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In the light of a future decarbonized power grid based primarily on non-dispatchable renewable energy sources,
the operation of industrial plants should be decarbonized and flexible. An innovative, novel concept combining
industrial plants with (i) a water electrolysis unit, (ii) a hydrogen storage unit and (iii) a fuel cell unit would
enable seasonal supply-demand balancing in the local power grid and storage of surplus energy in the form of
stable solid products. The feasibility of this concept was demonstrated in a case study, taking into account the
overall energy balance and economics. The characteristics of the local power grid and the hydrogen round-trip
efficiency must be carefully considered when dimensioning the hydrogen units. It was found that industries
producing iron and steel, cement, ceramics, glass, aluminum, paper and other metals have the potential for

seasonal operation. Future research efforts in the fields of technology, economics and social sciences should
support the sustainable flexibility transition of energy-intensive industries with solid products.

1. Introduction

In the future, with a fully decarbonized energy sector based on re-
newables, maintaining the supply-demand balance will be one of the
biggest challenges [1]. This issue will be caused by a large share of
intermittent energy production resources (e.g. wind and solar power
plants) in the system, which will introduce many more dynamic and
unpredictable or hard-to-predict elements into the energy sector.
Therefore, flexibility on the demand or supply side will gain significant
market value [2].

Flexibility on the energy supply side is limited in the decarbonized
society, as the dispatchable generation units are mostly limited to (i)
biomass power plants, which require a large amount of fuel that is not
always and everywhere available [3], (ii) hybrid solar-biomass power
plants [4], (iii) biogas turbines, which are currently mainly in the
micro-scale [5], (iv) hydrogen turbines, which are in the testing and
development phase [6], (v) hydrogen fuel cells require critical minerals
such as Pt to function [7], (vi) pumped-hydro energy systems which
require specific terrain topography [8] and (vii) battery energy sup-
ply/storage with limited capacity (short-term operation) also require

critical minerals [9]. On the other hand, there are many potential can-
didates on the energy demand side: (i) electric vehicle charging [2], (ii)
compressed air energy storage (CAES) systems [10], (iii) heat pumps
with heat buffers [2], (iv) pumped-hydro energy systems, (v) water
electrolysis [11], (vi) power2X conversion technologies [12], (vii) bat-
tery energy supply/storage, and (vii) numerous potential industrial en-
ergy users. Moreover, demand-side policies generally have more and
greater positive impacts on improving energy security compared to
supply-side measures [13]. Industrial energy demand could be (semi-)
synchronized with energy supply from some renewable sources through
appropriate financial incentives (e.g. government subsidies or
time-dependent energy prices), which would enable sector coupling
between industry and energy suppliers. This applies to energy in both
forms: (i) electrical energy and (ii) hydrogen. While the industrial sector
with power demand, e.g. aluminum production [14], could be syn-
chronized with peaks in electricity supply on short time scales (within a
day), the larger time scales of seasonal fluctuations should also become
supply-demand balanced.

The seasonal energy fluctuations resulting from solar power pro-
duction at middle and high Earth latitudes [15] and wind power pro-
duction [16] should be synchronized with the energy demands of the

* Corresponding author. Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova 19, 1001, Ljubljana, Slovenia.

** Corresponding author.

E-mail addresses: jure.voglar@ki.si (J. Voglar), blaz.likozar@ki.si (B. Likozar).

https://doi.org/10.1016/j.ijhydene.2024.11.018

Received 20 June 2024; Received in revised form 30 October 2024; Accepted 2 November 2024

Available online 6 November 2024

0360-3199/© 2024 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).



J. Voglar and B. Likozar

International Journal of Hydrogen Energy 93 (2024) 910-924

Abbreviations

CHP combined heat and power system
SET sustainable energy technologies
CAES compressed air energy storage
CCfDs  carbon contracts for difference
CO, carbon dioxide

Gt gigaton

Mt megaton

TJ terajoule

EU European union

DNV GL Det Norske Veritas

IRENA International Renewable Energy Agency
PV photovoltaic

CSP concentrated solar power

MJ/m? megajoule per square meter

N north of the Equator

Li lithium

PEM proton-exchange membrane
kWh kilowatt-hour

Nm? normal cubic meter

BF blast furnace

DRI direct reduction iron

Hy hydrogen (molecular)

CFD computational fluid dynamics
BOF basic oxygen furnace

EAF electric arc furnace

GJ gigajoule

CaCO3 calcium carbonate

CCS carbon capture and storage
ESP electrostatic precipitator
R&D research and development
GHG greenhouse gas

LCOH  levelized cost of hydrogen
SOx sulfur oxides

NOx nitrogen oxides

energy-intensive industrial sector. This could be achieved by producing
hydrogen via water electrolysis from the surplus electricity and using
the produced hydrogen within the same season (which would allow
avoiding the construction and maintenance of huge hydrogen storage
facilities) by the industrial sector. Hydrogen is widely used in the oil,
gas, petrochemical, aerospace, and automotive industries [17]. Some of
the current electrolysis stacks already have very good operational flex-
ibility [18]. The hydrogen produced would be stored in storage tanks
close to the industrial plants, which would contain a few days’ worth of
energy for the selected industrial plant. The industries that would be
able to adapt to this seasonal hydrogen operation would benefit from the
advantages of a cheaper energy supply. However, the disadvantages of
this mode of operation would be associated with seasonal production,
such as labor management and an increased need for storage space for
their products, unless the season of increased hydrogen supply coincides
with their product demand in the market (e.g., increased solar power
production used for seasonal cement production would be synchronized
with the construction season). The energy would therefore be stored in
the form of solid materials, as these are generally more stable (some
surface corrosion can occur with metals), easier to handle (warehouse
storage) and maintain (no potential leaks compared to fluids).

The decarbonization of industry should go hand in hand with the
flexibility transition, as flexible operation of industrial sectors should be
environmentally friendly in order to be sustainable. The decarbon-
ization strategies viable for the building materials industry were
reviewed by Sbahieh et al. [19]. They identified technological de-
velopments as a key factor for the realization of decarbonized building
materials. Yao et al. [20] proposed technologies and strategies to
decarbonize the chemical industry and analyzed various models such as
process simulation, material flow analysis, life cycle assessment,
techno-economic analysis and machine learning. An interdisciplinary
collaboration between chemical engineering, industrial ecology and
economics was proposed to improve the existing integrated models for
decarbonization. Environmental and economic assessment of decar-
bonization strategies for Indian steel industry was carried out consid-
ering fuel switching, technology replacement and carbon capture and
storage [21]. Hydrogen direct reduction iron pathway results in 84%
emission reduction and costs $112 per ton of carbon dioxide equivalent
avoided compared to conventional blast furnace production. The tech-
nological aspects of industrial decarbonization are crucial for its
implementation. On the other hand, other contextual factors that play
an important role must also be considered.

Contextual factors related to industrial decarbonization and the
transition to flexibility include economic, financial, political,
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institutional and social aspects. The impact of green finance on decar-
bonization has been studied and green bonds have been found to
significantly reduce carbon dioxide emissions in both the short and long
term [22]. Different types of policy instruments for decarbonization,
such as government procurement, taxes and tax exemptions, and green
certificates, have been analyzed in terms of technical and
socio-economic aspects [23]. With its RePowerEU initiative, the Euro-
pean Commission is planning to subsidize green hydrogen for industry
using carbon contracts for difference (CCfDs) to cover the fuel switching
costs. CCfDs would cover part of the cost difference between a con-
ventional and a low-carbon product [24]. A case study has shown that
CCfDs reduce the cost of carbon abatement in steel production by up to
27% compared to no policy [25]. Since decarbonization policies require
public support to be implemented and remain in legislation, a careful
analysis of public opinion gives us important insights and can guide us
towards targeted actions [26]. Social tipping points describe how social,
political, economic or technological systems can quickly transition to a
new system state or mode of operation [27]. To support rapid decar-
bonization, a three-pillared dynamic systems approach to social tipping
has been developed. Numerous other contextual factors such as labor
management and adaptation [28], a just transition framework [29] and
environmental regulations [30] influence the decarbonized flexibility
transition of industry, but these are not the main topic of this study as
the technical aspects were the main focus.

This review paper examines the new concept of decarbonized, flex-
ible, hydrogen-based solid product production, its feasibility and the
current state of technological readiness for its implementation through
commodity-based, seasonal energy storage in the energy-intensive solid
product industrial sectors. The concept has proven to be feasible in terms
of the energy balance and economics. When dimensioning the hydrogen
units, the fluctuations of power grid on several time scales should be
taken into account. It was found that the payback period is similar to the
lifetime of the hydrogen units. Efforts to introduce hydrogen technolo-
gies in industry have been most intensive in production of iron and steel,
ceramics and glass. A pathway for further development has been iden-
tified, leading to the implementation of the concept with a decarbon-
ized, flexible, seasonal hydrogen-based operation of industries with
solid products.

1.1. Literature review, knowledge gap and article structure

A large body of research has been conducted on the topic of energy
demand flexibility of (residential) buildings [31] and related policy
developments [32]. However, demand flexibility or the potential for
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demand flexibility of various industrial processes has not been
frequently considered. Below are some recent relevant examples from
the available scientific literature.

Pierri et al. [33] stated that the process industry has the greatest
economic potential for demand-side management among industrial
consumers. They developed a four-step process industry flexibility
assessment methodology and demonstrated its usefulness in a case study
of a paper mill in Bayern, Germany. The paper mill’s electricity demand
was partially replaced by photovoltaic (PV) power supply, resulting in a
reduction of specific carbon emissions by 2.5% and 16% in winter and
summer, respectively. In this paper mill case study, no change to the
existing natural gas-powered combined heat and power (CHP) plant was
predicted (except for the electrical connection to the PV panels) and
production output was not expected to follow the local energy supply.

The transition to flexibility on the industrial demand side of a county
can be monitored using the flexibility index developed by Heffron et al.
[34]. Their four-step monitoring approach for flexibility transition
consists of: (1) defining policy goals based on a flexibility index, (2)
measuring the current state and progress, (3) a stakeholder dialog, and
(4) implementing of needed countermeasures. The flexibility index can
support the concept of flexibility justice by increasing transparency in
the energy system.

Knottner and Hofmann [35] developed a three-step mixed-integer
linear programming optimization model to integrate flexibility into the
evaluation of cost-optimal energy supply systems. The total annual costs
of a paper mill with full energy carrier flexibility increased by up to
112% compared to the cost-optimal solution, with a significant contri-
bution from increased investment costs. Their approach is suitable for
operational optimization alone as well as for combined design and
operational optimization.

The social aspects of a just transition to industrial decarbonization
were investigated by Gong et al. [36] using the example of container
glass production. Public acceptance of sustainable energy technologies
(SET) was assessed using a three-dimensional framework consisting of
(1) socio-psychological characteristics, (2) perceived internal charac-
teristics, and (3) perceived external contextual factors. The survey was
conducted online with 270 valid participants. The results were analyzed
and several recommendations for corporate policies and management
practices were proposed, such as environmental education and SET
promotion via workshops and seminars. Societal contextual factors,
alongside technological developments will most likely make a signifi-
cant contribution to the just transition to a decarbonized society.

The decarbonization of various industrial sectors has been a focus of
many recent research studies. The energy-intensive industrial sectors
considered were: (i) iron and steel [37], (ii) cement [38], (iii) ceramics
[39], (iv) glass [40], and even several industrial sectors were considered
[41]. However, a perspective for the provision and implementation of
both decarbonized and flexible supply-demand balanced industrial
sectors in a future decarbonized power grid is missing.

From the review of available literature, there is a knowledge gap
regarding the design, organization and product storage of flexible dec-
arbonized seasonal operation of energy-intensive industrial sectors with
solid products. The main novelty of this work is the introduction of a
green hydrogen-based method for flexible seasonal production of solid
commodities such as cement. The future role of green hydrogen in the
production of various solid materials is also investigated.

This article consists of seven main sections. First, Section 1 famil-
iarizes the reader with the need for providing supply-demand power
flexibility and current methods to provide it. The second section is
dedicated to state-of-the-art research approaches to power flexibility
and industry decarbonization and identifies the main knowledge gap.
The research methods are described in Section 3, followed by a context
description of global carbon dioxide emissions, the energy landscape
and its evolution (Section 4). In Section 5, a case study of industrial
plants connected to an intermittent renewable power grid was con-
ducted both in short and long term. The future role of green hydrogen in
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various energy-intensive industrial sectors with solid products is dis-
cussed and reviewed in Section 6. Section 7 presents the conclusions and
discusses future prospects.

2. Methods

After identifying and describing the main problem with supply-
demand power grid balancing with intermittent energy sources, the
current state of knowledge was examined and knowledge gap identified.
The seasonal production of solids and their use as an alternative energy
storage medium has not yet been investigated in the current research
literature. Global trends in carbon dioxide emissions associated with
energy use were examined to assess potential emission reductions and
future power grid developments. A feasibility study was carried out on
hypothetical cases of energy-intensive industrial plants to assess the
potential issues in the dimensioning, operation and financing of such
seasonally flexible production facilities. Unfortunately, due to univer-
sality of the main concept of energy storage with solid products and the
dependence on specific conditions, such as the type of industry, the
characteristics of the local power grid and the optimization objectives
(e.g. constant power in the local grid), the main data in this work are not
quantitative but rather descriptive. However, this fact does not mean
that the proposed innovative method for balancing energy supply and
demand is not a viable field for further scientific exploration. A litera-
ture review was conducted on the current possibilities of using green
hydrogen in various industries, as a certain amount of energy in the form
of green hydrogen must be supplied to industrial plants to enable their
seasonally flexible operation. In the end, conclusions with perspective
for future development were drawn from the results presented.

Fig. 1 illustrates the workflow connected to the research activities
and the key aspects related to the decarbonized flexibility transition of
the industrial sectors. The limitations of the study lie mainly in the lack
of specificity for individual cases of industrial plants and power grids.
Since the main concept is universal, it has been described in its general
form. Further research studies are encouraged to focus on specific cases
and strategies for flexible, decarbonized industrial operation. These
studies would provide numerical results, their analysis and
interpretation.

3. Context description - CO2 emissions, energy sources - current
state and future perspective

The energy-intensive industrial sectors that are difficult to electrify
and are already at least partially adapted to hydrogen energy supply are
(i) the iron and steel industry [42], (ii) cement production [43] and (iii)
the chemical industry [44]. Global CO, emissions from the production of
iron and steel, cement and chemicals in 2022 amounted to 2.6 Gt, 2.4 Gt
and 935 Mt, respectively [45]. As the chemical industry in most cases
produces fluids such as ammonia and methanol, its green
hydrogen-based seasonal operation was not examined in this paper,
while its decarbonization potential was reviewed by Gailani et al. [41].
The industries also considered were production of ceramics and glass,
which emit about 400 Mt [46] and 86 Mt [47] of CO5 per year globally,
respectively. Fig. 2 shows the structure of global CO2 emissions in 2022
b y sector with a focus on industrial CO, sources. Industrial heat ac-
counts for 2/3 of industrial energy demand and almost 1/5 of global
energy consumption, while it also accounts for the largest share of direct
industrial CO5 emissions [48].

Within the global energy supply in 2021 only 5.2% of it is renewable
(excluding biofuels and nuclear power). On the other hand, the share of
renewable energy in the electrical energy generated worldwide is 26.0%
[50]. Renewable energy sources are therefore a non-negligible part of
the current global electricity mix. Among the renewable sources of
electricity wind and solar account for 25.2% and 13.8%, respectively
(Fig. 3).

The European union (EU) with its 27 member countries has made
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Fig. 1. Flowchart diagram representing the research workflow (a) and important features related to the decarbonized flexibility transition of energy-intensive in-
dustries (b).
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Fig. 2. Global CO; emissions in 2022, data source [49].
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Fig. 3. Global energy supply by source in 2021 (left) and renewable electricity by source (right), data source [50].
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great progress in decarbonizing its electricity in 2023, as emission from
the EU power sector have decreased by 19% (—157 Mt of CO; equiva-
lent), annually. This is the result of a sharp annual reduction of elec-
tricity produced from fossil sources (coal power by 26% and gas power
by 15%) and a large share (44%) of renewable sources in the electricity
mix, with 27% coming from wind and solar energy [51].

As the share of the renewables in the future power grid is expected to
increase to 85% (estimated by DNV GL, [52]) or 90% (International
Renewable Energy Agency (IRENA) estimate, [53]) by 2050, with the
majority of electricity being generated by onshore wind energy and solar
photovoltaics (PV) ([54], Fig. 4), the gird stability will have to be
balanced and maintained by the demand side.

Looking at the solar PV power source, for example, its potential
contribution to the significant seasonal fluctuations in the power fed into
the grid can be clearly seen in Fig. 5. The monthly-average solar radi-
ation (calculated over a year) at latitudes 43° 4 N and 47° 36' N is 16.2
MJ/m? and 13.3 MJ/m?, respectively. The ratio of maximal to minimal
monthly-average value at latitudes 43° 4 N and 47° 36’ N is 1.83 and
5.64, respectively. Therefore, the seasonal variability of PV output in-
creases rapidly with increasing of the Earth’s latitude.

Most solid products (e.g. steel, cement) could be stored relatively
easily and used when needed. Therefore, these commodities would
allow stable long-term storage of seasonal energy surpluses in the sys-
tem. The current economic model should be adapted to the new dec-
arbonized energy system to allow the seasonal operation of energy-
intensive industries and a higher capacity and duration of storage of
their products. Companies need to find a balance between the lower
energy cost (their higher power flexibility) and the higher costs of
storing their products. It is also worth noting that the transition to using
hydrogen will in itself require investments related to adaptations.
Financial development experts already envision the green finance
transition to sustainable finance in the post-Covid-19 era with various
policy options and instruments, such as sovereign green bonds and green
securities [56]. Some of these financial development strategies would
enable the transition of the energy-intensive solid commodity industry
to seasonal flexibility and decarbonization.

4. Case study of industrial plants connected to an intermittent
renewable power grid

The energy-intensive industrial plants of the future shall be planned
and constructed with the local power grid in mind, so that they can
flexibly manage their power demand and, on a smaller scale, their
supply. In addition to the necessary production infrastructure, these
factories would also have a water electrolysis unit, a hydrogen storage
unit and a fuel cell unit. These three units together form an energy buffer
that is primarily used to compensate for short-term power fluctuations
within a day and up to a few days. For example, when the maximum
solar power will be supplied to the grid during the day, the water
electrolysis unit would produce hydrogen from the excess electricity and
store it to convert it back into electricity during the power shortage the
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next evening and morning, as shown schematically in Fig. 6(a and b).

The above graphical representation (Fig. 6a and b) is a simplified
case, as it does not take into account the power demand of the industrial
plant, while the power of the water electrolysis unit must be at least 0.69
of the relative local grid power supply and the power output of the fuel
cell unit must be at least 0.31 of the relative local grid power supply. Of
course, this case could also be realized without the industrial plant with
solid products, but only with a stand-alone unit for balancing the local
power grid, which only consists of the three main elements water elec-
trolysis unit, hydrogen storage unit and fuel cell unit. On the other hand,
Fig. 6 (c, d) represents the all-day operation of the plant, where the plant
has a maximal power consumption of 0.5 of the relative local grid power
supply and a maximal water electrolysis unit power of also 0.5 of the
relative local grid power supply. A similar approach was taken in Fig. 6
(e and f), with the only difference being that operation of the plant is
restricted to an 8-h working schedule (with the exception of the water
electrolysis and hydrogen storage units) from 8:00 to 16:00. In both
operating modes, additional energy can be supplied to the plant (if
required) from the hydrogen storage via the fuel cell unit. At the same
time, the entire local grid power supply is used by the plant, which
would be desirable if the PV panels were mounted on the factory
building. Alternatively, part of the local grid electricity could be used by
the factory, while the rest of the grid electricity would be available for
other power consumers.

The day-to-day fluctuations of the local grid would be balanced in
the same manner as the intra-day fluctuations. It is therefore proposed to
dimension the capacity of the hydrogen storage system so that it covers
the energy requirements of an industrial plant for a few days of opera-
tion. In this way, the daily power fluctuations due to weather conditions
(solar radiation and/or wind speed) could be effectively managed while
maintaining factory operation.

If the long-term or seasonal power fluctuations and the seasonal
flexibility of the plant are considered, the monthly average values of
power supply and demand become relevant. The hypothetical local
power supply was created using two linear functions for the simulation
of the relative local grid power supply, with a maximum value of 1 in
August and a minimum value of 0.5 in December, as shown in Fig. 5(a
and b).

Four different scenarios were identified for seasonal operation: (1)
seasonal operation, (2) constant grid power service, (3) year-round
flexible operation and (4) full utilization of local power supply. The
maximum power demand of the factory was dependent on the scenario,
expressed in relative local grid power, the values are: 0.25 (below 0.5),
0.5, 0.75 (between 0.5 and 1) and 1, for scenarios 1, 2, 3 and 4,
respectively. Fig. 7 graphically depicts all four scenarios, where 50% of
the factory power is used for hydrogen production and the other 50% as
electrical energy. The factory’s electrical energy, which is used for water
electrolysis and direct electricity use, could of course also be in a
different ratio.

Seasonal operation (scenario 1) would in this case (Fig. 7 a) operate
for only 5 months of the year. Scenario 2, shown in Fig. 7 (b), provides a
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Fig. 5. Calculated monthly-average solar radiation on a tilted surface at latitude angle 43° 4’ N (a) and 47° 36’ N (b), data source [55].
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Fig. 6. Graphical representation of the hypothetical daily fluctuation of the local power grid represented with a Gaussian function (a) and its balancing (b) during the
period without industrial plant operation (e.g. at weekends) and within the period with continuous (c, d) and 8-h working schedule (e, f) plant operation.
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Fig. 7. Four proposed seasonal operation scenarios for energy-intensive industrial plants.
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constant local grid power service, while the factory stops operating for
one month of the year (December). Scenario 3 (Fig. 7 c) also provides a
constant local grid power, but at a lower level than in scenario 2.
Therefore, scenario 3 allows flexible operation throughout the year. The
last case (scenario 4, Fig. 7 d) consumes the entire available local power
supply.

It is worth noting that the planning, design and dimensioning of this
type of plants should consider short-term fluctuations in the local grid
power supply, as the maximum monthly average values are very likely
to be lower than the actual power maxima. If the aim is to completely
eliminate local grid power fluctuations, the water electrolysis unit
should therefore have a higher maximum power than can be inferred
from the monthly average power values alone. Round-trip hydrogen
storage (electricity-to-hydrogen-to-electricity) efficiency, which is
around 40% at the current state of technology [57], should also be taken
into account when dimensioning the hydrogen units.

The work with the case study of industrial plants connected to an
intermittent renewable power grid assesses the feasibility of effective
and reliable local grid supply-demand balancing. It has been shown that
the relative power of plant’s direct electrical demand and water elec-
trolysis unit are the key factors influencing the degree of supply-demand
balancing done by the industrial facility. Also, the hydrogen storage
unit’s capacity and power of the fuel cell unit play an important part in
the overall management and operation of the industrial facility.

A similar study [33] was carried out, with the difference that it did
not consider any changes to the existing factory, but assumed its
connection to the PV power supply, which led to partial decarbon-
ization. In addition, power supply fluctuations were not considered in
detail, but only at a monthly averaged level. The partial replacement of
natural gas with green hydrogen in the production of ceramics was
investigated by Sousa et al. [58]. With this mode of operation, the ce-
ramics factory would reduce its CO, emissions by 3000 tons per year. A
waste heat recovery system (with a steam Rankine cycle connected to an
organic Rankine cycle, an alkaline electrolysis unit, oxygen and
hydrogen tanks for high-pressure storage, a blending unit and a reactor
for the combustion of the blended gas) for a cement plant was developed
and analyzed [59]. When the cement furnace was fired with a 20%
hydrogen-80% natural gas blend, the CO, content in the flue gasses
decreased from 34 to 28%. Mati et al. [60] virtually simulated the
operation of a paper mill that was retrofitted with PV panels, an elec-
trolyzer, a hydrogen storage system and a hydrogen gas turbine-based
cogeneration system. This configuration unfortunately did not provide
supply-demand flexibility to the power grid. Ademollo et al. [61] pro-
posed and analyzed a novel hydrogen-based cogeneration system in the
pulp and paper industry. Their system was powered by multiple energy
sources (e.g. power grid, natural gas and locally produced hydrogen)
and was able to reduce CO; emissions by 25% compared to a conven-
tional gas turbine-based configuration. The decarbonization and
hydrogen integration of the steel industry was studied by Shahabuddin
et al. [62]. They concluded that direct reduction of iron with an inte-
grated electric arc furnace is the most mature (full maturity is expected
to be reached by 2035) technology to integrate hydrogen, while the
process can reduce CO; emissions by up to 95%. Different scenarios of
off-grid transformation for a food factory were evaluated based on
renewable resources considering elements: PV panels, wind turbine,
battery, hydrogen storage tank, fuel cell, water electrolyzer and steam
methane reformer [63]. Hydrogen production through methane
reforming was found to be cheaper than water electrolysis, while water
electrolysis provides a decarbonized solution. A grid-connected
carpentry workshop with a photovoltaic (PV) plant, a stationary bat-
tery and a fleet of electric vehicles was considered to increase the flex-
ibility of the manufacturing system [64]. No study was found in the
available literature that includes full decarbonization, flexibility and the
use of hydrogen in industrial production. Therefore, the work in Section
5 provides a novel pathway to fully decarbonize and flexibilize several
industrial sectors, which could be supported by numerical optimization
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algorithms such as [35] and multicriteria decision-making approaches
[65].

An alternative concept of decarbonized, flexible factories with solid
products comes to mind. This concept would require the factory to be
fully electrified and have battery energy storage unit that offers a round-
trip storage efficiency of around 80% [66], which is significantly higher
than in case of hydrogen energy storage (~40%). However, the industry
is not yet completely electrified [67] and Li-ion battery storage systems
have a duration at rated power of up to ~4 h [68]. Therefore, with the
current state of battery technology, only the daily fluctuations in the
power grid can be covered to a certain extent. In the future, as the
electrification of industry and battery technologies evolve, this concept
could provide a more energy-efficient option for decarbonized, flexible
factories.

The feasibility of the main concept of green hydrogen-based seasonal
operation of energy-intensive industry sectors with solid products has
been demonstrated in principle. However, the implementation of this
concept either with planning and construction of new plants or with the
modification/retrofitting of existing factories would require careful and
complex decision making with consideration of numerous influencing
factors, such as.

Local power grid characteristics in short- and long-term with
consideration of maximum power, power fluctuations and other
local power consumer’s needs.

Collaboration and partnership with local power grid operators to

ensure effective supply-demand flexibility.

Technical characteristics of the industrial sector that determine the

proportions and magnitudes of the electricity demand for direct use

and the need for green hydrogen.

e Main priorities and their order of importance for the management of
the factory, such as: local grid power supply-demand balancing,
economic viability (low investment costs, low operating costs,
external financial incentives and support), company reputation, so-
cial impact on the community, environmental impact, production
capacity.

e Labor availability and management, considering work-life balance,
stable income, safety and workers’ rights.

e Government regulation and support through policy and legal

framework.

An estimate of the payback period was made for the three hydrogen
units, the results of which are shown in Table 1. The investment and
operating costs of the PEM (proton-exchange membrane) electrolysis
unit were taken from Ref. [69] and the energy consumption of the

Table 1
Values for payback period estimation of hydrogen units with results.
PEM Compressed Fuel
electrolyzer hydrogen storage cell
tank
Nominal power (kW) 10 / 5
Storage capacity (Nm®) / 60 /
Investment cost (€) 17,500 2700 11,000
Operational cost (€/year) 875 81 219
Time of annual operation (h/ 1752 / 876
year)
Electrical energy consumed/ 17,520 / 4380
produced annually (kWh/
year)
Price of electrical energy —0.05 / 0.50
(€/kWh)
Total investment costs (€) 31,200
Total annual income (€/year) 3066
Total annual operation costs 1175
(€/year)
Annual cash flow (€/year) 1891
Payback period (year) 16.5
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electrolyzer was assumed to be 5.1 kWh/Nm? of hydrogen [70]. The
investment cost of the hydrogen storage tank was calculated with the
help of [71], while the annual operating costs were assumed to be 3% of
the investment cost. The investment and operating costs for the fuel cell
were estimated using [72]. The income of the hydrogen units was
assumed to come only from the purchase and sale of the electricity,
while the hydrogen consumed by the plant was not considered as it is
used for the production process. The PEM electrolyzer and the fuel cell
would operate at their nominal power equivalents for 20 and 10% of the
time, respectively. Dynamic electricity pricing [73] was considered. The
electricity consumed by the PEM electrolyzer would have a negative
price of —0.05 €/kWh, as negative prices have already occurred on the
electricity market [74]. It was assumed that the electricity generated by
the fuel cell would be sold to the local power grid at a price of 0.50
€/kWh. The payback period was calculated by dividing the total in-
vestment costs by the annual cash flow, resulting in 16.5 years. This
period is shorter than the typical lifetime of the hydrogen units (of
around 20 years or more) and would therefore allow for the replacement
of the hydrogen units at the end of their operation. However, the initial
investment would most likely not be fully covered by the operation of
the hydrogen units alone, unless external financial support was
available.

It is important to note that the calculation of the payback period is
based on several assumptions that may not apply in some specific cases.
However, the order of magnitude of the results is relevant in several
scenarios and it is encouraging to see that the payback period and the
lifetime of the hydrogen units have similar values. Financing the con-
struction of hydrogen units and building or retrofitting the factory, as
well as building a storage facility, would require substantial initial in-
vestment. The greatest potential for shortening the payback period of
the hydrogen units is in changing of the electrical energy prices. Fore-
casts of energy prices should be considered to optimize the operation of
hydrogen units as described in Ref. [75].

5. Potential future roles of hydrogen in energy-intensive
industrial sectors

The two most important future roles of hydrogen in energy-intensive
industrial sectors are (i) as a reducing agent and (ii) as an alternative fuel
for process heating through combustion. A summary of the technolog-
ical readiness for the use of green hydrogen in different sectors is pre-
sented in Table 2. Further detailed explanations can be found in the
following subchapters.

Table 2
Overview of the different degrees of adoption to hydrogen technologies in
energy-intensive industrial sectors with solid products.

Laboratory Pilot Industrial Conceptual
experiments plants facilities design and
operation
Iron and steel v v v? v
industry
Cement 3 >3 v? &
production
Ceramics @ 3 v v
industry
Glass 3 v? v v
production
Aluminum 73 v @ 3
production
Pulp and paper Y Y @ v
industry
Reduction of v v b @

non-ferrous
metals

@ In construction/progress.
> For some metals, especially dedicated laboratory experiments are not
necessary in some cases to use hydrogen in the production of solid commodities.
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5.1. Hydrogen use in the iron and steel industry

In the production of iron and steel, hydrogen can play two key roles:
(i) as a reducing agent to reduce iron oxide and (ii) as a fuel for steel
plants [42]. Primary hydrogen metallurgy (conversion of iron ore into
iron) can take place in the blast furnace (BF) or in the gas-based direct
reduction iron (DRI) process. In secondary hydrogen metallurgy (con-
version of pig iron, sponge iron or scrap metal into steels), hydrogen is
used as a fuel to preheat the ladle furnace. It is important to know that
hydrogen can also be used as a fuel in furnaces for the heat treatment
processing of steel.

5.1.1. Ironmaking

Unfortunately, even when injecting pure green hydrogen (the
injected gasses usually contain a certain amount of hydrogen - Hy), the
BF process still relies on carbon (coke) as the dominant reducing agent
and therefore hydrogen cannot completely replace coke in the produc-
tion of BF pig iron (hot metal in Fig. 8) [42]. Several studies have been
conducted on hydrogen injection and its effects on the BF process. Lyu
et al. [76] found that the optimum H; content of gas-injected BF should
be between 5 and 10%. A computational fluid dynamics (CFD) study
[77] found that the maximum hydrogen injection that allows stable BF
operation is 30 and 15 kg per ton of hot metal for hydrogen alone and in
combination with natural gas, respectively. Another CFD modelling
approach [78] investigated the co-injection of hydrogen and coal with a
turbulent gas-particle flow and different injection schemes. The
hydrogen shaft injection was numerically modelled and found to
significantly affect the BF performance [79]. The BF process with
hydrogen can reduce CO5 emissions from steelmaking by up to 21.4%
[801, but it cannot be fully decarbonized unless the CO, would be
captured [81]. BF with hydrogen injection is therefore only an inter-
mediate step on the way to a fully decarbonized ironmaking process that
requires less adaptation and investment than the direct hydrogen
reduction methods.

Hydrogen gas-based direct reduction iron in the shaft furnace (Fig. 8
on the right-hand side) is a fully decarbonized way of iron production
(sponge iron is produced). Boretti [82] investigated the market
perspective of hydrogen direct reduction of iron and found it to be
positive, with important factors such as decarbonization and climate
targets, policy support and incentives, investor interest, industry
collaboration, technological progress, sustainability and brand value.
An experimental study on the Hj reduction reaction of fine Fe;O3 par-
ticles was conducted by Li et al. [83] in a vibrating fluidized bed reactor.
The maximum yield was 98% at a temperature of 500 °C. A compre-
hensive study investigated the solar/wind power and electrolysis ca-
pacity requirements for grid-assisted renewable hydrogen DRI steel
production in an electric arc furnace, where a 70% reduction in emis-
sions (compared to conventional DRI-electric arc furnace steel produc-
tion) was associated with a 10% increase of costs [84]. Several projects
based on the hydrogen DRI process in shaft furnaces are underway
around the world, including HYBRIT (Sweden), SALCOS (Germany), and
H, Green Steel (Sweden) [85]. Research efforts [86] were also directed
towards the production of iron by hydrogen plasma reduction of iron
ore, which requires lower temperatures than traditional iron ore pro-
cessing in blast furnaces with coke. Hydrogen plasma iron ore processing
requires less energy than carbothermic reduction, mainly because
pelletization, sintering and cokemaking are not required.

5.1.2. Steelmaking

In traditional steelmaking, where pig iron is produced with BF, im-
purities (e.g. carbon) must be removed/oxidized in a basic oxygen
furnace (BOF), in which a lance blows high-purity oxygen at supersonic
speed over the molten iron [87]. This process inevitably produces CO5
through the oxidation of carbon and slag through the oxidation of other
elements. Therefore, decarbonization of the traditional BOF process
would require carbon capture technology. The slag produced in the BOF
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Fig. 8. Comparison between traditional blast furnace (BF) and hydrogen direct reduction iron (DRI) crude steel production [85]. Copyright © 2021 Elsevier Ltd.

process is recovered and recycled. After BOF processing, the alloying
elements are added to produce crude steel of the desired grade.

The refining of sponge iron or the melting of scrap metal and its
subsequent refining takes place in ladle furnaces. Currently, most ladle
furnaces are heated using the electric arc heating method and are
referred to as electric arc furnaces (EAFs). They use three graphite
electrodes connected to the electrical power supply to heat the material
in the vessel [88]. The main heating of the ladle is therefore already
electrified. Hydrogen oxyfuel combustion can be used to preheat the
ladles, where natural gas is commonly used [89].

Study on the substitution of natural gas with hydrogen for heating
with combustion was performed by Aniello et al. [90]. They discovered
that an increased hydrogen content leads to overheating and flashback
in the multi-perforated premixed natural gas burners and the combus-
tion of pure hydrogen is only possible under ultra-lean conditions.
Therefore, the operating parameters of the burner must be carefully
modified or even the burner replaced/redesigned [91] in order to ach-
ieve stable operation and a comparable heating performance.

The current demand for green hydrogen-based steel is limited and
will only account for 2% of total steel production by 2030. However, a
period of accelerated growth is expected around 2040. Global demand is
expected to reach 660 Mt by 2050, representing 35% of current total
steel production [92]. It is therefore expected that the decarbonization
of the steel industry will take place in the near future.

5.1.3. Heat treatment of steel

Most heat treatments of steel are carried out in natural gas (oxyfuel)
furnaces, which with some adaptations could be converted into green
hydrogen furnaces [93]. The other option is to replace these steel heat
treatment furnaces with electric furnaces [94]. The local energy system
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and energy prices for electricity and hydrogen should be carefully
considered when purchasing/designing the furnaces.

5.2. Hydrogen use in cement production

Cement production (Fig. 9) requires about 3.3 GJ of thermal energy
per ton of clinker [95]. Fossil fuels used to heat the cement kilns are
responsible for approximately 45% of carbon emissions in cement pro-
duction [96]. Green hydrogen and/or electrification could potentially
provide up to 100% of the heat in the system, but the complexity and
cost of developing and deploying hydrogen-powered kilns is high [97].
The CEMEX plant in Spain already uses a mixture of natural gas and
hydrogen for combustion in a kiln [87], while CEMEX and the
Finnish-Dutch company Coolbrook are looking at ways to fully electrify
the cement production process [96]. However, no fuel for the heat
supply avoids the process emissions from the calcination of CaCOs. To
achieve complete decarbonization of cement production, carbon capture
and storage (CCS) or CO, utilization technologies must therefore be
deployed [98]. A concept for the production of synthetic fuels using CO,
from the cement industry and green hydrogen was developed and
analyzed by Leén et al. [99].

5.3. Use of hydrogen in the production of ceramics

The production of ceramics, including bricks, tiles, clay pipes, re-
fractory materials, expanded clay aggregates and sanitaryware takes
place in multiple consecutive steps: (i) preparation of raw materials
(milling with/without spray drying or drying), (ii) forming (isostatic
pressing, extrusion or pressure casting), (iii) drying (water removal
usually with waste heat from the kiln), (iv) heating (in most cases to
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800 °C to degas the pieces), (v) firing (between 850 and 1350 °C,
reducing porosity), cooling (vi), (vii) sorting and packaging (Fig. 10,
[101D).

Project for the use of hydrogen in the ceramics industry is already
being developed by Iberdrola and Porcelanosa [102,103]. It is important
to note that hydrogen has different properties than natural gas and
hence requires specialized burners for heating applications [101]. Ding
et al. showed that the use of green hydrogen for firing can reduce
emissions by 30.1%. Fuel switching to hydrogen has been highlighted as
one of the viable solutions for decarbonizing the heavy clay industry
[104].

5.4. Glass produced with green hydrogen

Glass products can be divided into three main categories: (i)
container glass, (ii) flat glass, and (iii) glass fibers. Electrical melting and
(oxyfuel) hydrogen combustion or a combination of both, so-called
hybrid melting, are the most promising options to decarbonize the
glass industry, although further research and development (R&D) efforts
are needed [106]. Around 80% of the total energy required for glass
production is consumed when heating (melting in Fig. 11) the raw
materials in a furnace at a temperature of more than 1500 °C [107]. The
projects H2GLASS [108], HyGlass [109], HyNet [110], Glass Futures
[111] and Kopernikus P2X [112] deal with hydrogen and its feasibility
as an alternative energy source for combustion in the glass industry. The
waste heat recovery is also an important step towards increasing the
sector’s energy efficiency.

The decarbonization of glass production is the topic of multiple
literature sources. A bottom-up model was developed to accurately
predict the future CO, emissions of the German container and flat glass
industry, taking into account different technical pathways [40]. The fuel
switching measures were consistent with the temperature increase of
2 °C above pre-industrial levels. Del Rio et al. [107] reviewed the
available literature and found that there is no consensus on the most
promising technologies to achieve net-zero emissions in the glass in-
dustry, which is associated with numerous barriers such as economic
viability and infrastructural capacity. UK technology roadmaps for the
decarbonization of the glass sector have been developed based on three
scenarios with greenhouse gas (GHG) emission reductions by 2050
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(compared to 1990) of 78, 88, and 79% [113].
5.5. Hydrogen in other industries

In addition to the production of iron and steel, cement, ceramics and
glass, hydrogen can also be used as a reducing agent or energy source in
other industries with solid products.

5.5.1. Aluminum production

Aluminum production emitted 270 Mt of CO5 worldwide in 2022
(about 3% of the world’s direct industrial CO5 emissions) [45]. Alumina
refining of bauxite ore, known as the Bayer process [115], requires large
quantities of heat, which could be provided by hydrogen burners. The
production of carbon anodes (for aluminum smelting) requires calcined
petroleum coke, coal tar, petroleum pitch and/or cleaned recycled an-
odes, which are baked in furnaces at 1100 °C [116], the energy source
for baking could again be hydrogen. The final stage of aluminum pro-
duction is aluminum smelting (Hall-Héroult process), which is an elec-
trolytic reduction of aluminum oxide dissolved in molten cryolite and
requires energy in the form of electricity [117]. The heat for the pro-
duction of secondary aluminum (remelting and recycling of aluminum)
could also be applied by hydrogen combustion. The company Hydro
Havrand has produced the world’s inaugural batch of recycled
aluminum powered by renewable hydrogen in Navarra, Northern Spain
[118]. Heat for the casting of aluminum parts [119] and the heat
treatment of aluminum alloys [120] could also be decarbonized through
the use of hydrogen.

5.5.2. Pulp and paper industry

The pulp and paper industry is responsible for approximately 6% of
global industrial energy consumption and 2% of direct industrial CO5
emissions [121]. Decarbonizing the pulp and paper industry or reducing
its emissions can be performed with several (41) different technologies,
processes and emerging options, with no single approach standing out.
However, financial and economic aspects were identified as the main
barriers. A case study of a decarbonized paper mill with PV power plant,
water electrolysis unit, hydrogen storage, hydrogen-based cogeneration
system and power grid connection (Fig. 12) was conducted by Mati et al.
[60]. The system they proposed consumes 4209 tons of green hydrogen
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per year, which enables a saving of 29,273 tons of direct annual CO5
emissions. On the other hand, the investment costs for systems of this
size are prohibitive. Obrist et al. [122] investigated different technology
pathways of the Swiss pulp and paper industry to achieve climate and
energy policy goals. Hydrogen was not identified as a cost-optimal fuel
for heating, but as an intermediate source for heating before the tran-
sition to high-temperature heat pumps. Net-zero CO; emissions by 2050
were proposed to be achieved with electrification of the heat supply with
high-temperature heat pumps and biomass CHPs.

5.5.3. Reduction of non-ferrous metals

Hydrogen can be a reducing agent in the processing of non-ferrous
metal oxides. This technology is already used commercially for tung-
sten (W), molybdenum (Mo), nickel (Ni) and cobalt (Co). It could also be
used for a variety of other metals, e.g. Cu, Ti, Cr, Mn, and the recovery of
valuable metals from secondary resources (e.g. Zn from EAF dust, Pb
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from slag) [123]. The HARARE project [124] aims to use hydrogen as a
reducing agent for the recovery of metals from metallurgical waste
originating from copper and aluminum production processes. Hydrogen
plasma reduction processes for the reduction of oxide minerals offer
potential for future developments [125].

6. Conclusions and future prospects

In the present work, an initial literature review has highlighted the
research gap in the planning, organization and product storage of flex-
ible, decarbonized seasonal operation of energy-intensive industry sec-
tors with solid products. This was the impetus for an innovative method
for a green hydrogen-based sustainable decarbonized flexible operation
of industrial facilities with three additional elements: (i) water elec-
trolysis unit, (ii) hydrogen storage unit and (iii) fuel cell unit. The
concept was investigated through a feasibility study for industrial plants
connected to an intermittent renewable power grid and providing
supply-demand energy balancing. The presented case study revealed
that appropriate dimensioning of the three additional factory units is
crucial for providing the desired level of supply-demand balancing,
which was demonstrated by four proposed seasonal operating scenarios.
In particular, in cases where the power generation unit is mounted on
the factory building (e.g. PV panels) or located nearby (to avoid trans-
mission losses), it is desirable that all the electricity generated is
consumed by the industrial subject. The practical implementation of the
novel concept would be linked to six identified groups of key influencing
factors: (i) characteristics of the local power grid, (ii) cooperation and
partnership with the local power grid operators, (iii) technical charac-
teristics of the industrial sector, (iv) main priorities and their
sequencing, (v) availability of labor and management, and (vi) gov-
ernment regulation and support. The economic viability of the case was
examined calculating the payback period of hydrogen units. It was found
that the payback period of 16.5 years is in a similar timeframe to the
typical lifetime of hydrogen units, which is encouraging. The main
impact on the economics of industrial projects of this type will be future
electricity prices. The planning of new industrial plants or the retrofit-
ting of existing plants could be carried out with the help of modern
computational tools via optimization algorithms and possibly also arti-
ficial intelligence.

The current and future role of hydrogen in industrial facilities with
solid products was examined on the basis of a literature review. It was
found that the iron and steel industry is the most mature part of the
energy-intensive industry in terms of the use of green hydrogen, as
several laboratory studies as well as pilot-scale studies have been
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conducted or are currently underway. The use of hydrogen in cement
production, on the other hand, is mainly conceptually studied, with the
exception of the natural gas/hydrogen kiln. A similar level of research
can be seen in the use of hydrogen in the ceramics industry, where an
industrial-scale project is underway. In contrast, there are several pro-
jects to decarbonize glass production. Other industrial sectors could also
supply heat via the combustion of green hydrogen, e.g. aluminum pro-
duction and the pulp and paper industry. Hydrogen can also serve as a
reducing agent for the production or recovery of certain non-ferrous
metals, e.g. Pb, Zn, Cu.

Current limitations and potential problems in implementing the
concept of seasonal based industrial operation are: (i) the need for
research and development (R&D) of hydrogen technologies and their
implementation in industrial sectors, (ii) high investment costs, (iii) an
increased need for product storage, (iv) the seasonal need for manpower
and the potential socio-economic problems associated with it, unless a
high degree of robotization is introduced, and (v) the need for prudent
energy management and careful planning (electricity and stored
hydrogen). On the other hand, seasonal operation of the industry will
bring the following benefits: (i) lower energy prices, (ii) energy inde-
pendence and sovereignty - independence from foreign energy sources
(iii) ensuring stability of the power grid, (iv) decarbonized production,
(v) oxygen produced by water electrolysis that could be used for oxyfuel
Hj combustion or as a chemical in industrial processes or sold on the
market, and (vi) reduction of other harmful pollutants such as SOx, NOx
and particulate matter.

Future research efforts should focus on the following: (i) conducting
detailed case studies on flexible, decarbonized, seasonal operation of
energy-intensive industry sectors with solid products and also industry
in general, (ii) creating multifactorial optimization methods/algorithms
for the design, dimensioning and management of future flexible, dec-
arbonized factories, (iii) financial development of instruments that
enable sustainable, decarbonized production of commodities, (iv) policy
development for a decarbonized, flexible industry and their subsequent
implementation by governments, (v) further investigation of techno-
logical pathways focusing on electrification and hydrogen use towards a
decarbonized energy-intensive industry, (vi) further social science
research into public opinion on industrial decarbonization and strategies
to create positive attitudes towards a just transition to a decarbonized
society, and (vi) development of effective approaches to human resource
management in relation to seasonal variations in workload.
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