogen produced. The conclusions regarding the
different actions taken by the operator during the dynamic operation
of a PEM electrolyzer are summarized briefly below.

Load fluctuation is associated with the utilization of cheaper renew-
able electricity. However, it decreases the capacity factor of operation,
increases the operating temperature, and worsens the efficiency and
degradation of a PEM electrolyzer. Partial loading, at atmospheric
pressure, improves the efficiency of PEM electrolyzers. On the other
hand, it has both positive and negative effects on degradation. Partial
loading decreases the detachment of the catalyst active layer and the
passivation of the PTL and the bipolar plates, while increasing the
thinning of the membrane and the catalyst ionomer. Moreover, partial
loading at a balanced supply enables a PEM electrolyzer operator to
benefit from positive and negative balancing revenues from the reserve
market by decreasing consumption when not enough supply is available
and increasing consumption when extra supply is available. However,
this comes at the expenses of a reduced capacity factor.

Frequent on/off cycles expedite the dissolution of iridium, which
decreases the activity of the anode catalyst and reduces the perfor-
mance of the electrolyzer over time, especially if the catalyst load-
ing was reduced to save manufacturing costs. Therefore, keeping a
PEM electrolyzer on stand-by at about 1% of rated input current can
reduce degradation when on/off cycles are needed. However, this
improvement in degradation is won at the expense of higher electricity
consumption compared to completely shutting down the electrolyzer.
The power quality of the input current/voltage through power con-
verters also affects degradation and efficiency. Power converters with
higher power quality increase balance of plant costs. However, more
research is needed to elucidate the reasons behind the influence of input
power waveform, frequency, and current ripples the degradation and
efficiency of PEM electrolyzers.

Overall, to reduce the levelized cost of green hydrogen, a holistic
optimization of PEM electrolyzer dynamic operation must be under-
taken. Such an optimization exercise has to consider all interconnected
variables in the market where the PEM electrolyzer is being operated.
The authors anticipate that data driven approaches, such as Machine
Learning and Digital Twins, will play a key role in achieving optimized
dynamic PEM electrolysis processes for affordable green hydrogen.

Finally, the dynamic operation of PEM electrolyzers affects and is
affected by various policies. In the electricity reserve market, the cal-
culation method of the size of the minimum bid capacity can influence
the optimization of the dynamic operation. If the reserve market solely
calculates the size of the minimum bid using single unit capacity, this
can disqualify some PEM electrolysis plants from participating in the
reserve market and reduce their economic viability. However, if the
aggregated capacity of several units can be used in calculating the size
of the minimum bid, this will qualify more PEM electrolysis plants to
exploit the electricity reserve market, since a PEM electrolysis plant
usually consists of several PEM electrolyzer stacks and each stack is a
single reserve unit. In addition, the time basis for proving the renewable
origin of electricity for the purposes of classifying the produced hydro-
gen as renewable will affect the optimization of dynamic operation. In
the European Union, until the end of 2029, a monthly basis will be
used which gives more room for the optimization algorithm to reduce
the levelized cost of the produced green hydrogen. However, starting
from the beginning of 2030, an hourly basis will be used which will
tighten the constraints on the optimization algorithm.

Ultimately, dynamic operation of PEM electrolyzers can help the
energy sector achieve carbon neutrality targets. Dynamic operation
follows the production of VRE, which improves the integration of VRE
into the electricity grid. In addition, dynamic operation improves the
stability of the electricity grid by utilizing the demand response capabil-
ities of PEM electrolyzers. Furthermore, dynamic operation decouples
the increase in VRE from increasing electricity storage capacity by
utilizing VRE to directly produce a product (green hydrogen) instead of
storing electricity. Therefore, a higher percentage of VRE can be per-
mitted without disrupting the electricity grid. In addition, optimizing
the dynamic operation of PEM electrolyzers can lower the cost of green
hydrogen production, improving its economic viability. Furthermore,
increasing hydrogen production at lower electricity prices and de-
creasing hydrogen production at higher electricity prices stabilizes the
levelized cost of green hydrogen against unexpectedly high electricity
prices, which increases the robustness of PEM electrolysis operation.
All these implications can accelerate the carbon neutrality transition in
energy sector.
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