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Abstract: This paper explores the latest developments in electrolysis technology, a key player in the transition
to sustainable energy systems. Electrolysis, despite currently contributing a small share to global hydrogen
production, holds immense potential for producing green hydrogen. The study delves into the efficiency of
electrolysis systems, emphasizing ongoing efforts to enhance energy conversion rates. It investigates the impact
of high-temperature electrolysis on reducing electricity consumption, thus making the process more efficient.
The paper discusses the various challenges in the research on water electrolysis and underscores the critical
role electrolysis plays in integrating renewable energy sources. The study emphasizes the need for continuous
advancements in electrolysis technology to bridge existing gaps, making a compelling case for its pivotal role
in the green hydrogen revolution.
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1. Introduction

Water electrolysis (WE) stands at the forefront of hydrogen (H:) production technology. By
utilizing electrical energy to split water into hydrogen and oxygen, WE taps into the potential of
renewable energy sources (RES). In contrast to the dominant method of steam methane reforming
[1], which contributes to global emissions, WE for green hydrogen production harnesses RES-
generated electricity. This shift not only decarbonizes hydrogen production but also serves as a vital
energy storage solution. Electrolytic hydrogen acts as a linchpin, balancing surplus green energy,
bolstering grid stability, and transforming sectors resistant to conventional electrification. Notably, it
holds the key to decarbonizing challenging domains like long-haul transport and industries where
emissions reduction poses a formidable challenge, like hard-to-abate sectors [2]. This transformative
potential underscores the pivotal role of water electrolysis in shaping a sustainable and low-carbon
future. In the realm of energy, hydrogen is a widely debated subject. However, discussions often
suffer from oversimplification, lacking a comprehensive perspective that illuminates its broader
implications. There’s a need to transcend surface-level analysis and embrace a holistic view,
acknowledging the profound implications of hydrogen within the larger energy landscape. In the
energy sector, confusion often arises between resources, energy carriers, and end uses. The recent
hydrogen debate is no exception. Hydrogen is indeed a carrier and, while it can aid energy transition,
it cannot solve all problems. Developing green hydrogen is crucial. It can boost renewable energy
generation, even for unconventional uses. Advancements in electrolysis will undoubtedly enhance
the production of green hydrogen [3].

Water electrolysis relevance is evident just today: the electrolytic process involves many variants
and variables, such as the type of ion transport medium, electrodes and catalysts, the operating
temperature, pressure, voltage and current density, and the electrolyser size, thus, analysis of cell,
stack, and system levels are necessary. Many scientific and technological problems are still open and,
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thus, are to be investigated, such as electrolysers’ size scaling up, performance measurement, and
association between electrolytic H2 production and RES. In today’s scientific and technical landscape,
numerous projects focus on hydrogen and its related domains. Yet, amidst this vast realm, numerous
themes and microtopics remain open and often elusive. Distinguishing between established
knowledge and ongoing research objectives poses a challenge. This article endeavours to provide
clarity, meticulously assessing the existing body of knowledge while highlighting debated topics. We
aim to delineate the current state-of-the-art, discerning what is consolidated and shed light on the
persistently open avenues of research.

In particular, the objective of this paper is to provide an elucidating critical analysis of water
electrolysis for green hydrogen production. This includes the description of the main electrolysis
technologies and energy balance considerations about the various techniques. An incisive analysis of
the electrolytic cell physics and main technologies irreversibility is carried out, to identify the aspects
that would require more investigation to increase the electrolytic process efficiency.

The existing literature offers extensive material on hydrogen production by various electrolysis
technologies [4-13]. However, the focus tends to be primarily on the analysis of technologies’” specific
aspects. While this is valuable, it is equally important to construct a methodological framework
rooted in system energy analysis to evaluate the green hydrogen integration in real energetic systems.
This approach can enable a more accurate assessment of water electrolysis environmental impact,
and economic feasibility.

The electricity consumption associated with electrolysis currently stands at around 55 kWh per
kilogram of hydrogen produced. Hz lower calorific value is approximately 33 kWh per kilogram of
hydrogen. This disparity underscores the critical need for optimization strategies targeting various
elements within the electrolysis system, including electrodes, electrolytes, catalysts and membranes.
Through meticulous research and development, advancements in these components can lead to
substantial reductions in energy consumption, paving the way for more energy-efficient and
sustainable hydrogen production methods. Our work seeks to bridge the gap between detailed
technological analyses and the larger energy system context. By incorporating the broader
perspective and considering the whole electrolytic process, we aim to provide an insightful
contribution to the existing knowledge on green hydrogen production and its potential applications.

The paper is organized as follows. In Section 2, a brief overview of electrolysis, and its
significance in sustainable energy production, is provided.

In Section 3 the fundamentals of water electrolysis for hydrogen production are outlined.
Electrochemical analysis of the electrolytic cell is carried out for a better understanding of the process.
The Section focuses on crucial aspects related to technology, scalability, and efficiency of the main
routes of implementing Hz production by WE.

Section 4 illustrates the main technologies for electrolysis and open fronts of research and
development.

In Section 5 the commercially available technologies, the problem of scaling up the sizes of
electrolysers, and the association between electrolytic hydrogen production and energy sources are
investigated. Considerations about green energy sources necessary for future scenarios of electrolytic
hydrogen production are proposed.

Finally, the Conclusions serve as a synthesis of the paper’s analysis, highlighting the prospects
and potential of electrolysis and green hydrogen integration in real energy systems. This section
encapsulates key points, and implications, offering a comprehensive understanding of the challenges,
and opportunities associated with hydrogen production by water electrolysis for the energy
transition. Our article pioneers a transformative approach by adopting a holistic perspective
grounded in energy systems and methodology. Through extensive literature synthesis and
innovative concept integration, we strive for an authentic evaluation of developments in green
hydrogen production.
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2. Brief Overview of Electrolysis and its Significance in Sustainable Energy Issues: A Careful
Energy Analysis

Green hydrogen has an important potential in the process of scaling up renewable energy
sources. Electrolysis is a key technology for integrating renewable energy sources into various
sectors. It serves as an energy storage solution, enabling the utilization of surplus renewable energy
during peak production times. Electrolysis-produced hydrogen finds applications in various sectors,
including transportation, industry, and energy storage solutions for grid stabilization. Green
hydrogen can play a key role in the energy transition by helping to meet industrial and civil demand
for heat and electricity, integrate renewable energy sources into the electricity system, make natural
gas infrastructure more sustainable and decarbonize the transport sector, as shown in Figure 1.

Refining
Hydrogen Re-electrification
storage
Industry I
Green "
electricity Electrolysers Naturangas grid I
Buildings
Synfuels,
biofuels upgrading Transport

} Artisanal sectors

Figure 1. Green hydrogen production and uses.

A small scale market for electrolytic H2 production has been established in handicrafts, such as
gold working. Larger scale production can have as leading end-uses the re-electrification, transport
sector, and industry.

In re-electrification, electrolytic hydrogen can be used to produce electrical power on a large
scale through fuel cells, internal combustion engines, or turbines, thus, turning this power to the grid
to adjust demand and generation. Hz is an energy carrier which can support the integration of
variable RES in the electricity system, being one of the few options for storing energy over days,
weeks or months.

Electrolytic hydrogen can be fundamental for the decarbonization of highly energy-intensive
sectors, such as heavy transport and hard-to-abate industry [2]. Electrolysers are tested and in
production for refuelling stations for public transport, cars and heavy road transport. Hz can be used
as an alternative fuel in fuel cell vehicles, offering a transport option low in carbon to improve air
quality, especially interesting in the heavy-duty vehicles sector (e.g., buses, ships, trains).

Hydrogen is currently used as a raw material in different industrial sectors on a large scale,
therefore, the decarbonization of the process in which it is applied is achieved if it is produced from
low-carbon sources.

Industrial experimentation of electrolytic hydrogen integration in the productive processes as
feedstock, reducing agent, or/and alternative fuel in burners is underway. Hydrogen has the highest
mass heating value among fuels, and an invaluable decarbonization potential [14] since its
combustion generates no carbon dioxide emissions. Green hydrogen can also be used as a renewable
energy storage system, linked to the electrification of the processes maximizing the use of green
energy from RES. Industrial activities already using hydrogen as a feedstock or/and process agent
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are favourite for electrolytic Hz integration in their productive processes, because security and safety
protocols about hydrogen use are known and managed yet. Furthermore, gradual decarbonization
of the natural gas (ng) infrastructure could take place, by injection of increasing percentages of green
hydrogen or synthetic methane in the transmission natural gas grid; experimentation up to 10% in
volume of hydrogen are ongoing.

As in everything related to energy fields, growth scenarios are absolutely difficult to predict
because they often follow a non-linear trend or are in any case driven by sudden technological
innovations or external mechanisms, such as economic incentives. However, the growth in the impact
of hydrogen on energy systems is predictable to contribute materially to the energy transition. Within
these considerations, Figure 2 shows global recent hydrogen uses, and low-emission Hz targets in the
Net Zero Emissions by 2050 Scenario (NZE) by 2030, indicating the direction to follow for
decarbonisation. The bigger part of low-emission Hz will be produced by water electrolysis [1,3]. In
2022, global hydrogen production grew by 2-3% to reach 95 Mtonnes (Figure 2), but low-emission Hz
was about 0.7% (less than 1 Mtonne) of the global production, almost all from fossil fuels with carbon
capture, utilisation and storage (CCUS), with only 0.1% from water electrolysis. The amount of
electrolytic Hz, while still below 100 ktonnes in 2022, increased by 35% compared to 2021 [1]. H
industrial use accounted for 53 Mtonnes [1], of which about 90% was for chemicals (about 60% for
ammonia production and 30% for methanol), and 10% for direct reduced iron process in the industrial
subsector of iron and steel.

70 Mtonnes

150 Mtonnes of H,
Low-emission H, 3

89 Mtomnes of H, 93 Mtonnes of H;

2030

2020

Figure 2. Global recent and future (NZE) developments of hydrogen use in the various sectors. Data
adapted and rearranged from Ref. [1].

In the NZE, demand for low-emission hydrogen reaches 70 Mtonnes by 2030 (Figure 2),
compared to the 3-14 Mtonnes that could be achieved through current government and private sector
activities [1]; Net Zero Emissions by 2050 Scenario would require installed electrolysis capacity to
reach more than 550 GW by 2030, while the realisation of all the projects could lead to an installed
electrolyser capacity of 170-365 GW. Investment in electrolysers is growing but would require 70%
annual growth until 2030 to get on track with Net Zero Emissions by 2050 Scenario [1].

Electrolysis capacity for hydrogen production has been growing in the past few years; in 2022,
installed capacity grew by more than 20%, with about 130 MW of new capacity entering operation in
2022 [3]. Electrolysers’ capacity could reach almost 3 GW by the end of 2023, a more than four-fold
increase in total capacity compared to 2022 [3].

Electrolyser manufacturing capacity could support projects’” developments to achieve targets set
out in national strategies. Electrolyser manufacturing capacity increased by more than 25% since last
year, reaching nearly 11 GW per year in 2022 [3].

In the iron and steel industry, hydrogen blending in blast furnaces and hydrogen-based direct
reduced iron process are proposed. In the industry of chemicals, electrolysis by variable renewable
electricity for ammonia production is between demonstration and market uptake, and in the
demonstration phase for methanol. Hydrogen’s use for cement kiln blending is in large prototyping.
For re-electrification, H2 blending in ng turbine and high-temperature fuel cell is market uptaking.
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Hydrogen refuelling stations and hydrogen fuel cells for light- and heavy-duty road transport are
market uptaking: Internal combustion engines for light-duty road transport are also proposed but
with less convincing perspectives, while hydrogen fuel cells for shipping and rail applications are
between demonstration and market uptake. Numerous demonstrative projects have been developed
or are ongoing in the world [1,15], e.g., Hydrogen Valleys, in which the electrolytic production of Hz
is integrated with renewable energy sources, especially wind and solar. Green Hz2 needs the guarantee
of green electricity supply, by a dedicated RES plant or a renewable energy mix from the electrical grid
with Guarantees of origin (traceability of renewable energies throughout the energy system).

3. Fundamentals of Electrolysis

In an electrolytic cell, electricity is used to dissociate water (H20) into hydrogen (Hz) and oxygen
(O2) molecules. When sufficient electric current is passed between two electrodes separated by an ion
transport medium (conductive electrolyte), H2is produced at the negative electrode (cathode) and O:
at the positive electrode (anode).

The electrolytic cells, and electrical, gas processing, ventilation, cooling, monitoring equipment
and controls are contained within an enclosure. Gas compression, feed water conditioning, and
auxiliary equipment may also be included.

In the process of hydrogen production through electrolysis, energy is required: the energy
consumption varies depending on several factors, including the electrolysis technology used and the
operating conditions.

Different electrolysis technologies are available, each with unique advantages and challenges:
low-temperature technologies (50-80 °C), such as alkaline (ALK), proton exchange membrane (PEM),
and anion exchange membrane (AEM) electrolysers, employ liquid water, while high-temperature
technologies (500-1000 °C), like solid oxide (SO) electrolysers, use steam. Each of these technologies
offers unique advantages in terms of operational temperature, efficiency, scalability, and suitability
for specific applications. Many research activities focus on improving the performance, durability,
and cost-effectiveness of these technologies to enable their widespread adoption in Hz production.

The following first Subsection sheds light on electrolytic cell physics (analysis of the electrolysis
process), and the second Subsection on electrolyser analysis at stack level.

3.1. Electrolytic Cell Physics

Examining water electrolysis from a chemical-physical perspective may seem straightforward,
given the extensive literature available in university textbooks. However, the simplicity diminishes
when considering the intricacies. The fundamental challenge lies in determining the energy required
to produce a unit of hydrogen mass under specific operational conditions. Figure 3 shows the main
electrochemical equations. Low-temperature electrolysis is described from the splitting reaction of
the liquid water molecule, while high-temperature electrolysis employs steam. The enthalpy change
in standard conditions (AH®) of the reverse reaction of high-temperature electrolysis, the H:
combustion, corresponds to the lower calorific value (LHV) of hydrogen, about 33.3 kWh/kg.

Water electrolysis is a nonspontaneous process, and the reaction free energy change (AG) is a
large positive quantity. The change in free energy of a system for a constant-temperature process is
the difference between the enthalpy change and the product of the absolute temperature and the
entropy change (T-AS). AG corresponds with the electrical energy demand of the electrolytic process,
T-AS the thermal energy demand, and AH the total energy required. In standard conditions, the
electrical energy demand (AG®) of liquid water electrolysis equals 32.7 kWh per kg of hydrogen [16],
instead 31.5 kWh/kgm: are necessary for steam electrolysis.
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Amount of electrical work AG = z - F - Uy,  Where z = 2 is the number of moles of electrons (e-)
transferred per mole of Hz,

and F = 96,485.3 C/mol.- is the Faraday constant
AG

U = —
rev Z

AH
Ugn = Thermoneutral voltage

Figure 3. Main electrochemical equations for electrolysis [16].

Reversible voltage

Various researchers have analyzed the influence of temperature on WE thermodynamic
parameters: the electrical demand decreases with increasing the temperature at which electrolysis is
carried out, especially when the process happens with steam instead of liquid water [4]. For
temperatures above 100 °C, the total energy demand increases slightly as the temperature increases,
even if the increase in the heat demand is greater than the decrease in the required electricity.

The change in free energy represents the amount of electrical work that must be provided in a
reaction (Figure 3): assuming the reaction is reversible and carrying out the electrolytic process at
constant temperature and pressure, the difference between the electrodes’ potential corresponds with
the reversible cell voltage (Urev), which is defined as the minimum voltage to be applied between the
electrodes for electrolysis to take place.

By the respective standard free-energy change value (Figure 3), U is calculated to be 1.23 V
for liquid water electrolysis and 1.18 V for steam electrolysis.

In not ideal conditions, the cell voltage is always higher than Urev due to the irreversibilities of
the real electrolytic process. These efficiency losses lead to an increase of the voltage (overpotentials,
n’) required for WE compared to the reversible one, as shown in Equation 1 to calculate the operating
cell voltage:

Ucen = Urey + nvact + nvohm + nvconc 1)

where 1n"ax is the activation overpotential, n’ehm is the ohmic overpotential, and n’conc is the
concentration or diffusion overpotential. The activation overpotential is related to the reactions’
activation energy; catalysts and operational temperature increase can reduce this efficiency loss. The
ohmic overpotential is due to electrical, ionic, and contact resistances in the electrolytic cell; the
current density, cell materials and design, and temperature affect this overpotential. 1"conc is related
to mass transport, which is more difficult at high current densities; if H> and O: are not removed as
fast as they are produced, their concentration increases decreasing the reaction kinetics [5]. It is
accurate to say that the combination of the various overpotentials leads to an increase in energy
consumption for electrolysis. Reducing these overpotentials through various means is a focus of
research to enhance the efficiency of electrolysis for hydrogen production.

3.2. Electrolyser Analysis at Stack Level

The individual cell, while significant, does not fully represent the complexity of a stack, which
comprises multiple cells operating in tandem. Understanding the behaviour and efficiency of this
stack is paramount, as it reflects the operational dynamics of the electrolyser system, as depicted in
Figure 4.
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Figure 4. Stack’s black box: mass and energy flow in input and output.

Energy consumption before the application of voltage to the apparatus (e.g., energy
consumption of water demineralization, and system’s pressurization), electrolyser ageing effects
(e.g., corrosion and wear effects, such as membrane thinning and anode oxidation) and transients,
thus performance degradation during electrolysers’ lifetime and with changing operating conditions,
are neglected in this first energy analysis of water electrolysis. Considering an electrolytic stack, a
mass balance can be written as in Equations 2 and 3, in mol, or Equation 4, in mass:

Ny = D20 @)

1
Ngp = EnHZO ©)
Myzo = My + Mo, “4)

and by respective molar masses and Equation 4, per kg of hydrogen produced, the mass balance
results as follows:

k k
8.94-BH20 _ 4 | 7 g, B02

7 kgn kgu,

The electrical power in input to an electrolytic cell (Wen) is equal to the product of the operational
cell voltage (Uece) and the electrical current (I), thus, by Equation 1 it can be described as in Equation
6:

©)

Ween = Urey * I+ Wiy (6)

where Wir is the electrical power due to the various irreversibilities. In commercialized stacks,
electrolytic cells are assembled in series, thus Equations 7 and 8 characterize the stack voltage, Ustack,
and the electrical current in the stack, Istack:

Ustack = N - Ucen ()

Istack = Icen )

with N as the number of electrolytic cells in the stack.
Therefore, the electrical power in input to the stack, Witck, can be identified by:

Wstack = N - Upey - 1+ Wirr,stack (9)
Thus, the irreversibilities due to the cells” assembly result as:
Wirr,assembly = irr,stack — N- Wirr,cell (10)

As a result of the process irreversibilities, the generated thermal power, Qgen, can be evaluated
by:
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Qgen =N-(Ucen —Upey) - I =N~ % -1 (11)
where a part of the thermal power generated by the process irreversibilities satisfy the thermal energy
demand (T-AS), in the time unit, of the WE reaction (Figure 3; z =2 is the number of moles of electrons,
e, transferred per mole of hydrogen in the overall redox equation, and F = 96,485.3 C/mol.- [16] is the
Faraday constant). While considering the electrochemical schematization mentioned above and the
need to split water molecules into hydrogen and oxygen, there are various technologies available for
electrolysis. These technologies result in significant differences and a wide variety of solutions.
Choosing the appropriate technology depends on factors such as required hydrogen purity, energy
source availability, scalability, and economic considerations, highlighting the need for a
comprehensive understanding of each technology’s strengths and limitations.

Beyond the electrochemical description, the essence of electrolysis lies in the need for energy
input, primarily electrical and sometimes thermal. The minimum theoretical values, as identified in
the previously discussed model, are often far from being achieved.

4. Electrolysis: the Main Technologies and the Relevant Differences

A general classification of electrolysis technologies can be carried out by the operating
temperature and the ion transport medium (electrolyte) employed.

Technologies such as alkaline (ALK), proton exchange membrane (PEM) and anion exchange
membrane (AEM) electrolysis have operating temperatures in the range of 50-80 °C. High-
temperature technologies like solid oxide (SO) cells, molten carbonate (MC) cells and proton
conductive cells (PCC) typically work at 500-1000 °C.

Low-temperature WE technologies employ a basic ionic transport medium, such as a
concentrated solution of hydroxide in ALK electrolysis, or an acid medium, such as a solid polymer
electrolyte in PEM electrolysers. In AEM technology, both a polymeric membrane and an aqueous
solution of hydroxide (a few percentage points by weight) are used, trying to combine the advantages
of both technologies. In SO electrolysis, the main high-temperature technology, oxygen ions are
responsible for the ionic transport and ceramic membranes are utilized.

ALK and PEM electrolysis technologies are indeed commercially available and widely used for
hydrogen production. These technologies have been in commercial use for several years and are
considered mature and established. SO and AEM electrolysis technologies, on the other hand, are
still considered emerging or maturing technologies. While there has been significant research and
development in these areas, they are not as widely commercialized as ALK and PEM technologies.

4.1. ALK Electrolysis

Alkaline WE is the more mature technology with a long history of deployment in the chlor-alkali
industry. For an ALK electrolysis cell, Figure 5, the half-cell reactions at the electrodes are the
reduction half-reaction at the cathode, Equation 12, and the oxidation half-reaction at the anode,
Equation 13:

2H,0qy + 2™ — Hy + ZOH(_aq) (12)

2H,0(y + 2™ — Hy +20Hq (13)

where the overall reaction is liquid water electrolysis (Figure 3). The reduction reaction of H20
to Hz happens in the cathode, generating hydroxyl ions (OH-); the OH- ions move toward the anode
where they donate their electrons and oxygen is produced. About the potential difference between
the electrodes in standard conditions, U®cathode is 0.83 V and U anode is 0.40 V [16], thus U°rv equals 1.23
V, as calculated by the standard free-energy change value of liquid water electrolysis.
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Aqueous solution of electrolyte

Figure 5. Simplified ALK electrolysis cell.

The main components of an ALK electrolysis cell (Figure 5) are two electrodes, an aqueous
solution of an inert strong electrolyte (usually potassium hydroxide, KOH, or sodium hydroxide,
NaOH), and a porous medium (diaphragm) as the separator of the anode and cathode chambers.
Electrocatalysts are usually employed, e.g., nickel-foam sprayed with platinum. The diaphragm is
not perfectly impermeable: at low current densities, the cross-contamination phenomenon
(crossover) could occur, i.e., some of the gases at the ends of the diaphragm could pass through it,
implying explosion risk. The crossover in alkaline cells implies the need for hydrogen purification
(substantially, deoxygenation by pressure swing adsorption). If coupling with non-stationary power
sources, a lower limit to current density is needed (around 20% of rated power).

4.2. PEM electrolysis

In PEM electrolysis, Figure 6, the two half-reactions, respectively at the cathode and anode, are
described by Equations 14 and 15:

2H+ + 2e” — HZ(g) (14)

1
HZO(I) — Eoz(g) + 2H* + 2e” (15)

In standard conditions, Uathode is 0 V and U°Canode is 1.23 V [16], thus U°ev equals 1.23 V (as
calculated by AG® of liquid water electrolysis in Subsection 3.1).

cH - ¢
‘ ’ I - ‘
OzT H™ THZ
A Polymeric -
' membrane
T Catalyst Catalyst
2

Figure 6. Simplified PEM electrolysis cell.

In a PEM electrolysis cell (Figure 6), a polymeric membrane acts as the electrolyte and separator,
allowing only proton ions (H*) transport from the anode to the cathode. Platinum Group Metals
(usually iridium and platinum) are used as catalysts to accelerate the splitting process. Scarce
materials can represent a barrier to electrolysers’ scaling up.
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4.3. SO Electrolysis

Increasing temperature in electrolysis processes can lead to significant reductions in electrical
consumption but introduce the use of thermal energy. High-temperature electrolysis, such as by SO
cells, Figure 7, is a promising approach that utilizes elevated temperatures, typically above 600 °C
often in the range of 800 to 1000 °C. The reduction half-reaction at the cathode, Equation 16, and the
oxidation half-reaction at the anode, Equation 17, are written as follows:

H,0(g) + 2™ — Hyg) + 0%~ (16)

1
02_ — EOZ(g) + 2e” (17)

where the overall reaction is steam electrolysis (Figure 3). At 1000 K, Urev is equal to 0.94 V [12], a
much smaller value than U°rv (1.18 V) calculated in Subsection 3.1, thanks to the strong reduction in
electricity demand (AG) as the temperature increases.

wis

OZT L 0F THz

[0

In SO electrolysis (Figure 6), a ceramic membrane is used (usually YSZ, i.e., yttria-stabilized
zirconia), which acts as the electrolyte and separator, allowing only oxygen ions (O%) transport from
the cathode to the anode. A preheated air flow is normally introduced through the anode. This air
stream is used to control the temperature and guarantee the correct temperature distribution inside
the stack, thus, avoiding a degradation increase. By leveraging the benefits of elevated temperatures,
SO electrolysers look promising in reducing electricity consumption, making it an area of active
research. However, solid oxide electrolysis needs process heat and steam in input, which should be
considered in an evaluation of the First Law efficiency and system performance. If industrial waste
heat or heat from RES is used as process heat, overall efficiency improvement is possible.

Thermal control is indeed a significant concern in solid oxide electrolyzers (SO electrolyzers).
Maintaining precise operational temperatures is crucial for the efficiency and stability of SO
electrolyzers. These devices rely on high operating temperatures, typically around 700-900 °C, for the
solid oxide electrolyte to conduct ions effectively.

Accurate thermal management is essential to prevent overheating, ensure uniform temperature
distribution across the electrolyzer cells, and avoid thermal stress on the materials, which can impact
the electrolyzer’s performance and lifespan. Additionally, efficient thermal control is vital for safety
reasons, as high temperatures can pose risks if not properly managed. Developing effective thermal
management systems is a key area of research and innovation in the field of SO electrolysis.

Figure 7. Simplified SO electrolysis cell.

4.4. The Operational Performance of Electrolysers

The operative conditions and the electrodes, ion transport medium, and catalysts employed
characterize the performance of the various electrolysers. A lot of research on electrolytic cells’
performance is carried out to increase the efficiency of electrolysers [4-12] and WE plants [13].
Electrical efficiency losses can be identified as a function of many variables, as shown in Table 1. The
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thermal energy required is fundamental too, from warming up to heat requirements during
electrolysers’ operation, through components’ heat transfer properties and heat dissipation or usage.

Table 1. Main correlations for energy analysis of electrolytic cells.

Electrical and thermal Main variables of influence

demands
User liquid water/steam; operating temperature, pressure, water activity (Nerst
Equation)
Nact half-reactions, catalysts, operating temperature, pressure, current density
operating temperature, pressure, current density, Components’ materials,
1"ohm morphology, and dimensions, thus electrical and ionic conductivity, gases’ bubbles,
components’ assembly
operating temperature, pressure, current density, products’ removal rate, gases’
1N "cone bubbles, electrolyte ion concentration/ionic conductivity, electrodes” porosity and

ionic conductivity

heat operating temperature, thermal source of process heat, heat transfer mechanisms,
rocess heat, . . .- .
tp (only SO) components’ conductive, convective and radiative properties
steam (on

¥ steam properties (only high-temperature electrolysis)

In literature, the ohmic losses have been identified as predominant both for low- and high-
temperature technologies in the range of operational current densities. Much research still has to be
conducted to identify the configurations, materials and operating conditions that maximize hydrogen
production while minimizing the associated energy consumption of each technology. The main
characteristics, traced in literature and by market analysis, of the leading electrolysis technologies are
provided in Table 2.

Table 2. Main operating characteristics of the leading electrolysis technologies (the membrane acts as
a separator and electrolyte in PEM and SO electrolysis cells).

ALK PEM SO
Electrod d catalvst an: Ni, Fe, Me oxides an: Ti + Ti/RuQOz, IrO2 an: ceramic (Mn, La, Cr), Ni
ectrodes and catalysts
Y cat: Ni/Ni-Co, Me oxides cat: graphite, Ti + Pt cat: Zr + Ni/CeOx
diaph 1
Separator 1ap rasm (usually polymeric membrane ceramic membrane
Zirfon)
Electrolyte KOH or NaOH usually Nafion usually YSZ
Temperature (°C) 60-80 50-80 800-1000
Pressure (bar) 2-35 15-40 1-10
Current density
200-600 <2000 <2000
(mA/cm?)
Cell voltage (V) 2.1-2.3 2-2.2 1.5-1.6
Higher electrical effici
Well tested technology High current density 6 er'e e rlc'a eiclency
. RES- or industrial waste-heat
Main advantages Lower costs Smaller volume

] . usable
Condensation recovery Heat recovery from cooling . )
Reversible devices

Corrosive liquid Higher costs Steam and thermal source of
electrolyte Greater water requirement  high temperature needed
Main disadvantages o Y q . 8 P .
H: purification necessary Smaller application Long warming up
Bigger volume experience Limited lifetime

The main limits and positive characteristics of each technology are reported in Table 3. ALK
technology advantage is the condensation recovery, which implies a lower water requirement; on the
other hand, corrosive electrolytes are employed, low current densities entail bigger volumes, and a
hydrogen purification stage is necessary due to the cross-contamination phenomenon. PEM
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electrolysers seem to be interesting for specific utilization; for example, they can harness cooling
system heat. Unfortunately, they incur higher costs due to components (catalysts, membranes) and
operation (e.g., water use).

SO electrolysers boast superior electrical efficiency and reversibility. However, they require
high-temperature steam and thermal sources (even if, it would be possible to use industrial waste
heat or heat from RES as process heat), warm-up times are long because high operational
temperatures must be reached, and the useful life is limited due to thermal cycles. Selecting the ideal
WE technology depends on specific operating conditions set by electricity and heat sources, and
hydrogen end-uses. SO electrolysis, when fully developed, appears optimal for industrial use, proven
ALK technology is suitable for re-electrification or for developing the idea of promoting hydrogen
injection into natural gas grids, while smaller PEM electrolysers could find applicability in the
transport and civil sectors. Hydrogen still faces numerous limitations, and upon closer examination,
data in certain application areas show practically negligible levels. Certainly, it is accurate to assert
that electrolysis technology still faces limitations, as outlined in the following Table 3. This highlights
the existing challenges and areas that require further development and innovation. The estimated
cost of green hydrogen ranges from 3 to 6 $ per kilogram of produced H: while ongoing
advancements aim to reduce it to 2 $/kgrz or lower [17,18]. In the literature it is possible to find
estimates on the useful life of ALK and PEM electrolysers longer than those reported in Table 3 (e.g.,
60,000-95,000 h for ALK, 50,000-80,000 h for PEM [5,17]); however, tests performed to predict stacks’
long-term performance (e.g., according to Accelerated Stress Test methodology) are around a
few thousand hours, extrapolating performance data up to 40,000 hours. Components lifetime is
usually tested in the order of some to several thousands of hours [19,20]. SO electrolysers’ lifespan is
still in research, nowadays estimated to be at most 10,000-20,000 h [5,17].

Table 3. Main reference data for water electrolysis.

Properties Reference data
Global hydrogen production 0.1% of the world’s total
Electrolysis efficiency ~ 60-80% efficient depending on the technology
55-60 kWh of electricity to produce 1 kilogram of hydrogen through low-
Electricity requirements  temperature water electrolysis. High-temperature electrolysis can be more
efficient: the objective is to request around 40 kWh/kg

To produce 1 kilogram of hydrogen gas through electrolysis 9-11 kg of water are

Water requirement
q required depending on the technological option

The power rating of an electrolyser indicates the amount of electrical power it
Electrolyser size consumes to produce hydrogen. Commercially available electrolysers vary
widely in terms of power, ranging from a few kW to several MW

Electrolysers can produce high-purity hydrogen, typically exceeding 99.5%
Hydrogen purity purity. This makes it suitable for various industrial applications and fuel cell
technologies

Costs of green hydrogen The estimated cost of hydrogen ranges from $3 to $6 per kilogram. Ongoing
production advancements aim to reduce it to $2 or lower

Electrolyser lifespan 10,000 to 40,000 operational hours, depending on type and use

4.5. The Actual Problems Connected to Electrolysis and Electrolyser Development

The recent advancements in electrolysis demand continuous research to enhance efficiency,
scalability, and cost-effectiveness in hydrogen production. Existing challenges include integrating
electrolysis with renewable energy sources and energy grids while ensuring stability. Current data,
often from commercial sources, lack standardized methodologies, highlighting the need for universal
testing protocols.

The ISO 22734:2019(E) is a document intended to be used for certification purposes of ALK, PEM
and AEM electrolysers for industrial, commercial and residential applications [21]. The ISO Technical
Committee ISO/TC 197 is developing standards for hydrogen technologies; in particular, the Working
Group ISO/TC 197/WG 34 deals with electrolysers’ test protocols and safety requirements. System
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equipment requirements, test methods, and the ongoing work of ISO/TC 197/WG 34 emphasize the
necessity for standardized methods to ensure accurate performance evaluation in electrolysis. The
development of hydrogen production through water electrolysis necessitates a well-structured
system of regulations and certification, addressing challenges in standardization, data reliability, and
performance measurement methodologies. Table 4 provides a summary of the main research
activities and objective in water electrolysis.

Table 4. Research areas, problems, potential solutions and objectives for WE development.

Research area Problem Solution Objective

Finding durable, efficient, and  Catalysts like platinum are

cost-effective electrode materials
that can withstand the harsh
electrolysis conditions is crucial.

. effective but expensive,
Electrode materials

driving the need for
alternative materials.

Advanced electrodes,
catalyst development,
material innovations.

Developing stable and

Electrolyte degradation directly conductive electrolytes,

Exploring coatings of

bipolar plates and
Electrolyte stability impacts the efficiency and especially for high- P . P .
. g ] studying degradation
longevity of electrolysis cells. temperature and high- X
- mechanisms.
pressure electrolysis.
Improving proton exchange Enhanced durability,

P g‘p & . L. Y Enhancing selectivity,

membranes in PEM electrolysis selectivity, and reduced cost . .

Membrane technology . . durability, and ion
and ceramic membranes in SO  of membranes can boost the .
o . o conductivity.
electrolysis is essential. efficiency of electrolysers.
Identify configurations,
Considering that hydrogen is still Y . &
. materials and
a carrier, the fact that the .. . ..
- . . Increase efficiency wll over  operating conditions
Efficiency efficiency of production through . Lo
. .. 60%, will increase hydrogen’s that maximize
enhancement electrolysis is far from theoretical

o e . decarbonization potential.
limits is a significant barrier to

development

hydrogen production
while minimizing the
energy consumption.

Accurate thermal management is . .
. . Developing effective thermal
essential to prevent overheating,

ensure uniform temperature
Thermal management . =~~~ . area of research and
distribution across the electrolyzer . ] . . .
] innovation minly in the field
cells, and avoid thermal stress on )
K of SO electrolysis.
the materials

management systems is a key

Accurate thermal
management will
enhance efficiency,
durability, and overall
performance of these
devices

Scaling up electrolysis technology
for industrial and commercial Economies of scale and
Scale-up and cost . g .
duction applications while simultaneously advancements in
reduc
reducing production costs is a manufacturing processes

significant challenge.

Achieve a global
electrolysis capacity
which can contribute to
decarbonisation, with a
competitive production
cost.

Current electrolysers havea  The lifespan of electrolysers

Electrolyser lifespan lifespan of approximately 10,000 to reduce replacement

to 40,000 hours of operation, frequency and associated

depending on the type and usage. costs.

Studying degradation
mechanisms, exploring
durable materials, and
enhancing system
design.

Develoni ticient
Ensuring the purity of the eveloping efficien

produced hydrogen is critical,
especially for applications in fuel
cells.

purification methods to
Hydrogen purity remove impurities like
oxygen and moisture is an

ongoing challenge.

Achieve hydrogen
purity necessary for
various end uses

sustainably.

Electrolysers must respond Electrolysers are highly

Dynami ti
yhamie operation affected by fluctuating

dynamically to varying energy

Adapting electrolysis
systems to handle



https://doi.org/10.20944/preprints202311.0109.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2023 doi:10.20944/preprints202311.0109.v1

14
supply to maintain stability and conditions, posing a fluctuating renewable
efficiency. significant challenge when energy inputs
integrating with RES, efficiently is essential.

hindering seamless operation.

Create a system of
Standards and
Regulations which

The lack of defined standards, Establishing International

L both regarding performance Standards and Regulations
Standardization . .
measurement and other for electrolysis technologies, . .

supports the diffusion

ters, i ignificant i fet tocols, and lit
parameters, is a significant issue safety protocols, and quality of WE technology.

High life cycle cost of
Comprehensive life cycle & Y Evaluating the entire
electrolysers due to .

assessments are necessary to . . life cycle from raw
. . . instability, shortened - .
Life Cycle Analysis  understand the environmental . material extraction to
lifespan, and high initial costs

end-of-life
disposal/recycling.

impact of electrolysis technologies . . .
requires innovative, cost-

fully. . .
effective solutions.

Beyond the established successes, it meticulously scrutinizes the intricate challenges tied to
seamlessly integrating electrolysis systems with existing energy grids and renewable sources. As we
explore the intersection of energy analysis and electrolysis, we confront the pressing issue of scaling
up.

This multifaceted investigation navigates the complexities of amplifying electrolysis capacities,
ensuring not only increased production efficiency but also harmonious integration within larger
energy infrastructures. By delving into these critical areas, this research aims to illuminate pathways
for a sustainable and efficient hydrogen production future, mainly based on general integration with
renewable energy. In the next Section we will try to investigate this further problem.

5. Energy Analysis of Electrolysis: a Commercial State-of-the-Art and the Additional Problems
Connected with Energy System Integration and scaling Up

Electrolysis is often measured in terms of energy intensity, representing the energy required to
produce a unit of hydrogen (typically in kilowatt-hours per kilogram, kWh/kg). Typically, real-world
electrical energy demand for hydrogen production via water electrolysis falls in the range of 50 to 60
kWh per kg of hydrogen produced. However, ongoing research and advancements in electrolysis
technologies aim to reduce these losses, bringing the actual energy demand closer to the theoretical
minimum.

According to the data available from the literature and market, summarized in Table 5, it is
evident that the energy consumption related to hydrogen production is notably higher than the
theoretical values discussed above. For electrolysers with nominal powers from 100 kW to 1 MW and
above, the average specific electricity consumption (ASEC) falls within the range of 55 to 60 kWh per
kilogram of hydrogen produced for low-temperature electrolysers and 40-42 kWh/kg for high-
temperature electrolysers.

These figures highlight that there are efficiency losses and energy requirements beyond the
idealized values in practical hydrogen production systems.

The producible hydrogen per MW of installed electrolysis capacity is about 18 kg/h for low-
temperature multi-MW scale electrolysers; the solid oxide technology aims for values greater than 20
kg/h per installed MW. The energy consumption for hydrogen production is partially dependent on
the size of the electrolyser. When considering the implementation of Hz production systems, it is
essential to take into account the specific characteristics and scale of the electrolyser to accurately
assess its energy requirements.
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Table 5. Electrolysers’ main characteristics from the literature and market, average electricity
consumption per kg of Hz produced by electrolysers of sizes from 0.1 to multi-MW, and producible

hydrogen per MW.
Nominal power H: rate ASEC of large sizes H: production per MW
Technology
[kW] [Nm3/h] [kWh/kgH?2] [(kgH2/h)/MW]

ALK 0.5-7000 0.1-1400 53-63 16-19
PEM 2.4-1250 0.5-250 52-58 17-19
AEM 2.4-1000 0.5-210 53-56 18-19

SO 150-2700 40-750 40-42 24-25

Technological advancements in low-temperature and high-temperature electrolysis and
optimizations can lead to improvements in energy efficiency, potentially reducing the energy
consumption per unitary mass of hydrogen produced. The performances of an electrolyser can be
evaluated by means of the First Law efficiency as:

_ LHVygthp,
M = .o

Winput+Qinput

(18)

where the useful effect of the process is evaluated through hydrogen (mass) lower calorific value,
LHV#2, and (mass) flow rate, rhnz, and W is the electrical power and Q is the thermal power in input
to the electrolyser. Considering only electricity consumption data available in the literature and
commercial catalogues, efficiency results in around 60% for low-temperature electrolysers and about
80% for high-temperature electrolysers, with the current ASECs of large scale electrolysers identified
in Table 5. By the declared electricity consumption of electrolysers, it is possible to define an electrical
efficiency, ne, as the ratio of the electricity demand of the electrolytic process and the average specific
electricity consumption of the electrolyser [2]:

AGelectrolysis

Nel = (19)

ASECelectrolyser

Evaluating the electricity demand in standard conditions, AG®, to have a fixed term of
comparison depending only on operating electrolysis at low or high temperatures, and through
ASECs identified in Table 5, the electrical efficiency is around 57% for low-temperature electrolysers
and 77% for high-temperature electrolysers. The electrical energy demand decreases steadily as the
temperature increases, and it decreases significantly above 100 °C; if the AG were evaluated at the
operating temperature instead of in standard conditions, the electrical efficiency would surely
assume lower values, especially for high-temperature electrolysers. Table 6 summarizes the main
data and results.

Table 6. Main data and results on electrolysis, with ASEC and ne of large scale electrolysers.

AG® UCrev ASEC H: per MW Average 1el

Electrolysis AH° A
technology Water state [KWh/kgH2] [kWh/kgH2] [V] [kWh/kgH2] [(kgH2/h)/MW] (?0?])
Low-T liquid 39.4 32.7 1.23 55-60 17-18 57
High-T gaseous 33.3 31.5 1.18 40-42 24-25 77

By the current average specific electricity consumptions (Tables 5 and 6), an upper bound for
the operating cell voltage in large scale electrolysers can be estimated as in Table 2, by the ratio
between U°ev and U and the average electrical efficiency, in analogy to the amount of electrical
work shown in Figure 3 (thus, ASECe as a function of Uer) and Eq. 19. Considering low-temperature
electrolysis applications, such as ALK, PEM, and AEM electrolysers, energy consumption is of the
order of 55-60 kWh per kg of hydrogen produced, and this means that in the first step about 40% of
the energy is lost. At elevated temperatures, the electrolysis reactions become more favourable. The
higher operating temperature allows for faster reaction kinetics, enabling higher production rates of
hydrogen. All this leads to lower overpotentials required; thus, less electrical energy is needed to
drive the reactions, resulting in reduced electricity consumption. However, it's important to note that
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high-temperature electrolysis comes with its challenges, such as material compatibility, thermal
management, and system integration. High temperatures require appropriate materials for cell
components and sealing, and efficient heat transfer mechanisms are necessary for obtaining the
desired operating conditions. These technical considerations need to be addressed to realize the full
potential of high-temperature electrolysis.

5.1. System Level and Integration Problem

An additional problem connected with hydrogen production by means of water electrolysis is
the fact that electrolysers are integrated into complex energy systems where additional energy
consumption and inefficiencies are inherent. This intricate interplay demands meticulous
consideration to optimize efficiency and minimize overall energy losses. Figures 8 and 9 are
simplified schemes of, respectively, low-temperature and solid oxide electrolysis systems. The energy
consumption of auxiliaries (e.g., fans and pumps) must be considered: their percentage of total
consumption decreases as the rated power of the electrolyser increases. The set of auxiliary systems
constitutes the balance of plant. The main components of ALK and PEM electrolysis systems (Figure
8), in addition to the stack, are the deionized water subsystem, the power supply subsystem, the gas-
liquid separation subsystem, the pressure control subsystem, and the thermal management
subsystem.

H, and liquid

02 H ,
O,-liquid H,-liquid
separator] separator
0O, and liquid"_

T 7

Stack
Wtack Wiiquid posp
A H,0
| gi supply
Heat exchanger («
y W vater pump

Cooling loop

Wtan

W

cooling loop pump

Figure 8. Simplified low-temperature WE system (ALK: liquid is electrolyte solution; PEM: liquid is
water).
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Considering the case of an ALK electrolysis system, energy balances can be written as in
Equations 20 and 21:

Winput = Wstack + Wpumps + Wfan (20)

Qrem = Qgen — Qjoss (21)

with Wpumps as the electrical consumption of water, electrolyte solution and cooling loop pumps, Qrem
as the thermal power removed by the cooling system to maintain the stack temperature at operating
values, and Quss as the thermal losses of the stack, Figure 8. In the case of cogeneration purposes, the
electrical consumption of the fan and cooling loop pump could be avoided, and the thermal power
generated in the stack could be recovered, how it is evaluated for PEM electrolysis systems.

Main SO electrolysis systems’ components (Figure 9) are the power supply subsystem, the
deionized water subsystem, the steam production subsystem, the subsystem of air supply, the stack,
the subsystem of stack heating, the Hz/steam supply subsystem, the gas-liquid separation subsystem,
and the pressure control and thermal management subsystems. All electrolysis systems (Figs. 8 and
9) may require drying subsystems (condensate traps, cooling systems, and coalescence/desiccant
filters) and purification subsystems (de-oxo reactors) depending on the quality of the hydrogen
required. A monitoring and control subsystem is always necessary, to collect all the information
coming from sensors and take the necessary actions to enable the correct and safe operation of the
system.

5.2. Electrolysers’ Scaling Up

ALK and PEM electrolysers of the size of 100 kW are commercially available and already
marketed, but larger sizes are needed for massive hydrogen production to meet future demand
scenarios for decarbonization, as discussed in Subsection 2. MW-size projects are currently in the
demonstration phase, and GW scale projects are announced for next years [1,15].

Water electrolysis is a modular technology, and electrolyser manufacturers are evaluating
different choices in terms of stack dimensions and number of stacks to connect to reach the MW size.
Scaling up of stack components is a difficult challenge for the various electrolysis technologies.

Investigating electrolysers literature and the market, it is evident that smaller sizes have higher
nominal energy consumption. For large electrolysers, more performing materials and configurations
can be used, since a higher initial capital cost can be compensated by lower operating energy costs in
massive hydrogen production. However, cells’ assembly losses are important and the balance of
plant needs to be carefully optimized.

Moreover, advancements in electrolysis technology will lead to the development of more
efficient and sophisticated electrolysers, bringing the technology from the megawatt (MW) scale to
the gigawatt (GW) scale. The need to increase electrolysers’ manufacturing capacity is a priority to
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materially contribute to energy transition by water electrolysis [17]. For green hydrogen production,
electrolysers’ scaling up travels with RES exploitation’s growth and with Hz uses” development.

Adequate strategies, policies and financial support from the key stakeholders (i.e., Governments,
Industry and International Organisations) are fundamental for the implementation of the entire green
hydrogen value chain. Manufacturing capacity’ scaling up and costs reduction are necessary for, and
possible only if, electrolysers’ scaling up takes place. Technological improvement in terms of
electrolysers’ efficiency and durability are fundamental to reducing the specific cost of the hydrogen
produced, decreasing the amount of energy required to produce one unit of hydrogen, and extending
the equipment lifetime thus spreading the cost of the electrolyser facility over a larger hydrogen
production volume. Cost reduction in electrolysers’” manufacturing and balance of plant could be
possible by economies of scale. Design and manufacturing should be simplified and standardised to
allow for industrialization.

Uncertainties about the demand for green hydrogen versus fossil-fuels based hydrogen with
CCUS are a big obstacle to electrolysers’ scaling up [17]: policymakers should carefully assess this
balance in investments.

Water and land use should not represent barriers to electrolysers’ scaling up. Sea water
desalination could be used with limited penalties on cost or efficiency [17]. Scarce materials can be a
barrier: e.g., Platinum Group Metals used as catalysts are an important part of the capital cost, thus,
they might represent a bottleneck for scaling up. Research on recycling of these materials could have
a positive impact on large scale applications. The choice of concentrated or distributed electrolytic
hydrogen production influences the electrolysers’ size to use. For example, an industrial district could
be an agglomerate of hydrogen production and demand to favour the economies of scale, spreading
capital and operating costs, thus lowering the levelised cost of Ho.

5.3. Integration with Renewable Energy Sources in the Electrical Enerqy System

As mentioned earlier, hydrogen will play a pivotal role in the energy transition only if it
successfully facilitates the integration of renewable energy sources. Renewable energy storage is
fundamental. Electrochemical storage systems are not well suited if energy needs to be stored for
long periods, such as weeks and months. One of the best solutions for long-term storage of renewable
energy is green hydrogen, because of its limited self-discharge rate (leakage and/or permeation) and
decoupling of energy rating from the power rating. Green power can be used to produce electrolytic
hydrogen when electricity production from RES is higher than electricity consumption. The stored
H: can then be used to produce electricity when production from RES is lower than demand (re-
electrification) or can be employed in all the applications discussed in Subsection 2.

However, RES variability and intermittency, therefore uncertainty, can be a problem for
electrolysers, which adapt poorly to sudden load variations (potential problems of corrosion, changes
in the internal temperatures, pressure drops, explosive mixture generation) and have better
performance at full or high loads. Together with suitable power electronics, batteries” utilization is
probably the best strategy capable of guaranteeing green electricity supply to electrolysers in the most
stable and controlled way possible.

RES low density is a challenge for green hydrogen production too.

It is estimated that a large scale electrolyser will be able to work around 5000 h/y [1]. Assuming
a WE specific electricity consumption of 55 kWh/kg, a balance of system typical of big photovoltaic
(PV) generation, and an annual specific solar energy equal to 1500 kWh, 250 kW of installed PV peak
power could be necessary to produce 1 kg/h of electrolytic hydrogen.

The efficiency of green hydrogen production systems by wind energy or photovoltaic generation
and low-temperature electrolysis is estimated to be around 10-12% [15].

Considering current average efficiencies of photovoltaic modules, charge regulators, batteries,
inverters, low-temperature electrolysers and balance of plant, an overall efficiency (nev+we) can be
evaluated between 8% and 10%, as the product of the average efficiency of the photovoltaic
generation and the average efficiency of the electrolytic hydrogen production system. Assuming an
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overall efficiency of around 10%, about 330 kWh of solar energy per kg of Hz are needed, according
to the general indication given by a kind of extended Balance of System efficiency, as in Equation 22:

_ LHVyy-my,

Npv+wE = (22)

Psolar

The topic of integrating hydrogen into energy systems based on intermittent renewable sources,
such as photovoltaics, must be approached with great care and a keen eye on overall energy balances,
considering the significant losses during the conversion from electrical power to hydrogen. It
certainly requires improvements, especially concerning electrolysis, but it needs to be evaluated with
utmost caution in every aspect.

5.4. Integration of WE with Renewable Energy Sources in the Hard-to-Abate Industrial Context

A perhaps more feasible possibility, although challenging to implement, could be the direct
connection between some highly energy-intensive industrial processes and renewable-based
generation facilities (such as photovoltaics) using hydrogen. However, even in this scenario, certain
dimensional aspects need to be clear, namely the high power demands in these sectors. Let’s consider,
for illustrative purposes, a specific case - the steel industry - and conduct evaluations referencing
specific sites with significant steel plants.

The authors of this article have already explored in a recent study the potential use of hydrogen
in the steel industry, which can be employed both as a direct fuel or to innovate the production
process through new technologies, such as the Direct Reduced Iron process [2]. For example, 60 kg
of Hz generated by low-temperature WE are necessary per tonne of steel produced by hydrogen-
based direct reduced iron process (H2DRI) and electric arc furnace (EAF) process [2].

The producible hydrogen per MW of installed electrolysis capacity is about 18 kg/h for multi-
MW scale low-temperature electrolysers; about 3.3 MW of electrolysis capacity would be necessary
per tonne/h of steel produced by H:DRI-EAF.

Table 7 provides some qualitative estimations for photovoltaic generation per tonne of steel, as
produced by the H.DRI-EAF process utilizing hydrogen generated through low-temperature water
electrolysis [2], in several major steel production sites worldwide. Evaluating the minimum PV
surface that would be necessary in some big steel production sites by local hydrogen production, thus
the respective Global tilted irradiation at the optimum angle [22], and assuming annual production,
0.2-0.3 m? are needed per kgm, thus 12-18 m?/tonneste. In favourite sites, around 0.2 m?/kgu2 thus
more than 10 km?/Mtonnestwe, with current process efficiencies, are required: these very big numbers
are due to low PV+WE efficiency and relatively low energy density of solar source. Indeed,
concentrated green hydrogen production is evaluated in greater irradiation sites. While working on
improving all hydrogen processes’ efficiency, green Hz blending in the direct reduced iron process
would need to be evaluated to reduce the iron and steel sector’s emissions.

Table 7. Typical value for PV generation per tonne of steel, produced by the H:DRI-EAF process with
H> generated through low-temperature WE [2], in some steel production sites in the world.

Site - Country Yearly value of solar energy Min PV surface for a kg of H: Min PV surface

[kWh/m?/y] [m?/(kgH2/y)] [m?/(tonnesteel/y)]
China - Shanghai 1450 0.23 13.8
India - Angul 1930 0.17 10.4
United States - Cleveland 1580 0.21 12.6
Germany - Dortmund 1230 0.27 16.2
Turkey - Payas 1860 0.18 10.7
Brazil — Belo Horizonte 2060 0.16 9.7
Italy - Taranto 1870 0.18 10.7

6. Conclusions

Electrolysis accounts for approximately 0.1% of the world’s hydrogen production while the
majority of hydrogen is still produced through natural gas reforming. Although electrolysis’s
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contribution remains marginal, its development becomes crucial for green hydrogen production,
marking a small step toward industrial decarbonization.

Electrolysis systems are typically 60-80% efficient, meaning they convert 60-80% of the input
electrical energy into chemical energy stored in hydrogen gas.

On average, low-temperature MW scale electrolysers need 55-60 kWh of electricity to produce
1 kilogram of hydrogen. High-temperature electrolysis can be more efficient, and the target is to
reduce energy consumption at 40 kWh of electricity to produce 1 kilogram of hydrogen, but it
requires steam and process heat in input. The producible hydrogen per MW of installed electrolysis
capacity is about 18 kg/h for low-temperature multi-MW scale electrolysers and about 25
kgrn/h/MWwe for high-temperature ones.

Realistic estimates of ALK and PEM electrolysers’ lifespan are 10,000-40,000 operational hours.
Nowadays, AEM and SO electrolysis devices have a useful lifetime shorter. Advanced materials and
engineering could extend the lifespan of electrolysers of each WE technology. Increasing
electrolysers’ useful life can reduce the hydrogen production cost reduction and promote
electrolysers’ scaling up.

The cost of green hydrogen production through electrolysis varies widely based on factors such
as electricity prices, electrolyser efficiency, and scale. The estimated cost ranges from 3-6 $/kgr2.
Ongoing advancements aim to reduce the cost to 2 $/kgm2 or lower, making green hydrogen more
economically competitive.

Research in various areas aimed at increasing the efficiency of electrolysis processes, bringing
them as close as possible to theoretical values (around 33 kWh of energy and about 9 kg of water per
1 kg of hydrogen produced), cost reduction of electrolysers, and prolonging their lifespan (a useful
life of 10,000 hours seems rather low to justify economic investments) is crucial to positioning
hydrogen as a significant player in the future energy transition. However, it is essential to recognize
that hydrogen is an energy carrier, and the primary challenge remains the energy resource itself. The
examples discussed, particularly the integrations between hydrogen and photovoltaics in various
contexts, including specific facilities like steel plants, highlight the difficulties and complexity of the
challenge ahead. Nevertheless, this study aims to showcase the ongoing efforts in electrolysis process
improvement and the goals set for future research.
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Nomenclature

ASEC average specific electricity consumption, kWh/kg2
AG Gibbs free-energy change, J/molx2 or kWh/kgz
AH enthalpy change, J/molu2 or kWh/kg2

AS entropy change, J/molm2/K

Ecen cell voltage, V

n efficiency, % or dimensionless

nY overpotential, V

F Faraday constant, C/mole-
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I electrical current, A
LHV mass lower heating value, kWh/kg
m mass, kg
m mass flow rate, kg/h
N number of cells, dimensionless
n number of moles, mol
p power, kW
Q thermal power, kW or W
T temperature, °C or K
U voltage, V
W electrical power, kW or W
z number of moles of electrons per mole of Hz, mole-/mol:
Subscripts, superscripts, acronyms and abbreviations
AEM anion exchange membrane
ALK alkaline
(aq) aqueous solution
CCUs carbon capture, utilisation and storage
e electron
EAF electric arc furnace
el electrical
| defined through the First Law of Thermodynamics
() gaseous state
gen generated
H2DRI hydrogen-based direct reduced iron process
irr irreversibilities
0] liquid state
MC molten carbonate
Me metal
ng natural gas
NZE net zero emissions by 2050
PCC proton conductive cell
PEM proton exchange membrane
PV photovoltaic
rem removed
RES renewable energy sources
rev reversible
SO solid oxide
° standard conditions (1 atm and 25 °C)
TRL technology readiness level
WE water electrolysis
YSZ yttria-stabilized zirconia
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