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Concerns related to climate change have shifted global attention towards
advanced, sustainable, and decarbonized energy systems. While renewable
resources such as wind and solar energy offer environmentally friendly
alternatives, their inherent variability and intermittency present significant
challenges to grid stability and reliability. The integration of renewable energy
sources requires innovative solutions to effectively balance supply and demand in
the electricity grid. This review explores the critical role of electrolyzer systems in
addressing these challenges by providing ancillary services to modern electricity
grids. Electrolyzers traditionally used only for hydrogen production have now
emerged as versatile tools capable of responding quickly to grid load variations.
They can consume electricity during excess periods or when integrated with fuel
cells generate electricity during peak demand, contributing to grid stability.
Therefore, electrolyzer systems can fulfill the dual function of producing
hydrogen for the end-user and offering grid balancing services, ensuring
greater economic feasibility. This review paper aims to provide a
comprehensive view of the electrolyzer systems’ role in the provision of
ancillary services, including frequency control, voltage control, congestion
management, and black start. The technical aspects, market, projects,
challenges, and future prospects of using electrolyzers to provide ancillary
services in modern energy systems are explored.

electrolyzer, ancillary services, grid stability, frequency control, voltage control, grid
balancing, hydrogen storage

1 Introduction

The global transition towards a sustainable and decarbonized energy landscape is
leading to significant innovations in the grid energy systems sector. This transformation is
primarily driven by the urgent need to mitigate climate change and reduce the
environmental footprint of energy systems (International Energy Agency IEA, 2022).
The integration of renewable energy sources, such as solar and wind, has gained
considerable momentum due to their abundant availability and environmental benefits
(International Energy Agency IEA, 2022). In 2022, global wind and solar installation
continued dynamic growth, showing 75 GW of new wind capacity and 191 GW of new solar
capacity, led by China, the US and the EU, contributing to a surge of global renewable
Enerdata, 2023).
However, these renewable sources are characterized by their inherent variability and

energy production (Wind & Solar Share in Electricity Production Data
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intermittency, presenting substantial challenges to grid stability and
reliability (Worku, 2022).

To address the intermittency and variability of renewable energy
sources, grid operators and energy planners are exploring innovative
solutions that not only enhance grid stability but also facilitate the
effective integration of renewables (Chakraborty et al, 2022).
Electrolyzer systems, which have traditionally been used for
hydrogen production (Cozzolino et al, 2021; Mendecka et al,
2021), have emerged as versatile tools capable of providing
ancillary services to the grid (Dozein et al,, 2021; 2023; Huang
et al., 2023).

These services are essential to maintain the balance between
electricity supply and demand, guarantee grid stability and optimize
the use of renewable energy (Hossain et al., 2023a).

Ancillary services encompass a range of critical functions within
an electrical grid, such as frequency control, voltage control, fast
reactive current injections, inertia for local grid stability, short-
circuit currents, and grid balancing (Rancilio et al, 2022).
Traditionally, these services have been provided by conventional
power plants, which are equipped with the capability to adjust their
output rapidly in response to grid disturbances (Rancilio et al,
2022). However, the increasing penetration of renewable energy
sources, with their variable generation patterns, has prompted a
reevaluation of the grid’s reliance on conventional power plants for
ancillary services (Banshwar et al., 2017).

This shift in the energy landscape has opened the door for
alternative solutions, with electrolyzer-based systems at the
forefront. Electrolyzers can function as flexible energy assets that
respond rapidly to grid signals, either by consuming excess
electricity during periods of oversupply or when integrated with
fuel cells generating electricity during peak demand (Hossain et al.,
2023b). Furthermore, electrolyzer systems can store surplus
electricity by converting it into hydrogen through a process
known as Power-to-Gas (PtG) (Fambri et al.,, 2022). This stored
hydrogen can subsequently be converted back into electricity or used
in various sectors, such as industry, transportation, and heating,
offering a versatile approach to energy storage and grid support
(Mirzaei et al., 2023).

The topic of ancillary services provided by electrolyzer systems is
rather new and to date there is a gap in the literature as it is not
possible to find complete reviews that explore this new research area.
Therefore, this article aims to present a comprehensive review to
explore the role of electrolyzer systems in providing ancillary
services to modern power grids. Furthermore, by clarifying the
multiple capabilities of electrolyzer systems in grid operations,
this review aims to shed light on their potential to improve grid
stability and facilitate the seamless integration of renewable energy
sources into the modern energy landscape. The review covers
various aspects, including electrolyzer technology, market, grid
services, projects, challenges and future prospects. Each section
analyzes specific aspects of electrolyzer-based systems, obviously
providing insights into the potential of such systems in providing
ancillary services, and the impact on grid operations.

Finally, this paper aims to fill the gap in the literature on the
electrolyzer systems market by highlighting manufacturers and
existing products, with a particular focus on large-scale
systems suitable for applications such as grid-connected
ancillary services.
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The paper is organized as follows: in Section 2 the status and
outlook for electrolyzers are presented with particular attention to
technology, advances, and market; in Section 3 a detailed analysis of
ancillary services provided by electrolyzer systems is carried out; in
Section 4 some remarks on advantages and limitations are
presented; in Section 5 a projects overview is taken into care;
finally, in Section 6 some conclusions and future prospects
are presented.

2 Status and outlook for electrolyzer

Hydrogen has emerged as a promising clean energy carrier,
playing a pivotal role in the transition towards a more sustainable
and low-carbon energy future. In this regard, hydrogen
production methods are gaining considerable importance, with
electrolysis standing out as a key technology for producing green
hydrogen from renewable energy and for grid balancing and
stabilizing. This section provides an overview of hydrogen
their
advantages and disadvantages and current developments in

electrolysis technologies, comparing characteristics,
which research is moving in order to optimize performance
and costs, and increase lifetime. Furthermore, a perspective on
the current international market scenario regarding
manufacturers, commercially available large-scale products,

and operational characteristics is proposed.

2.1 Electrolyzer technology

Hydrogen electrolysis is an electrochemical process that uses
electrical energy to split water (H,O) into its constituent elements,
hydrogen (H,) and oxygen (O,). This process is carried out in a
device called an electrolyzer, which consists of two electrodes (anode
and cathode) separated by an electrolyte. When an electrical current
is passed through the water, hydrogen is generated at the cathode
side, while oxygen is produced at the anode side.

Electrolysis technology encompasses three primary types of
electrolyzers, Figure 1 - alkaline water electrolyzer (AWE),
proton-exchange membrane electrolyzer (PEM), and solid oxide
electrolyzer (SOE) - each with distinct characteristics, materials, and
operating
applications Table 1.

parameters  offering unique advantages and

PEM cell consists of an anode, and a cathode, aggregated with a
solid polymer membrane electrolyte (such as Nafion). The water is
fed to the anode side and through the anodic half-reaction is
oxidized to O,, releasing H" protons. The H" protons then
migrate across the membrane to the cathode side where are
reduced to produce H,, Figure 1A PEM electrolyzers operate at
temperatures between 50°C and 80°C and offer high current density
(above 2 A cm™), high efficiency, typically ranging from 50% to
83%, and a small footprint (Shiva Kumar and Himabindu, 2019).
Their distinguishing feature is their rapid response time, on the
order of milliseconds, which makes them ideal for applications
PEM

electrolyzers are commonly used in small to medium-scale

requiring precise control and quick adjustments.

applications and offer high hydrogen purity (Shiva Kumar and

Himabindu, 2019). However, their durability is moderate
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A PEM B AWE ¢ SOE
H, o,
= H,0 E 0,
Cathode Anode H,0 _I 5;, H,0
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FIGURE 1

Water electrolyzer type: (A) proton exchange membrane water electrolyzer (PEM), (B) alkaline water electrolyzer (AWE), (C) solid oxide water

electrolyzer (SOE).

TABLE 1 Electrolyzer type specification (Shiva Kumar and Himabindu, 2019; Lopez-Fernandez et al., 2021; Nasser et al., 2022; Shiva Kumar and Lim, 2022).

Specification AWE PEM SOE
Electrolyte Alkaline (KOH) Solid Polymer (Nafion) Solid ceramic
Temperature, “C 70-90 50°C-80°C 700°C-850°C
Efficiency 50%-78% 50%-83% 89%
Pressure, bar <30 <70 1

Current density, A/cm® 0.2-0.8 1-2 0.3-1
Voltage range, V 14-3 1.4-25 1.0-1.5
Response Time seconds milliseconds seconds
Scalability High Moderate Moderate
Lifetime, hr 60,000 50,000-80000 20,000
Application Large-scale Small to medium-scale Large-scale
Hydrogen Purity 99.5%-99.9998% 99.9%-99.9999% 99.9%
Development status Mature Commercialized R&D

(50,000 h), and the lifespan of the PEM membrane is a consideration
(Nasser et al., 2022).

AWE cell has two compartments separated by a porous
diaphragm (such as Zirfon) that allows OH™ migration while
preventing gas crossover. In this type of cell, H,O is reduced at
the cathode to produce H, and OH", and the OH™ ions migrate
through the diaphragm to the anode where are then oxidized to O,,
Figure 1B AWE electrolyzers commonly use KOH at very high
concentrations (20%-40% KOH) as a liquid electrolyte (Lopez-
Fernandez et al, 2021). They are known for their reliability and
have a long history of industrial applications, especially for large-
scale hydrogen production. Alkaline electrolyzers operate at
temperatures between 70°C and 90°C and typically exhibit
efficiency in the range of 50%-78% (Shiva Kumar and Lim,
2022). Their response time is moderate, measured in seconds,
making them suitable for services that require relatively fast
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adjustments. They are highly scalable, capable of producing high-
purity hydrogen, and with a long lifetime (60,000 h).

SOE cell is composed of two porous electrodes and a dense
electrolyte layer generally made of zirconium (ZrO,) doped with
yttrium  (Y,03), called YSZ (yttria-stabilized zirconia). Water
(steam) fed to the cathode side is reduced to produce H, and O*
,and the O ions migrate through the electrolyte (solid oxide) to the
anode where are then oxidized to O,, Figure 1C SOE operate at
much higher temperatures, typically between 700°C and 850°C
(Hauch et al, 2020). They employ a solid oxide electrolyte and
are recognized for their potential for high efficiency in the range of
89% (Shiva Kumar and Lim, 2022).While their response time is
moderate, on the order of seconds, SOEC systems offer the unique
advantage of co-producing syngas (a mixture of hydrogen and
carbon monoxide) when operated in reverse mode. This
capability can have additional economic benefits in applications
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such as power-to-gas and industrial processes. Solid oxide
short (20,000 h) and find
applications in large-scale industrial settings (Nasser et al., 2022).

electrolyzers have a lifetime

2.2 Technological advances

In order to achieve significant technological advances,
continuous research and development efforts have been made in
the electrolyzer field area in recent years. These advancements are
driven by the imperative to enhance the performance, efficiency, and
cost-effectiveness of electrolyzer systems (Krishnan et al.,, 2023),
making them increasingly competitive and viable for a wide range of
applications.

o Advanced Catalysts: One of the most critical areas of
advancement in electrolyzer technology revolves around the
development of advanced catalysts for both the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER). These catalysts play a pivotal role in facilitating the
electrochemical reactions within the electrolyzer, and their
effectiveness directly impacts the system’s overall efficiency.
Researchers have made substantial progress in designing and
synthesizing catalyst materials with improved properties.
These advanced catalysts exhibit higher catalytic activity,
improved durability, and reduced overpotential, resulting in
enhanced reaction kinetics within the electrolyzer cell (Ayers,
2021). At the moment, platinum (Pt) and ruthenium (Ru)
based compounds are the most effective catalysts for HER and
OER reactions respectively, but these are very expensive and
rare precious metals (Hughes et al., 2019) therefore replace
them with low-cost (Wu et al., 2021) and earth-abundant non-
precious catalysts (Sun et al., 2018) seems to be the best
solution. A wide range of earth-abundant catalysts has been
identified, including metal sulfides and metal phosphides
(Peng et al., 2018), carbon-based materials (Stelmachowski
et al,, 2021; Patella et al.,, 2023), metal alloys (Aralekallu et al.,
2024), and chalcogenides (Su et al.,, 2023). Numerous studies
have made great processes in improving the activity and
stability by using new materials such as transition metal
oxides, namely, NbC, SnO2, Ta205, TiO2, WC and TiC,
and highly active metal alloys but the performance still fails
to meet the requirement of practical electrolyzers (Meyer et al.,
2015; Anwar et al, 2021; Wang et al, 2022). These novel
alternatives, if proven valid, could not only reduce production
costs, but will also contribute to the sustainability of
electrolyzer technology.

» Novel Materials: Innovative materials research is another focal
point of electrolyzer technology development. Advances in
materials science have led to the exploration of novel materials
for electrolyte membranes and bipolar plate components.

The introduction of novel membrane materials, such as
polyphenylene oxide (PPO) blends, demonstrated enhanced
proton conductivity and chemical stability, addressing some of
the limitations associated with traditional polymer electrolyte
membranes (PEMs) (Wang et al., 2023). Furthermore, the coated
membranes with catalysts, such as Iron (Fe) and Nickel (Ni), and
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porous titanium (Ji et al., 2021), decrease the level of corrosion and
increase the efficiency and durability (Xie et al., 2021).

Finally, research into innovative bipolar plate materials like
graphitic foams and metal-matrix composites showcased
improved corrosion resistance and electrical conductivity, critical

for the long-term performance of electrolyzers (Luo et al., 2023).

o Enhanced System Integration: Improved system integration
techniques, such as stack design, thermal management
(Rashidi et al, 2022), and control strategies (Shen et al,
2019), are being developed to optimize overall electrolyzer
performance. These advances aim to reduce energy losses,
improve system reliability and reduce cost.

2.3 Market outlook

In recent years, the global electrolyzer market has grown rapidly
and will continue with a remarkable growth rate, in fact, it is
estimated to be worth $2.8 billion in 2022 and is expected to
exceed $45.48 billion by 2032 with a recorded compound annual
growth rate (CAGR) of 32.2% from 2023 to 2032 (Electrolyzer
Market Size, 2023).

If take into account the already announced projects and their
expected operational dates, the global electrolysis capacity installed
could reach almost 3 GW by the end of 2023, a substantial increase
considering that in 2022 the global installed capacity was 0.7 GW.
Additionally, if all currently planned projects are realized, global
170-365 GW by 2030
(International Energy Agency IEA, 2023a).

electrolysis capacity could reach

Global electrolyzer manufacturing capacity reached almost
14 GW per year in 2023, an increase of more than 35%
compared to the previous year (International Energy Agency
IEA, 2023a). Based on expectations of future growth in demand,
many manufacturers have already started to expand their
production capacity, and are constantly continuing research and
development activities to improve system performance.

In particular, several companies have decided to take on the
challenge in the competition to build the largest electrolyzer giga-
factory, including John Cockerill (John Cockerill, 2023), Longi
(LONGi, 2023), PERIC (Peric, 2023), Cummins (Cummins,
2023), ITM (ITM Power, 2023), Nel (Nel Hydrogen, 2023),
McPhy (McPhy, 2023), Sungrow (Sungrow, 2023), Bloomenergy
(Bloom Energy, 2023), Plug Power (Plug Power, 2023), Ohmium
(Ohmium, 2023), Sunfire (Sunfire, 2023), Siemens (Siemens, 2023),
ThyssenKrupp (Thyssenkrupp, 2023). Figure 2 shows the worldwide
major electrolyzer giga-factory sites, highlighting current and
planned capacities. It can be seen that the Europe, Middle East,
and Africa (EMEA) region and the Asia-Pacific (APAC) region
account for the majority of global manufacturing capacity, with
approximately 40% and 45% respectively.

Commercially available products from different manufacturers
for large-scale applications (>1 MW), with their characteristics
such as, hydrogen production capacity, operating pressure,
energy consumption and ramp-up time, are presented in Table 2.
Currently, AWE electrolyzers represent the dominant technology
with 75% of global production capacity, PEMs cover approximately
25% of manufacturing production, while SOEs represent a
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Norway :
NEL - 0.5 GW (built)|->2 GW
Hystar - 4 GW (future)

UK:
ITM Power - 1 GW (built)|-> 5 GW
CPH2 - 1 GW (future)

Denmark :
Green Hydrogen -1 GW
Topsoe - 0.5 GW (built) |->5 GW.

South Korea :

France :

McPhy - 1 GW (future)

John Cockerill -1 GW (future)
Elogen - 0.16 GW (built) |->1GW

USA:
Plug Power - 1.2 GW (built)
Bloomenergy — 1 GW (built) |->2 GW

Spain:
Cummins + Iberdrola - 1 GW (future)

Current (built) and planned (future)
electrolyzer giga-factory above 0.2
GW/year

I-> means expected future growth

FIGURE 2

Plug Power + SK - 1 GW (future)

Germany : y

Siemens —1 GW (built) |->3 GW
ThyssenKrupp - 1 GW (built) |->5 GW
Sunfire — 1 GW (future)

Enapter — 1 GW (future)

H-Tec -1 GW (future)

China :
Cockerill Jingli - 1 GW (built)
Longi - 1.5 (built) |->5GW
PERIC - 1.5 GW (built)
grow — 1.1 GW (built)
Cummins Enze — 0.5 GW (built) |->1GW

India:

John Cockerill + Greenko — 2 GW (future)
Ohmium + HFE - 0.5 GW (built) |->2 GW
Reliance -1 GW

Australia :
Plug Power + Fortescue - 2 GW (future)

Worldwide map of current and planned electrolyzer giga-factory above 0.2 GW

very small amount of production  (Scottish
Government, 2023).

Regarding electrolyzer capital expenditure costs (CAPEX)

early-stage

proposed by manufacturers, these are difficult to compare as
information about the system scope or key parameters is often
lacking. However, to date, CAPEX cost for an installed
electrolyzer system is in the range 500-1,400 $/kWe for
AWE, 1,100-1,800 $/kWe for PEM, while estimates for SOE
range from 2,800-5,600 $/kWe (International Energy Agency
IEA, 2023a).

From Table 2, it can be noted that data relating to the dynamic
characteristics of the electrolyzers, such as load flexibility and
response time to rapid load changes (ramp up/down), are
missing or present only in a few models. This is due to the
caution of manufacturers in providing data regarding these
operating parameters because electrolyzer technology has not yet
been fully explored, especially large-scale systems.

Load flexibility is the ability of the electrolyzer to operate over
a wide range of loads. The rated load at which the system is
designed defines the upper operating load (maximum load).
Overloads above 100% are generally not expected for MW
sizes, as the CAPEX would increase significantly for power
electronics and balance of plant (BOP) design capable of
operating at higher loads (above 100%).

Differently, the lower operating load (minimum load) is defined
by the operating conditions under which the system can be used in
order to ensure safe conditions. This is more limited in AWE
electrolyzers - equipped with a diaphragm permeable to gases
dissolved in the electrolyte - to avoid mixing of dissolved gases
capable of triggering explosions.

In any case, by analyzing the literature experimental data on
small-scale systems, it is possible to assume that the operating power
range is 5%-100% and 20%-100% respectively for PEM and AWE

Frontiers in Energy Research

(Bertuccioli et al., 2014; Kiaee et al., 2015; Stansberry et al., 2017;
Martinez Lopez et al., 2023).

However, it is worth noting that recent developments by
manufacturers are leading to a further reduction of the lower
operating load to below 10% (You et al,, 2017).

Response time to rapid load changes (ramp up/down) is a
key characteristic that electrolyzers must ensure to provide
grid services. Depending on the electrolyzer state, in start-up
(environmental conditions), in operation, or in stand-by (at
operating temperature and pressure), the response time takes on
different values.

Normally, the response time in operating or stand-by
conditions depends solely on the ability of the power electronics
to react to set points, therefore the response time for both
technologies is in the range of seconds. In particular, PEM
technology has a ramp-up rate in the range 10%/s—80%/s and a
ramp-down of —40%/s (Bertuccioli et al., 2014; Stansberry and
Brouwer, 2020; Tuinema et al., 2020). Differently, AWE technology
has a ramp-up rate in the range 0.3%/s - 17%/s, and a ramp-down
rate of —25%/s (Bertuccioli et al., 2014; Gorre et al., 2020). In
general, electrolyzers react faster to down ramps than up ramps.
Otherwise, the response time when starting the system from cold to
minimum load (start-up time) depends on the technology and size
of the unit. Normally PEMs require start-up times in the order of
5 min, while AWEs in the order of 20 min (You et al., 2017). It
remains obvious that MW size electrolyzers require more start-up
time than kW-size units for both technologies.

Given their fast reaction rates, electrolyzers are very attractive
for grid frequency support and could play a fundamental role in
future energy systems characterized by the absence of rotational
inertia (Alshehri et al., 2019). For this reason, the two technologies,
AWE and PEM, have received approval for their use as ultrafast
ancillary services (Eichman et al., 2014).
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TABLE 2 Technical specifications of commercially available electrolyzer products.

10.3389/fenrg.2024.1358333

Supplier Technology Pattern Capacity Pressure Consumption
(Nm?*/h) (bar) (kWh/Nm?)

Angstrom AWE — Module up to 2000 16 42 — Angstrom

Advanced Advanced (2023)

Asahi Kasei AWE — Module up to 2000 — — — Asahi Kasei
(2023)

Auyan AWE AOQING Module up to 1,000 16 4.4 — AUYAN (2023)

Bloomenergy SOE Module up to 500 1 — — Bloom Energy
(2023)

Cummins PEM HyLYZER Module up to 4,000 30 4.3 — Cummins (2023)

Elogen PEM — Module up to 2000 30 4.8 — Elogen (2023)

Green AWE HyProvide Module up to 1,200 35 4.8 — Green Hydrogen

Hydrogen X-series (2023)

HydrogenPro AWE — Module up to 1,000 30 44 — HydrogenPro
(2023)

Hystar PEM Miral200 Module up to 1,200 4 44 30 Hystar (2023)

H-TEC systems = PEM MHP Module up to 2,131 15-30 4.8 30 H-TEC (2023)

ITM PEM Poseidon Module up to 4,000 30 5.5 — ITM Power
(2023)

John Cockerill AWE DQ1000 Module up to 1,000 30 4.3 — John Cockerill
(2023)

Longi AWE Lhy-A1500 Module up to 1,500 16 4.4 — LONGi (2023)

McPhy AWE McLyzer Module up to 3,200 30 4.7 30 McPhy (2023)

3,200-30

Nel AWE A3880 Module up to 3,880 1 44 — Nel Hydrogen
(2023)

Nel PEM M5000 Module up to 4,920 30 45 — Nel Hydrogen
(2023)

Next Hydrogen = AWE NH-500 Module up to 500 10 5.6 20 NEXT Hydrogen
(2023)

Ohmium PEM Lotus Module up to 700 34 — — Ohmium (2023)

Peric AWE CDQ Module up to 1,500 15-20 43 — Peric (2023)

Plug Power PEM EX-4250D Module up to 2000 40 4.5 <60 Plug Power
(2023)

Proton OnSite PEM M400 Module up to 400 30 5 — Proton OnSite
(2023)

Siemens Energy = PEM Silyzer 300 Module up to 3,700 30 5.1 <60 Siemens (2023)

Sunfire AWE HyLink Module up to 2,165 30 4.7 — Sunfire (2023)

Sungrow PEM SHT500P Module up to 500 30 — — Sungrow (2023)

Thyssenkrupp AWE — Module up to 4,000 1.3 44 — Thyssenkrupp
(2023)

Topsoe SOE — Module up to 32,000 2 3.1 — Topsoe (2023)

3 Ancillary services provided by

electrolyzer

Ancillary services play a crucial role in maintaining the stability,

reliability, and efficiency of modern electricity grids, especially as the

Frontiers in Energy Research

integration of renewable energy sources (RES) continues to grow.

These services encompass a range of functions, Figure 3, including

frequency control, voltage control, congestion management, black
start, loss compensation, and oscillation damping which are essential

for balancing electricity supply with demand. In the context of
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Frequency
control

Congestion
management

Voltage
control

Oscillation
damping

Black start

Loss
compensation

FIGURE 3
Popular ancillary services classification.

increasing RES penetration, ancillary services become even more
critical, as RES generation is inherently variable and may not align
perfectly with consumer demand (International Energy Agency IEA,
2023c). Recent advancements in ancillary service provision have seen
innovative technologies like grid-connected energy storage systems
(Zakeri and Syri, 2015) and demand response programs (Kirschen
Goran Strbac, 2018) contribute significantly to grid stability. These
developments underscore the dynamic nature of ancillary services,
which are adapting to the evolving energy landscape to ensure that the
lights stay on, and power quality remains high (U.S. Federal Energy
Regulatory Commission, 2023). As already anticipated in Section 2,
electrolyzer-based energy storage systems given their high reaction
rate have emerged in recent studies as versatile resources capable of
providing ancillary services (Alshehri et al, 2019; Hossain
et al., 2023b).

Frequency [hz]

10.3389/fenrg.2024.1358333

3.1 Frequency control

Frequency control is a fundamental operation in modern
electricity grids to ensure their stability and reliability, especially
given the growing integration of intermittent renewable energy
sources (RES) such as wind and solar energy. Ancillary services,
aimed at frequency control, play a fundamental role in maintaining
the grid frequency within an acceptable range (typically 50 or
60 Hz + 0.05 Hz), with an active power positive injection every
time the frequency falls below the nominal level and vice versa
with an active power negative injection if the frequency exceeds the
set value.

The main ancillary services provided for frequency control can
be observed in Figure 4 and described below:

Frequency Containment reserves (FCR)/Primary frequency

control: FCR is an automatic response and consists of the

injection of active power via reserve generators to contain

frequency deviation. It has an activation time of less than 30 s;

« Automatic Frequency Restoration Reserves (aFRR)/Secondary
Frequency Control: aFRR consists of recovery reserves and
active power which are capable of returning the frequency to
the nominal level when a disturbance occurs in the system. It is
activated automatically and has an activation time between
30 s and 15 min;

o Manual Frequency Restoration Reserves (mFRR)/Tertiary
Frequency Control: mFRR consists of restoring primary
and secondary frequency control reserves, and restoring
both frequency and interchanges to their specified target
values. It can be activated semi-automatically or manually
and has a maximum activation time of 15 min;

o Replacement Reserves (RR): consists of restoring or sustaining

the FRR to be prepared for any further imbalances in the

system. It is activated semi-automatically or manually and has

a minimum activation time of 15 min.

Electrolyzer-based systems for frequency control have gained
prominence due to their dynamic behavior, and recent research has

: : FCR
L 3 : Primary reserve

aFRR

Secondary reserve

Balancing
Energy

mFRR
Tertiary reserve

to to +30s

FIGURE 4

to+ 15 min

to + 45 min

Restoration process guided by three reserve products (TUT, RSE, BME, FIN, and IBEX, 2020).
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focused on optimizing and expanding their application in this
domain (Alshehri et al., 2019; Johnsen et al., 2022; Dozein et al.,
2023; Maluenda et al,, 2023; Zheng et al., 2023).

Their ability to dynamically adjust their electricity consumption
makes them valuable tools in grid management. When grid
frequency deviates from its nominal value, electrolyzer systems
can rapidly respond by modulating their power consumption or
production (integrated with fuel cell). This involves either increasing
hydrogen production (electrolysis) or to power
consumption (hydrogen fuel cell operation) within milliseconds,

shifting

thereby injecting or absorbing power to stabilize grid frequency
(Alshehri et al.,, 2019).

Eichman et al, in a NERL report have highlighted the
advantages of using electrolyzers for frequency control due to the
ultra-fast response time, which is often in the sub-second range
(Eichman et al., 2014). In particular, the researchers developed a
laboratory microgrid composed of a 120 kW diesel generator, a load
simulator (i.e., a resistive load bank) and a 40 kW electrolyzer (PEM
or AWE). The microgrid was tested as frequency disturbances
varied, in particular by increasing the resistive load an under-
frequency disturbance was generated, while decreasing the
resistive load an over-frequency disturbance was generated.
Experimental results have shown that when the electrolyzer (both
PEM and AWE) participates in the microgrid by providing power
(in case of over-frequency disturbance) or reducing power (in case of
under-frequency disturbance), a +0.2 Hz frequency restoration is
achieved faster than with the diesel generator alone.

Such rapid response times are crucial in addressing sudden
fluctuations in grid frequency caused by the intermittent nature of
RES. Electrolyzer-based systems for frequency control can enhance
grid stability and reliability by quickly counteracting frequency
deviations, preventing cascading failures, and minimizing the risk
of blackouts (Alhelou et al., 2019).

Furthermore, the scalability of electrolyzer systems makes them
adaptable to various grid sizes and configurations. Smaller-scale
systems can be deployed at distribution levels, where RES
integration is increasing, to provide localized frequency control.
In this regard, Mohanpurkar et al. presented a real-time simulation
to verify the frequency grid support with a 120 kW electrolyzer
driven by a generic front-end controller (FEC). The results showed
that the electrolyzer can provide sub-second response and the
frequency deviation was reduced (Mohanpurkar et al., 2017).

Conversely, larger-scale electrolyzer installations can be
strategically placed at transmission or substation levels to support
broader grid stability and enhance overall frequency control
capabilities (Sudrez et al, 2018; Samani et al., 2020; Tuinema
et al,, 2020).

In a case study Alshehri et al. (Alshehri et al., 2019) evaluated the
effectiveness of PEM electrolyzers and fuel cells for the provision of
primary frequency reserves based on realistic projections of the
Northern Netherlands grid for the year 2030. The results obtained
showed that hydrogen PEM technologies can improve frequency
response compared to synchronous generators with the same reserve
value. In a subsequent analysis by Tuinema et al. (Tuinema et al,
2020) on the same case study, a model for use a large electrolyzer in
real-time simulations on a digital simulator was developed. The
model was validated with experimental measurements of a 1 MW
plant installed in the northern part of the Netherlands, and was
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scaled up to simulate a large 300 MW plant. Several real-time
simulations were conducted to study the frequency support from
electrolyzers to the northern part of the Dutch transmission grid.
The results highlighted an electrolyzer positive effect on frequency
stability after the loss of generating or load capacity, because can
respond faster to frequency deviations than conventional generators.

Samani et al. (2020) evaluated the provision of primary reserve
(FCR) via a large 25 MW electrolyzer for the Belgian grid transmission.
The revenues from the FCR reserve were analyzed according to a
techno-economic model, and the optimal economic strategy resulting
from the analysis was to run the electrolyzer at a base load of 55% while
providing the remaining capacity as a power reserve. Furthermore, the
study results showed that the fast response of the PEM electrolyzer
provides a high degree of flexibility, and therefore offers the opportunity
to participate in the ancillary market.

Recent case studies have demonstrated the feasibility and
effectiveness of electrolyzer-based systems for frequency control
in real-world grid scenarios. These studies often involve the
deployment of projects or the integration of electrolyzer systems
into existing grid infrastructure. Matute et al. (2019) developed a
technical-economic model of a multi-MW electrolyzer to provide
grid services and obtain a more accurate assessment of the feasibility
of business case related to the hydrogen supply for different uses,
such as fuel cell electric vehicle (FCEV) operators and hydrogen
refueling stations (HRS) in Spanish territory. The results showed
that grid services contribute to the profitability of hydrogen
production for mobility. In particular, the contribution from the
provision of secondary frequency control for a 5 MW electrolyzer is
around 10% and the minimum demand to obtain non-negative
business cases should be above 1000 FCEV.

The value that electrolyzer systems can guarantee from an
economic point of view by providing frequency control services
has been the subject of recent studies. Johnsen et al. (2022)
conducted a value analysis of an electrolyzer in Denmark using a
mixed-integer linear optimization model, which allows the
electrolyzer to make informed bidding decisions in the FCR and
FRR reserve markets. The results showed that an electrolyzer in the
Danish bidding zone DK1 could have earned 57% more in 2021 by
providing ancillary services.

Zheng et al. (2023) proposed a comprehensive operational
model to enable an economic evaluation of a PtG project from
the perspective of its net present value and break-even price to show
the effectiveness of the provision of reserves in the Danish market in
increasing profitability. The results revealed that providing FCR and
FRR services increase efficiently the yearly contribution margin,
raise the project net present value (NPV) and reduce the hydrogen
break-even price.

Scolaro and Kittner (2022) investigated whether participation in
the German ancillary services market is cost-competitive for
150 MW offshore wind based on 131 MW hydrogen production
electrolyzer system. Leveraging empirical data on the European
energy market and wind generation, the results showed that
offshore wind-based hydrogen must participate in ancillary
services markets to generate positive net revenues at current
wind generation levels to become competitive in terms of costs
in Germany.

Dadkhah et al. (2022) examined with a probabilistic mixed

integer linear programming model the technical-economic
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characteristics of providing frequency grid services by hydrogen
refueling stations (HRS). The results indicated that by participating
in the ancillary service markets it is possible to significantly increase
the economic profit, while ensuring the stable performance
of the HRS.

Recent advancements in control strategies and grid integration
have further improved the effectiveness of electrolyzer-based
systems for frequency control. Advanced control algorithms, such
as model predictive control (MPC) and adaptive control, are being
developed to optimize the response of electrolyzer systems to grid
frequency deviations (Lee and Kim, 2022; Lee et al., 2023). These
algorithms enable precise adjustments of electrolyzer operation,
ensuring that they provide the necessary support without
compromising their primary function,
production for energy storage or industrial applications.

such as hydrogen

However, challenges remain in the widespread adoption of
electrolyzer-based systems for frequency control. The capital
costs associated with the installation and maintenance of
electrolysis systems represent a significant barrier and therefore
considerable efforts are being made to reduce costs in the short and
long term (IRENA, 2020).

Furthermore, the development of regulatory frameworks that
incentivize the participation of electrolyzer-based businesses in
(ENTSO-E, 2022;

Ringsgwandl et al., 2022). These challenges require collaborative

frequency control markets is essential
efforts by governments, grid operators and the private sector to
create an enabling environment for electrolyzer-based systems for

ancillary services.

3.2 Voltage control

Voltage control is a critical aspect of maintaining the stability
and reliability of modern electrical grids, particularly in the context
of increasing renewable energy integration (Ku et al., 2020).

Historically, this ancillary service was provided by conventional
2019),
however, in recent years, the importance of using electrolyzers to

synchronous generators (Stanelyte and Radziukynas,

support voltage regulation is attracting much attention.

Electrolyzer systems, with their inherent ability to modulate reactive
power, could play a vital role in voltage control (Torres et al., 2019).
Reactive power is essential for regulating voltage levels within acceptable
limits, especially in the presence of intermittent renewable resources like
wind and solar power. Electrolyzers can dynamically absorb or inject (if
coupled with a fuel cell) reactive power, thereby contributing to grid
voltage stability (Torres et al., 2019). When grid voltage deviates from
the desired range, electrolyzers respond swiftly to produce hydrogen
through the electrolysis process thus actively adjusting the flow of
reactive power to stabilize the voltage.

One noteworthy advantage of utilizing electrolyzers for voltage
control is their rapid response time (Eichman et al, 2014).
Electrolyzers can adjust their operation within milliseconds,
making them an ideal choice for managing transient voltage
deviations (Eichman et al., 2014). In contrast, conventional
solutions like synchronous condensers or static var compensators
may require several seconds to react to voltage changes, which could
be insufficient to prevent voltage instability in fast-changing grid
conditions (Teleke et al., 2008; Lepour et al., 2021).
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Furthermore, the integration of electrolyzers into the grid for
voltage control aligns with the broader goal of achieving a
sustainable and resilient energy system (Cai et al, 2022). As
renewable energy sources continue to grow, the demand for
grid
management becomes more pressing. Electrolyzers, particularly

effective and environmentally friendly solutions for
when powered by renewable energy, enable grid operators to
balance voltage levels while reducing greenhouse gas emissions.

Although in literature there are not yet many studies on the
subject, some recent studies have demonstrated the advantages of
using systems based on electrolyzers for voltage control (Chiesa
et al., 2011; Ghosh et al., 2020; Pijarski and Kacejko, 2021).

Chiesa et al. (2011) demonstrated the feasibility of using an
electrolyzer for improving voltage quality. The analyzed system
consists of an alkaline electrolyzer coupled with a wind system
and both connected to the grid. In order to obtain realistic
fluctuations in active and reactive power, a stochastic model was
developed for the wind turbine, while for the electrolyzer a model
was developed that takes efficiency and dynamic response into
account. The results obtained showed that the implemented
operational strategy is capable of dynamically controlling the
energy consumption of the electrolyzer in such a way as to
minimize grid voltage fluctuations.

In the study conducted by Ghosh et al. (2020), an operational
model of a fleet of grid-integrated electrolyzers has been developed,
to minimize the impact of the increasing penetration of solar PV
quantify
performance parameters

into the distribution network. To operational

improvements, the study includes
related to distribution voltage profiles. The results highlighted
that the electrolyzer fleet control application can help reduce
overvoltage, voltage fluctuations and operation of control devices
caused by intermittent solar generation.

Pijarski and Kacejko (2021) proposed an innovative voltage
control system in the MV grid, in which it was hypothesized that the
loads represented by electrolyzers were used to produce “green
hydrogen” for power-to-gas purposes. Analyses conducted with
hundreds of calculation cycles using Monte Carlo simulation
have shown that the subordination of the hydrogen production
process to the voltage control objectives in the MV grid clearly
contributes to stabilizing the voltage value and guaranteeing its
quality, while meeting hydrogen production requirements.

In order to maximize the benefits of using electrolyzers for
voltage control and reactive power management, grid operators
must integrate advanced control and monitoring systems. These
systems can enable real-time monitoring of grid conditions and the
rapid adjustment of electrolyzer operations to respond to voltage
fluctuations. Predictive algorithms and intelligent control strategies
can optimize the deployment of electrolyzers for both voltage
control and energy storage, ensuring that these systems operate
efficiently and effectively.

Jain et al. (2023) evaluated the use of electrolyzers in a PtG
scenario for grid voltage support, using real-time power-hardware-
in-the-loop (PHIL) testing with a 225 kW PEM electrolyzer stack.
The authors modelled electrolyzers as controllable loads and the
voltage enhancement with electrolyzer support is analysed for DER
penetration levels of 0%, 25%, and 50%. The results showed that the
electrolyzer controls met the performance requirements for voltage
control by providing a reduction of up to 112 Load Tap Changers
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(LTC) operations on the distribution grid, and provided substantial
improvements in network operating conditions.

An electrochemical model of a 500 kW alkaline electrolyzer
considering nonlinearity and dynamics, integrated with a phase-
shifted full-bridge active front-end converter, was presented by Zhao
et al. (2023). In order to study the harmonic distortion and system
response during voltage deviation in the grid distribution, the
electrolyzer power system was tested with MATLAB®/Simulink”
and PLECS under different grid conditions. The simulation
results showed that the designed system complied with the
harmonic requirements of the Danish grid code for electricity
storage and responded well to both 10% and 20% voltage
deviation dips.

In the study of Jakobsen et al. (2023), grid code considerations
that must be applied when connecting large scale electrolyzer plant
to the electrical grid are addressed. In particular, a model for an
electrolyzer based on a grid-connected three-phase h-bridge
converter with a low-voltage ride-through strategy was developed.
The results highlight the capabilities of the electrolysis system to
provide reactive power support to the grid during voltage drops.

3.3 Grid balancing

Grid balancing, is a fundamental aspect to guarantee the
stability, reliability and resilience of the electricity grid, especially
because the penetration of intermittent renewable energy sources,
such as wind and solar energy, continues to grow strongly
(Mendecka et al., 2020; Zsiboracs et al., 2021).

In this context, electrolyzers have emerged as versatile ancillary
services that play a pivotal role in addressing the challenges
associated with grid balancing and energy storage (Stamatakis
et al.,, 2022).

Electrolyzer systems are well-suited for grid balancing due to
their remarkable flexibility in adjusting electricity consumption or
production (when integrated with fuel cell systems) in response to
grid conditions (Buttler and Spliethoff, 2018). Grid balancing
involves matching electricity supply with demand in real-time, a
task made increasingly complex by the intermittent nature of RES.
Electrolyzers-fuel cell integrated systems’ bidirectional capability
enables to dynamically support grid balancing by absorbing or
injecting power, alleviating grid congestion, and mitigating
supply-demand imbalances.

Recent case studies have demonstrated the feasibility and
effectiveness of electrolyzer-based grid balancing and energy
storage in practical grid scenarios.

Gusain et al. (2020) conducted a technical analysis to evaluate
the ability of a large-scale PEM electrolyzer to provide grid balancing
services. Three case studies were defined to evaluate the electrolyzer
in different operating conditions and the impact on the grid then the
electrolyzer was evaluated. The results showed how the electrolyzer
is particularly suitable for providing grid balancing services and due
to its efficient and safe operation at partial load, it can be used to
correct forecast errors of the wind during the day. Finally, a drop in
efficiency was demonstrated for the case in which the cell operated
for a whole year, concluding that to avoid an incorrect flexibility
assessment it is important to take into account the drop in efficiency
in the long-term strategy of balancing service models.

Frontiers in Energy Research

10

10.3389/fenrg.2024.1358333

Zenith et al. (2022) quantified the value of grid services for
hydrogen production units in providing alternative income to wind-
powered hydrogen-producing electrolyzers. Grid services from
several countries such as France, Italy, Norway, and Spain, were
simulated with each country’s energy price data and wind energy
profiles from wind farms. The results showed that the economics of
electrolyzers can be improved through network services that can
monetize the unused capacity of hydrogen production facilities. In
fact, for 3 countries such as Italy, Spain, and France, in conditions of
“upregulation”, a curtailed value of hydrogen higher than 6 €/kg is
obtained, more than 3 times higher than the EU price
target for 2030.

To evaluate the effectiveness of using electrolyzers to provide
grid-forming services, Tavakoli et al. (2023) conducted numerical
analyses on a low-inertia test grid inspired by a portion of the
transmission grid in southern Australia. In addition to the grid-
forming mode, to ensure the safe operation of the electrolyzer in case
of adverse interaction between the grid-forming operation and
hydrogen production constraints, the authors developed two
other additional operating modes, such as the DC voltage and
constant power modes, respectively. The results highlighted the
great potential of the electrolyzer to provide grid-forming services,
furthermore with a nearby wind generation system, a grid-forming
electrolyzer can form the voltage and frequency of an islanded grid
only if the hydrogen production constraints are not violated,
otherwise the operating mode of the electrolyzer switches to DC
voltage mode or constant power mode.

Dadkhah et al. (2021) developed a model to evaluate the
technical-economic feasibility of a hydrogen refueling station
(HRS), whose electrolyzer is powered by energy purchased from
the electricity market, and also participates in the auxiliary services
market. The scenarios investigated, 2020 and 2030, highlighted how
the electrolyzer participation in the reserve market increases
revenues up to 16% and decreases the hydrogen break-even price
up to 4.7% and 6.4%, in 2020 and 2030, respectively.

In the study conducted by Allidieres et al. (2019), the objective
was to characterize and qualify PEM electrolyzers for grid service
balancing purposes. The authors first analyzed the management
constraints of the European electricity grid, subsequently designed
the specific load profiles for the management of the electricity grid,
and finally used protocols the
characterization. The results demonstrated that electrolyzers can

these for electrolyzers
be used for such applications and also can satisfy the most stringent
grid constraints.

Raab et al. (2022) developed a model to economically evaluate
hydrogen production plants with grid participation, to minimize the
specific costs of each site for a constant hydrogen supply. The
analysis highlighted that grid participation means that the
hydrogen produced will not be 100% renewable, but it is more
advantageous from a technical and economic point of view with
production costs for the five locations analyzed ranging between 4 -6
€/kg, and even more ecological.

Wu et al. (2022) conducted a techno-economic evaluation for a
hydrogen production and storage system considering different
The

developed model takes into account the operational capacity,

energy delivery pathways and various grid services.

flexibility, and constraints associated with the hydrogen system.
The analysis highlights that for a hydrogen system to be financially
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sustainable and advantageous it must also include grid services,
whose value streams resulting from the bundling of network services
could account for up to 76% of the overall benefits.

3.4 Congestion management

As already mentioned, the increase in renewable energy
production and its grid integration, aggregated with population
growth and therefore the increase in energy consumption,
represent the main factors contributing to the problem of grid
congestion.

Grid congestion refers to the condition where the electricity
demand exceeds the capacity of the power grid, leading to
inefficiencies, potential outages, and increased stress on the
system. This issue arises when the electricity generation and
transmission infrastructure cannot keep up with the growing
power demand. To address grid congestion, various strategies are
being explored, including investments in grid expansion and
modernization, the development of smart grid technologies
(Romero-Ruiz et al, 2016), and the implementation of energy
storage systems to enhance grid flexibility (Tarashandeh and
Karimi, 2021). Policy initiatives, smart network tariffs (Hennig
et al, 2023), and the integration of advanced analytics also play
crucial roles in mitigating grid congestion and ensuring a reliable
and resilient power supply.

In literature, several studies evaluated new methods aiming the
managing congestion (Yusoff et al., 2017; Bouloumpasis et al., 2019;
Gumpu et al, 2019; Hu et al, 2021), but still few studies have
examined the role of electrolyzers in providing support to
congestion management.

Dowling and Jansen of the TNO research organization in the study
(Dowling and Jansen, 2023) examined congestion management using
an electrolyzer system in 4 use-cases, such as, renewable generation,
industrial end-user, energy hub, and grid operator, evaluating the legal
and market aspects and the impact of congestion problems. The
analysis showed that the presence of a local hydrogen user ensures
the electrolyzer’s economic viability, and that the greatest expected
impact on congestion occurs when the electrolyzer is owned and
operated by the grid operator. Furthermore, it was found that the
business case and the impact on congestion do not necessarily go hand
in hand and the cost-effective operational strategy of electrolyzers can
hurt the congestion problem.

Ghaemi et al. (2023) developed an economic model applied to a
north Netherlands region to evaluate the feasibility of an electrolysis
system dedicated to hydrogen production, to reduce congestion in
medium voltage distribution grids integrated with a high rate of
renewable sources and price-conscious consumers. An incentive-
based single-leader and multiple-follower method to improve
flexibility in such grids has been adopted. In particular, the
method provides that the leader (grid operator) determines the
dynamic congestion prices for each grid node every time, and in
turn, the followers (producers and/or consumers) adapt their
electricity production or consumption to maximize one’s
objective function (i.e., minimize costs). The investigation showed
that electrolyzers operate profitably when faced with dynamic
congestion pricing and high renewable generation volumes.
These results provide useful information on grid incentives
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potential (i.e, dynamic pricing) that can motivate companies to
use electrolyzers to provide flexibility to grid operators to resolve
congestion problems.

Lieberwirth and Hobbie (2023) evaluated the electrolyzers
ability that support decarbonization in the German industrial
sector, in contributing to the efficient management of electricity
networks and network congestion. An electricity market and
congestion management optimization model was developed and
applied to different scenarios that differ in the electrolyzers
operating mode, the industrial sector decarbonization strategy,
and the electrolyzers penetration rate into the electricity grid.

The analysis highlighted the effectiveness of integrating
electrolyzers into congestion management practices, especially if
industries are decentralized and more distributed throughout
Germany, such as the chemical, paper, and printing industries.
Differently in scenarios with electrolyzers with flexible operation
for congestion management, the total congestion management
volume decreases proportionally to the electrolyzers market
penetration regardless of the territorial distribution of electrolyzers.

3.5 Black start

The last focus of this section is the problem of grid black-start,
which refers to the challenge of restoring an electricity grid after a
total or partial blackout, often caused by events such as natural
disasters or cyber-attacks, so that the affected areas can recover
energy more quickly.

It involves starting isolated production units and gradually
reconnecting them to form an interconnected system again. It is
a critical resource for the safe, reliable and resilient operation of
electric power systems and for effectively restoring electricity.
Traditionally this process is based on conventional generators
(Sun et al., 2011), which, despite being consolidated technologies,
have the disadvantage of being heavily dependent on fossil energy
sources. For this reason, battery energy storage systems (BESS)
(Fohrmann, 2021; Pagnani et al, 2023) and renewable energy
systems (Pagnam et al., 2020; Sam, 2021), have been explored as
viable alternatives that could play an important role in the context of
black-start operations. These innovative solutions not only improve
grid reliability, but also align with broader goals of transitioning to
cleaner and more sustainable energy systems.

Otherwise, although still little investigated, the integration of
hydrogen energy systems (e.g., electrolyzers and fuel cells) in black-
start procedures could represent a further step forward toward
improving the overall resilience and environmental sustainability of
electricity infrastructures (Jacobsen, 2022; Han et al., 2023; Mtu, 2023).

4 Remarks on advantages and
limitations

As highlighted in the previous section, the ancillary services
provided by electrolyzer systems have become increasingly popular
in recent years due to electrolyzers’ ability to respond quickly to load
fluctuations and assist in grid balancing, thereby increasing the grid
capacity to accommodate higher levels of renewable energy and
reduce dependence on conventional fossil fuel.
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The integration of electrolyzer systems into the grid to provide
ancillary services offers several notable advantages:

o Versatility: Electrolyzer systems are versatile and adaptable,
capable of providing a range of ancillary services such as
frequency control, voltage control, congestion management,
and black starts. This versatility makes them valuable assets in
modern grid operations, where flexibility is of utmost
importance;

o Scalability: Electrolyzer systems can be scaled to meet specific
grid requirements. This scalability allows grid operators to
deploy the appropriate size of electrolyzer systems based on
the local grid’s needs, from small-scale deployments to large
utility-scale installations;

o Emissions Reduction: Ancillary services provided by

electrolysis systems promote greenhouse gas emissions

reduction. By using excess renewable energy to produce
hydrogen, they facilitate the decarbonization of the energy

sector, thereby contributing to environmental sustainability.

While the potential benefits are promising, the deployment of
ancillary services provided by electrolyzer-based systems faces
several challenges and limitations:

o Capital Costs: The upfront capital costs associated with
installing electrolyzers can be significant. Although these
costs have decreased over time due to technological
advances and economies of scale (IRENA, 2020), they
remain a significant barrier to widespread adoption;

« Hydrogen Infrastructure: Building a reliable and comprehensive
hydrogen infrastructure, including storage, transport and
distribution, is crucial for the efficient operation of electrolyzer
systems. Building this infrastructure is a complex and expensive
undertaking (Kim et al,, 2023);

o Grid Integration: Effectively integrating electrolyzer systems
into the grid and developing robust control strategies is a
technical challenge. Coordination with existing grid assets,
such as power plants and transmission lines, is critical to
ensure seamless operation;

o Round-trip efficiency: The hydrogen produced must be
compressed, transported, and stored, and when energy is
needed again, the hydrogen can be consumed by the fuel
cell system for energy production. Each of these processes
involves energy losses, and to date, the round-trip efficiency is
quite low and at most reaches 40% (Escamilla et al., 2022).

Addressing these challenges is essential to realizing the full

potential of electrolyzer-based ancillary services. Ongoing
research and development efforts, supportive policies, and
collaborations between stakeholders are crucial in overcoming
these obstacles and enabling the widespread adoption of this

technology.

5 Project outlook

According to IEA report (International Energy Agency IEA,
2023b), there are about 2,550 hydrogen production projects through
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electrolysis worldwide, some of which are completed and
operational, some are in the development phase, and some are
pure demonstration projects. However, only 0.6% of these focused
on demonstrating the feasibility and advantages of integrating
electrolysis systems into grid operations to ensure balancing and
frequency control services.

In the last decade, greater emphasis has been placed on these
aspects and private and community-funded projects and initiatives
have been launched to provide valuable information for practical
application and to test and demonstrate the effectiveness of on-site
electrolyzer-based ancillary services. To the authors’ knowledge,
there are 15 completed or ongoing projects worldwide, Table 3.

The electrolyzer technology used is divided equally between
AWE and PEM with MW-scale sizes, with the exception of the DOE
(Department of Energy) and QualyGridS projects (R&D), where the
kW laboratory-scale is examined. In most projects the electrolyzers
are powered by renewable energy, such as wind and solar, and the
end-users considered are industrial, PtG, mobility, residential
and power.

As shown in Figure 5, only one project is from the USA, while all
others are located in Europe, where Denmark and Germany are
leaders or are involved in most European projects. Furthermore, it is
highlighted that in 63% of cases, grid balancing services are provided
via electrolyzers, while in the remaining 37% of cases, frequency
control services are provided.

Among the projects of greatest interest and already operational
are highlighted:

o P2G-BioCat, Denmark 2014-2017, (P2G-BioCat, 2017;
Rasmussen, 2021), - A project with a total cost of 6.7 million
euros to demonstrate a power-to-gas plant based on a 1 MW
alkaline electrolyzer powered by excess wind energy to produce
renewable gas for storage in the Danish natural gas network. The
BioCat consortium facility is located at the Avedere wastewater
treatment plant in Copenhagen and has been approved by
Energinet to participate in the DK2 grid market of Eastern
Denmark to provide frequency control (FCR, FRR) and power
regulation services.

e Demo4Grid, Austria 2017-2023, (Demo4Grid, 2017a;
Demo4Grid, 2017b), - A project with a total cost of
7.7 million euros with the aim of demonstrating the
feasibility of providing grid balancing services with a
32 MW pressurized alkaline electrolyzer, while producing
green hydrogen for both the MPREIS food production site
in Austria, and for the refueling of fuel cell trucks. The
installation on the MPREIS site took place in 2021, and the
subsequent demonstration period highlighted that to achieve
greater economic value and revenues from the management
strategy it is necessary to combine multiple business cases,
such as the simultaneous provision of hydrogen for industry
and mobility, and the participation in grid balancing services.

o HyBalance, Denmark 2015-2020, (HyBalance, 2016), - A
project with a total cost of 15.8 million euros based on a
1.2 MW PEM electrolyzer powered by renewable energy. The
facility has been approved by Energinet to participate in the
Western Danish DK1 network market and, thanks to dynamic
operation, is capable of providing frequency regulation
services (FCR, FRR). The green hydrogen produced is used
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TABLE 3 International projects based on hydrogen electrolyzers providing grid services.

Grid
services

Project Technology Type of

name

electricity

P2G-BioCat Operational AWE Unknown 1 MW PtG FCR, FRR P2G-BioCat (2017), Rasmussen
(2021)
Demo4Grid Operational AWE Grid 3.2 MW Industrial, Grid Balancing = Demo4Grid (2017a), Demo4Grid
Mobility (2017b)
DOE R&D PEM Micro-grid 40 kW - FCR Hovsapian (2017)
AWE
ELYGRID Demo AWE Renewable 2.6 MW Power Grid Balancing =~ ELYGRID (2014)
ELYntegration R&D AWE Renewable 0.25 MW - Grid Balancing =~ ELYntegration/Cordis (2019),
ELYNTEGRATION (2019)
GreenHyScale Feasibility AWE Renewable/Grid 100 MW - Grid Balancing ~ GreenHyScale/Cordis (2021),
study Greenhyscale (2021)
Haeolus Demo PEM Renewable 2.5 MW - Grid Balancing = Haeolus (2018), Haeolus/Cordis
(2018)
HPEM2GAS Demo PEM Renewable 0.18 MW - Grid Balancing = HPEM2GAS (2016), HPEM2GAS/
Cordis (2016)
HyBalance Operational PEM Renewable 1.2 MW Mobility, PtG FCR, FRR HyBalance (2016), HyBalance/
Cordis (2016)
HyScaling Feasibility PEM Renewable - Industry, Mobility, = Grid Balancing = HyScaling (2021), Dowling and
study Residential Jansen (2023)
AWE
H2FUTURE Operational PEM Renewable 6 MW Industrial FCR, FRR H2FUTURE (2017)
Power-2- R&D - Unknown MW scale - Grid Balancing =~ Power-2-Electrolysis (2016)
Electrolysis —
FCR
QualyGridS R&D PEM Unknown 50—300 kW | - FCR QualyGridS (2017), QualyGridS/
Cordis (2017)
AWE
REFHYNE Operational PEM Grid 10 MW Industrial FCR, Grid REFHYNE (2018), REFHYNE/
Balancing Cordis (2018)
REFHYNE2 Feasibility PEM Renewable/Grid 100 MW Industrial FCR, Grid REFHYNEII (2021), REFHYNE II/
study Balancing Cordis (2021)

for PtG and mobility purposes. The project managed to
feasibility and flexibility of PEM
electrolyzers, with the plant capable of producing 99.998%

demonstrate the

pure hydrogen, while participating in the Danish electricity
market with frequency control services with a shorter response
time of 10's.

H2FUTURE, Austria 2017-2021, (H2FUTURE/Technology,
2017), - A project coordinated by the energy supplier
VERBUND with a total cost of 17.8 million euros with the
aim of producing green hydrogen for the VOESTALPINE
steelworks in Linz using a 6 MW PEM electrolysis system
from Siemens. In addition, with the support of the
transmission system operator (TSO) Austrian Power Grid
(APG), the system was qualified to provide grid balancing
services as a primary, secondary or tertiary reserve. In the first
2 years of demonstration testing, the H2FUTURE electrolyzer
produced more than 500 tons of green hydrogen, equivalent to
8,800 tons of “green steel.” The project manager sees
expansion on a large industrial scale as a future challenge
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in order to increase hydrogen production in the longer term to
the 340,000 tons of hydrogen that the steelworks requires at
full capacity.

REFHYNE, Germany 2018-2024, (REFHYNE, 2018;
REFHYNE/Cordis, 2018), - A project with a total cost of
19.7 million euros to install a 10 MW electrolyzer from ITM
Power at a large refinery in Rhineland, Germany, operated by
Shell Deutschland Oils. The electrolyzer delivers large
quantities of hydrogen to refinery processes to replace
Through its dynamic
operation, it helps balance the refinery’s internal electricity

existing methane reformers.
network and also sells the primary control power to the
German transmission system operator (TSO). The 2-year
technical-economic analysis showed that the combination
of hydrogen supply to the refinery and grid balancing
payments creates an economically advantageous business
case that justifies the initial investment. The project results
were sufficiently promising and led to the new

REFHYNE 2 project.
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« REFHYNE 2 Germany 2021-2026, (REFHYNE II, 2021;
REFHYNE II/Cordis, 2021), - A project with a total cost of
149 million euros, which aims to extend the initial REFYHNE
project by building a 100 MW PEM electrolysis site powered
by a mix of dedicated renewable and grid electricity, again with
the same purpose of supplying hydrogen to the Rhineland
refinery in Germany.

These projects demonstrate the diverse applications of
electrolyzers providing ancillary services in different regions and
grid scenarios. They highlight the ability of electrolyzers systems to
improve grid stability, store excess renewable energy and contribute
to decarbonization efforts. As these projects continue to evolve, they
provide valuable insights for future implementations and highlight
the growing importance of electrolyzer technology in modern grid
operations.

6 Conclusion and future prospects

In the pursuit of a robust and sustainable energy future, the use
of innovative energy systems to provide ancillary services in modern
power grids represents an important and evolving paradigm. Due to
their dynamic behavior, electrolyzers are adaptive systems that can
bridge the gap between intermittent renewable energy sources and
grid stability. Their dual ability to produce green hydrogen while
providing grid services puts them at the center of today’s evolving
energy landscape.

In this review article, the main features of the ancillary services
provided by electrolyzer systems such as technology, market, grid
services, benefits and projects have been highlighted.

From the literature analyzed, excellent results could be observed
in various numerical studies carried out to assess the electrolyzer
capabilities in providing services for frequency control (FCR, FRR),
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Austria Norway

voltage control or to manage grid congestion or black starts. On the
other hand, few experimental studies and projects have been started
in this research area.

The projects already in operation are all European and lie
between Austria, Denmark and Germany. In these projects
electrolyzers are used to produce hydrogen for industrial or
mobility end-users and at the same time provide frequency
control (FCR, FRR) or grid balancing, which demonstrates better
economic feasibility when merging the two case businesses.

Several future development key areas show the great potential that
electrolyzer systems can have to improve and positively influence grid
operations and facilitate the integration of renewable energy sources:

6.1 Technological advances

The prospects of electrolyzer technology are expected to be
significantly influenced by its continuous improvement. The
performance of electrolysis systems will be further enhanced
by advances in membrane technologies, catalytic materials,
and system integration, which will increase their attractiveness
for grid ap-plications. Longer system lifespan, lower capital costs,
and higher efficiency are expected results of the research efforts.

6.2 Market and policy considerations

Market mechanisms and funding policies will be crucial for
the future development of electrolyzer-based ancillary services.
Governments and regulators are increasingly recognizing the
importance of grid flexibility and de-carbonization. Feed-in tariffs,
CO2 pricing mechanisms and incentive programs can promote
investments in electrolyzers and facilitate their integration into grid
operations.
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6.3 Hydrogen economy growth

The growth of the hydrogen economy will be closely linked to
the expansion of ancillary services based on electrolyzers. As with
some projects, hydrogen has become an increasingly important
energy source for various sectors, including transport, industry,
and heating, and electrolyzers have demonstrated a dual role in
supporting grid stability and contributing to hydrogen production.
This dual function will certainly increase the economic viability of
using electrolyzers.

6.4 Grid decentralization

With the increasing decentralization of energy production
through distributed renewable sources, the role of electrolyzer
systems in local grid stabilization and microgrid applications will
increase. Electrolyzers can serve as flexible energy resources in
microgrids, contributing to local resilience and reducing
dependence on core grid infrastructure.

In conclusion, it is possible to state that while the world is
transitioning towards a more sustainable and resilient energy
system, systems based on electrolyzers are increasingly cutting
edge, offering solutions capable of guaranteeing decarbonization
objectives. Their continued growth and integration into the

power grid mark a significant step towards achieving a

cleaner, more reliable and environmentally sustainable
energy future.
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