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Abstract: The energy transition is a challenge that affects all sectors, from transport to civil
structures and industry. With reference to the industrial sector, the greatest need is the
decarbonisation of industries energy-intensive, such as producers of iron and steel, aluminium,
cement, petrochemicals, paper, etc. In particular, the steel industry is a hard to abate high-emissivity
industry which due to chemical processes and high thermal demands (often above 500 °C)
contributed to 7.4% of global CO: in the year 2021. This paper has explored the potential applications
of hydrogen in the hard-to-abate sectors, highlighting its versatility and significance in
decarbonization efforts. It provides an overview of hydrogen production methods, emphasizing the
importance of sustainable and green hydrogen production. It reviews hydrogen production
methods, storage, potential in blended combustion. In the final part of the article, some
considerations are introduced on the possible role of hydrogen in the steel sector (both as a
supplementary fuel and as a reducing agent in innovative processes), showing how although there
is potential for its inclusion as an element for the decarbonisation, it is necessary to evaluate the
energy balances of the various processes and the methods of hydrogen production very carefully,
in order not to risk obtaining a marginal effect.

Keywords: energy transition; decarbonisation; hard-to-abate sectors; Hydrogen applications;
Sustainable production; steel industry

Introduction

The urgent need to decarbonize industrial sectors has intensified the exploration of the role of
hydrogen produced with renewable energies, particularly within hard-to-abate sectors such as steel,
petrochemical, glass, cement, and paper and cardboard. Transitioning hydrogen into a practical
energy vector demands a dual focus: a shift towards renewable energy sources and a meticulous
examination of all conversion phases, [1].

The role of hydrogen in these industries is multifaceted, serving as a versatile resource not only
in terms of alternative fuel for burners or system for the energy storage, but as raw materials
foundational chemical components and as a catalyst for process innovation.

Hydrogen emerges as a relevant element, not only for mitigating environmental impact by
curbing emissions but also playing a central role in the definition of innovative processes [2,3].

But the multifaceted role of hydrogen, dissecting its involvement in all the sectors traditionally
resistant to clean energy transition need to be investigated in detail, because in any case what must
be determined is an overall energy saving and this is not always easy to achieve. From electrolysis to
hydrogen storage and end-use applications, each phase of the “hydrogen process” demands
meticulous evaluation of energy aspects. Achieving viable margins requires a nuanced
understanding of the energy efficiency levels throughout the entire process, [4].

This work sheds light on the critical dimensions necessary for successful coupling, emphasizing
the need for a minimum scale to facilitate seamless integration of hydrogen in the hard to abate
industrial sector. Currently, individual phases of the process are quite far to reach optimal efficiency
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levels, posing a challenge to the realization of a fully functional and sustainable hydrogen economy,
[5].

The focus of this paper is to identify and delineate the minimum objectives that must be achieved
for a harmonized and efficient hydrogen integration with specific focus in the “hard to abate”
industrial sector. While the hydrogen supply chain encompasses various elements, current research
focuses specifically on advancements in electrolysis, [6,7] storage techniques, [8,9] and on the practice
of blended combustion, where hydrogen is combined with natural gas, offering a strategic approach
to sectoral decarbonization, [10-12]. Regarding hydrogen storage, the ongoing research emphasizes
advancements aimed at enhancing the efficiency of compression technologies, including the
development of advanced compressor designs and materials. This focus is particularly pertinent to
gaseous hydrogen, given its simpler development with respect to liquid and chemical form, with the
overarching goal of establish a trade-off between energy consumption and augmenting storage
capacity.

In terms of blending hydrogen with natural gas within existing gas networks and leveraging
ready combustion technologies to facilitate a gradual transition to a low-carbon energy system, the
aim is to illustrate a viable strategy for increasing the hydrogen percentage.

Another element of interest is the integration of hydrogen as chemical agent in the industrial
process, topic well developed in some specific sectors, like steel industrial sector [13-15].

The various elements concerning hydrogen must be considered in a general analysis.
Considering the intricacies of the process and delineating key milestones, this paper aspires to
contribute to the practical realization of an effective roadmap for the future of hydrogen integration
in the main hard-to-abate sectors with specific reference to some specific sectors. The author's original
contribution lies in the evaluation based on typical mass and energy balances available in the
literature, but in any case, not always easily applicable to specific contexts, to quantify the possible
contribution of hydrogen taking into consideration both the final uses of the energy, maintaining the
processes currently available, and evaluating possible changes to the processes. Although some
considerations can be considered of a general nature, to better quantify some aspects, a specific
context is taken as reference, such as that of the steel industry.

The article is structured into four main sections, followed by a concluding section. The first
section provides an overview of industries facing challenges in reducing emissions and explores the
potential role of hydrogen in decarbonization efforts. The second section discusses methods and
technologies related to hydrogen production and storage. The third section examines the utilization
of hydrogen as a fuel in burner systems. Lastly, the fourth section, focuses on the application of
hydrogen as a chemical agent in industrial processes, with a specific emphasis on its use in the steel
sector. In particular, the author tries to highlight how hydrogen can also be interesting as an element
to innovate the production process, while paying attention to the energy balances of the process.

Hard to Abate Industry and the Prospect of Decarbonisation: The Possible Role of Hydrogen

The current topic of energy transition is a challenge that affects all sectors, from transport to
construction and from energy to industry. Global energy-related CO: in 2022, reached the level of
36.8 Gtons, [16]. With reference to the industrial field, it can be noted from the IEA report that
approximately 9 Gtons of CO: were emitted by industry in general, mainly by energy-intensive
industries, in particular the steel sector contributed to 7.4% of global CO: emissions. The significant
level of emissions is largely linked to the need to use significant quantities of fossil fuels, which can
be used directly in the production process (think of the coal used to produce steel) and for the fueling
of ovens that require often high temperatures. Looking at data obtainable from IEA, most of the
process heat above 500°C (around 96%) is used in the three subsectors of steel, basic chemistry, and
non-metallic materials (cement and pulp and paper); the steel industry alone contributes to 48%. [17].
Proposals linked to possible future prospects with a view to decarbonisation have been made in all
sectors.

Among these, the increase in the share of electricity, possibly produced through renewable
sources, and the systematic transition to electric ovens are certainly relevant (Figure 2). However, it
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is not always easy to replace ovens powered by fossil fuels with electric ovens, without distorting the
production process to some extent.
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Figure 1. Global CO:z emissions from various industrial sectors.

In this regard, the examples of the steel and glass sectors are relevant. An increasingly significant
introduction of hydrogen could play an important role. This can be used either as a chemical agent
to be introduced into industrial processes, modifying them appropriately or as a co-fuel or even as a
pure fuel in ovens and burners or in energy storage. Not all Hard-to-Abate industries will see
hydrogen playing the same role! While hydrogen can significantly contribute to decarbonizing some
high-energy-intensive sectors like steel or ammonia production, its relevance may not be as
pronounced in others.

In other industrial sector, hydrogen might primarily serve as an alternative energy source or
energy carrier to reduce carbon emissions associated with melting and production processes.
However, its application might not be as direct as in other sectors. Therefore, it's essential to recognize
that the role of hydrogen can vary significantly from one industry to another, and its effectiveness
depends on its adaptation to the specific needs and operational conditions of each sector.

For all the sectors, hydrogen as a carrier could therefore play a fundamental role in industrial
processes, but its inclusion must be evaluated carefully, analysing the energy costs linked to its
inclusion. The industrial sectors considered "hard to abate" are those in which reducing greenhouse
gas emissions to very low levels or eliminating them altogether is particularly challenging due to the
intrinsic characteristics of the involved industrial processes. These sectors represent a significant
challenge in the transition to a low-CO:2 economy. The main reasons why these sectors are considered
"hard to abate” include:

- High levels of direct emissions: industrial sectors, such as steel, cement, and heavy chemicals
production, emit large amounts of COz directly during production processes due to the direct use
of carbon.

- Complex chemical processes: some sectors, like the chemical industry, involve complex chemical
processes that require the use of specific chemicals or reactions that are challenging to substitute
with low-carbon alternatives.

- High energy demand: sectors like heavy industry, ferrous materials production, and glass
manufacturing require significant amounts of energy to heat furnaces or power production. This
high energy demand result from the combustion of high-temperature fossil fuels and is difficult to
be replaced with different (cleaner) energy sources.

- Long plantlifecycles: Industrial plants often have long lifecycles and require significant investments
to be replaced or upgraded. Consequently, even if cleaner technologies exist, it may be costly and
complex to replace existing plants with updated versions.
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- Continuous demand for products: sectors, such as the automotive industry, are closely tied to the
continuous demand for products which also makes it difficult to think about renewing production
lines.

For "hard to abate" sectors, an integrated approach is needed involving the adoption of cleaner
technologies, energy efficiency, fossil fuel replacement with renewable energy sources, and the
development of innovative solutions for increasing the penetration of renewable energy sources. For
this reason, it is appropriate to consider the possible implications of innovation processes, especially
from a mass and energy balance point of view.

Electricity generation Hydrogen production Sector of final use
Steel
——— Refinery
Renewable Energy ~ .
Source > Electrolyser
Chemical
Transport

Figure 2. Green hydrogen supply chain.

Hydrogen Production and Storage

Focusing attention on hydrogen, it must be considered that hydrogen can be considered as a
secondary resource; so, it must be included within a supply chain from production to transport and
storage up to final uses, therefore the energy costs of the entire production chain must be considered.

To date, hydrogen is mainly produced using fossil resources; one of the most widespread
methods is certainly the steam reforming of methane, which covers over 60% of the demand, with a
low production yield and high energy consumption. Table 1 presents an example calculation of the
energy consumption of the various production processes, from which the steam reforming of
methane and the electrolysis of water can be seen as the two processes with the highest energy yield
to focus on for a possible increase in hydrogen demand in view of its use in "hard to abate" industrial
sectors. Considering the two processes, these allow the production of zero-emission hydrogen: the
first with the addition of a carbon capture system, while the second through the electrolysis of water
powered by renewable energy sources.

Table 1. Methods for Hydrogen production: basic reactions.

Process Basic Reaction Typical maximum efficiency
Steam Methane Reforming CH, + H,0 - CO + 3H, 0,48
Carbon gasification C+ H,0 - CO+H, 0,17

Water electrolysis 0,70

1
HzO —>H2+§02

Hydrogen Production with Water Electrolysis

Focusing on the topic of water electrolysis, the most developed technologies are Alkaline (ALK),
Proton Exchange Membrane (PEM) and Solid Oxide (SOEC) which differ in operating conditions (T
and P) and the electrolytes from which they take their name. The commercialized and most
developed technologies are ALK and PEM, although it has the strong disadvantage of being made of
high-quality materials which increase the cost and reduce the useful life, while solid SOEC could
perhaps be relevant in the future industrial field thanks to lower electricity consumption favoured
using energy deriving from heat recovery, strongly present in "hard to abate" industrial sectors. This
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type of production is of interest for the energy transition, which is why research is very active in this
specific sector. Research on electrolysis is still ongoing. It can be said that the topic of electrolysis is
quite mature from a technological standpoint; however, when considering its integration into a
production process, it's important to highlight that a significant percentage of energy is lost in the
process (over 30 %). Summarizing the electrolytic process can be summarized, according to the actual
state of the art, analyzed by the author of the present paper in [6], that evidence a value of 0.6 for the
efficiency of the electrolysis process, by the following synthetic equation, in which water and energy
requirement to obtain 1 kg of hydrogen are outlined:

55 kWh
88kgH,0—— 1kgH,+ 78kg 0, (1)

Considering the energy value of hydrogen, 120 MJ/kg (33,3 kWh) and the Lower Hearing Value
(LHV) of 144 MJ/kg (40 kWh), at least 15 kWh are lost in the process. Furthermore, another significant
issue is the durability of electrolysers, which is not high, along with the stability of their performance.
Table 2 summarizes the main relevant data that can be associated with the different technologies.
High temperature electrolysis technologies (SOEC) apparently seem to promise rather high
efficiencies, but if we look closely, they shift the demand a lot on the thermal front and the high
efficiency values therefore refer to cases in which waste heat can be available at high temperature. In
any case, these technologies are not currently commercially available.

Hydrogen Storage and Its Role in “Load Levelling” between Renewable Power and Final Uses

One of the relevant roles of hydrogen is certainly that of being able to act as an accumulator of
excess energy, possibly produced through renewable energy sources. The topic of hydrogen
accumulation is one of the relevant topics, although obviously it is always best not to underestimate
the energy aspect of the issue. This has been the subject of analysis, in recent times, also by the author
of the present work in [18].

Hydrogen storage presents a crucial solution for addressing the challenges of the energy
transition in industries classified as 'hard to abate." In those industries, hydrogen could serve as an
alternative to electrochemical storage in terms of helping to align production levels with utilization
levels, considering that significant amounts of energy could still be stored in these industries. In these
industries, where substantial amounts of energy can be stored, hydrogen could be stored in gaseous
or liquid form and used as a flexible energy resource. Hydrogen can be produced via water
electrolysis using excess renewable energy during periods of overproduction, and then converted
back into energy during peak demand periods. This approach could help mitigate the variability of
renewable sources and support the transition to a more sustainable and resilient energy system.

Table 2. Technologies for hydrogen production and reference data.

Parameters ALK PEM SOEC
Operating temperature 60 -90 50 - 80 800 - 1000
[*C]
Operating pressure 1-30 1-35 1-5
[bar]
Electrolyte NaOH (20-25%wt) Solyd polymer mixed oxide based on zirconium oxide
/ KOH (30-35%wt) stabilized with yttrium oxide, YSZ
Electrodes Ni/Co/Ru/Mo Titanium Ni/YSZ, perovskite (ABO3)-like
conducting oxides
Area of a cell >4 <0,03 <0,01
[em?]
Charge factor 20 - 100 5-100 5-100
[% Pn]
Efficiency 50-70 50-78 65-97

(referred to HHV) [%]



https://doi.org/10.20944/preprints202405.0271.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2024

Stack size 1 1 0,005
[MW]

Hydrogen as an Alternative Fuel in Burners

After examining the possible systems to produce hydrogen, the role of hydrogen as a co-fuel
mixed with methane is analysed. Compared to methane, hydrogen has different chemical-physical
properties which, when mixed, bring about changes both to combustion and to the characteristics of
the flame. We note large dimensions and high storage pressures, higher jet speed to maintain the
same amount of heat released by the methane. High flame speed approximately 6 times that of
methane which leads to short, compact, and turbulent flames, and problems with backfire,
flashbacks, which is why premixed flames are not recommended. Since combustion with hydrogen
causes a different adiabatic flame temperature, which changes the design temperature of the furnace,
careful control of the mixing is therefore necessary to maintain product specifications. A wider
flammability range with therefore combustion management problems but with a lower minimum
ignition energy. Although CO: emissions decrease, high temperatures lead to high NOx emissions,
particularly thermal ones, therefore Dry Low NOx or flameless configurations are recommended for
future burner configurations. Finally, the small size of hydrogen leads to losses from possible welds
and the chemical reactivity with steel alloys causes the material to become embrittled, more a
problem of piping and storage than of the burner itself given the high operating speeds. A further
consideration to make is the useful heat released. Table 3 provides a comparison of the two fuels.

Table 3. Comparison of hydrogen and methane from the perspective of combustion.

Properties Hydrogen Methane
Density (1) 0,089 0,657
[kg/m?]
Lower Heating Value (LHV) 120 50
[MJ/kg]
Lower Heating Value (LHV) 10 33
[M]/m?]
Higher Heating Value (HHV) 144 55
[MJ/kg]
Higher Heating Value (HHV) 12 38
[MJ/m?]
Autoignition temperature 585 540
[°C]
Adjiabatic Flame Temperature (air) 2400 2100
(K]
Adiabatic Flame Temperature (oxygen) 3100 2300
(K]
Flammability limits 4-75 53-15
[Y%ovolume]
Minimum ignition energy 0,02 0,29
[M]]
Flame speed in air 2,65 0,4
[m/s]

When blending or replacing one fuel with another, the power range and stability of combustion
are influenced. Furthermore, we are talking about gas at different densities which influences the flow
rate that passes through the same nozzle and the amount of heat exchanged. Here it is necessary to
evaluate the rate of release of useful heat using the Wobbe Index. Carrying out the calculations
according to the formula presented which depends on the calorific value and density of the hydro

d0i:10.20944/preprints202405.0271.v1


https://doi.org/10.20944/preprints202405.0271.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2024 doi:10.20944/preprints202405.0271.v1

methane mixture in relation to the density of the air, it is noted that when the percentage varies the
parameter does not have a linear trend but presents a valley around 80% of Hz, therefore the most
unfavourable percentage for combustion. Instead, it is noted that a 20% H> mixture has the same heat
exchanged as a 99% Hz mixture, which is why burner manufacturers recommend methane hydrogen
blending on methane burners already operating up to 20% by volume for combustions in which the
process requires T > 750 °C, for higher percentages a change in burner technology and in the design
of the oven and the flue gas lines is necessary, even if on a thermal level it is not advantageous. As
regards emissions, it is noted that as the hydrogen content increases, the %CO2 saved increases,
although not linearly given the calculation in relation to the different volume and density. The
chemical-physical properties of H, when it is mixed with CHi, determine changes in the
characteristics of the flame, compared to that of methane alone, which are more evident as the
hydrogen content in the mixture increases.

To take advantage of the blending technique in burners operating in the production lines
production it is necessary to keep in mind that the heat exchange mode could be different, based on
the %Ho>, to the point of having to foresee significant changes in the oven or in the fume recovery
path. Hydrogen brings changes during combustion summarized in the list:

- Hydrogen contributes to combustion a quantity of heat 2.4 times greater than the 1 kg of CHs, but
3 times less than the m3 of CHj4, due to the low density of the Ha: this translates into large dimensions
or high pressures of storage, a jet speed approximately 3 times higher and greater volumetric flow
rates of the mixture;

- The flames have different shapes, increasingly shorter, compact but turbulent given the flame speed
of H2 which is approximately 6 times greater than that of CHg;

- The high flame temperature of Hz can be harmful for some thermal specifications (for example in
the polymerization oven in the painting line with the risk of burning the tape);

- The addition of hydrogen involves an expansion of the flammability field, increasing its reactivity,
diffusivity, and reaction speed with problems in the management and safety of the flame, high risks
of flashbacks, hence premixed combustion is not recommended.

Burner manufacturers such as Bloom Engineering, [19] and GF-ELTI, [20] through experimental
tests declare the feasibility of blending up to 20%H: by volume without making changes to the burner
technology and the conditions of use for temperatures above 750 °C, given how the properties change
of combustion. Going beyond these percentages does not even seem convenient in terms of the useful
heat produced demonstrated by the trend of the Wobbe index, defined as:

W, = HHV/VG 2)

The Wobbe index has dimensionally the same unit of the calorific value. G is a Specific Gravity factor,
which is assumed as the ratio between the density of the gas, pss and the density of air, pair at the
same temperature and pressure, [21]. The Wobbe index helps ensure that different gas compositions
can be safely and efficiently used in gas-fired appliances without causing operational issues such as
flame instability or incomplete combustion. Gas appliances are typically designed to operate within
a certain range of Wobbe index values to maintain consistent performance. The concept is that gas
with similar Wobbe index but different compositions, can be replaced with each other as they release
the same amount of energy in a furnace through the same nozzle with similar feed pressure.

HHVyiy
Inix —
(1 —x%) - png +x% " P, ®)
Pair
HHV iy = (1—x%)-HHVNG+x%-HHVH2 4)

In fact, by providing for a change of fuel, the power range and stability of combustion are different,
the release rate of different fuels at the same flow rate can be very different. This is verified using the
Wobbe index, a parameter used as an indicator of the interchangeability between gaseous fuels.
Figure 3 provides the different value of Wobbe index for a mixture of natural gas (approximated to
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methane) and hydrogen, with different volumetric percentages of hydrogen. The advantage of using
a mixed mixture can be better appreciated by considering the aspect linked to CO:z emissions. It can
be seen how, by maintaining a percentage of hydrogen below 20% by volume there is an interesting
decrease in CO2 emissions resulting precisely from the presence of hydrogen in the chemical reaction
of hydrogen combustion. The values in Table 5 are referred to a blending of 20% in line with the
values currently considered admissible based on the technology.

50

Wobbe index (MJ/m3)

w
(0]

w
o

0 10 20 30 40 50 60 70 80 90 100

9%H- on mixture volume

Figure 3. Wobbe index for a mixture of CHs and H> with a different Hz percentage.

Table 5. Estimated CO2 reduction in blended combustion of mixtures natural gas/hydrogen.

Mixture HHV LHV Volume CO2/ Volume %CO: reduction
[M]/kg] [MJ/kg] reactant
NG 38 33 1,12
NG + 5% Ho 35,8 32,4 1,04 7%
NG +10% H2 34,7 31,3 0,99 12%
NG +15% Ha 33,5 30,1 0,94 16%
NG +20% Hz 32,3 28,9 0,88 21%

Hydrogen as a Chemical Agent in the Industrial Process: The Case of Steel Sector

Hydrogen is gaining attention as a potential chemical agent in hard-to-abate industries due to
its versatility and potential for decarbonization. In industries such as steelmaking, ammonia
production, and chemical manufacturing in general, hydrogen can serve as a raw material or as
reducing agent for various processes. For example, hydrogen can replace coal in the direct reduction
of iron ore (DRI) to produce steel, contributing to the reduction of carbon dioxide emissions
significantly. But Hydrogen is also a critical raw material for ammonia production, as it serves as the
key ingredient in the Haber-Bosch process, which is used to synthesize ammonia (NHs) from nitrogen
(N2) and hydrogen (Hz). In the Haber-Bosch process, hydrogen acts as a reducing agent, providing
the necessary electrons to convert nitrogen gas into ammonia. This process requires a large amount
of hydrogen to ensure high conversion rates and ammonia yields.

Very interesting is the case of steel sector, in which hydrogen can be used as reagent,
contributing to reduce emissions.

The technology that has established itself over the last hundred years both for maximum
productivity and efficiency and for excellent economics is the blast furnace (blast furnace) powered
by carbon coke. The process in known with the acronym BF-BOF (Blast Furnace — Boiling Oxygen
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Furnace). It is characterized by high investment costs and production capacity in the order of millions
of tonnes per year.

By making some evaluations on standard processes based on the methodology defined in [22],
it is possible to carry out mass and energy balances typical of the process, from which, based on the
evaluations made using a simple one-dimensional model, the results that can be estimated can be are
shown in the following Table 6.

Energy uses related to the production process can be estimated in the order of magnitude of 18-
25 GJ/ton of steel produced. Most of this energy is thermal, i.e. natural gas.

Table 6. Typical values for mass and energy balance of BF-BOF process (for 1 ton of steel).

Process  Pulverized coal Coke Iron ore Oxygen Energy use Thermal fraction
kgl kgl kgl [kgl [G]] [%]
BE-BOF 200 300 1600 80 20 95

As can be seen from the data in Table 6, most of the energy demand is attributable to thermal
energy and therefore, considering the technologies in use around the world, largely linked to natural
gas. The possible role of hydrogen as a fuel in blend combustion with natural gas has already been
analysed, in the previous section. But the role of hydrogen in this sector can also be another, that is,
it can contribute to modifying the production process and progressively decarbonising the sector.

Using hydrogen to produce steel is not a new concept, in recent years the Direct reduction Iron
technology (DRI) has been developed which today satisfies 7% of global steel production. Alternative
reduction technologies include hydrogen-based direct reduction processes and electrolytic reduction
methods. Most are not well developed and require huge amounts of green energy, but they hold the
promise of carbon-neutral steelmaking, [23].

Most of these plants consist of a furnace (Shaft Furnace) powered by methane rather than coal.

Through reforming, which can be inside or outside the oven depending on the system, CO+H:
syngas is generated which allows the direct reduction of iron. The novelty of this technology is
therefore precisely the chemical process.

Furthermore, the final product is iron in the solid phase since the reductions take place at 800°C
and therefore not at the melting temperatures, directly forming the DRI direct reduction iron. Figure
4 provides a scheme of the process with evidenced all the energy fluxes. Hydrogen, used as a
reductant, has excellent kinematic properties, favouring the productivity and metallization of iron Fe
>90%, i.e. complete oxidation. From a thermal point of view, however, there are some disadvantages
since the reduction reactions with Hz are endothermic.

An innovative version of DRI technology is represented by the scheme of Figure 6, in which
hydrogen is obtained using an electrolyser. Therefore, in these plants the total energy requirement
increases, due to the efficiency of the electrolytic process. Furthermore, the increase in energy
expenditure also corresponds to a significant increase in the use of electricity, especially in the
electrolysis process. Considering the production of 1 ton of H2, approximately 70 kg of hydrogen are
needed, therefore considering a need of approximately 55 kWh/kg, From the point of view of CO:
emissions produced, there is still an overall reduction, if green electricity is used.

Table 7 provides a comparative analysis between the two DRI processes, with specific attention
to the mass flow rate involved in the processes while Table 8 provides a comparison of energy
consumption estimates per unit of finished product considering the traditional blast furnace process
(BOF) and the two DRI processes, including the one based on hydrogen. The table also includes an
estimate of the expected level of COz emissions per ton of product, elaborated according to the model
developed in [24]. In Table 8 the estimation of CO: emissions associated with the last process is
omitted because in this case, it heavily depends on the type of energy resource used to generate the
electricity introduced into the process (mainly in the electrolyser).
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Figure 5. Typical mass and energy flows for DRI-H: plant.

Table 7. Specific energy requirements and emissions in steel production processes (for 1 ton).

Process Iron ore pellets Lump iron Water Oxygen  Thermal energy Electricity
[kgl [kgl [kgl [kgl [G]1 [G]]
DRI-NG 1200 500 90 13 2
DRI-H2 1100 470 1000 40 2,5 14,5
Table 8. Specific energy requirements and emissions level in typical steel production processes.
Process Specific energy Specific emissions
BOF 18 — 25 GJ/tHRC 1,8 -2tCO2 / tHRC
DRI-NG 13 -17 GJ/ tHRC 0,7-1,2 tCO2/ tHRC
DRI-H2 15 - 20 GJ/tHRC Not defined

As can be seen based on the evaluations made in this article, in fact the DRI process leads to a
possible overall reduction in energy use in steel production processes, even if this is obviously
conditioned, in the hydrogen process, by efficiency of electrolysers.
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Today, around 500 DRI plants are available globally, with a total capacity of 119 Mton, which
represent approximately 7% of global steel production. DRI technology is used primarily in the
Middle East/North Africa (44%), followed by Asia (25%) and Latin America (17%), [25].

As in the steel sector, achieving significant reductions in CO: emissions through hydrogen may
be quite challenging, this applies similarly to different “hard to abate” sectors, where identifying
contributions from hydrogen other than those as a co-fuel may be even more difficult.

Conclusion

This article illustrated the prospects of hydrogen, produced through renewable sources ("green
hydrogen") as a method for the decarbonisation of sectors classified as "hard to abate". As is quite
evident, the role of hydrogen is to be seen as an element capable of allowing partial or total powering
of the various plants through renewable sources. The role of hydrogen in these sectors could be
relevant both as a material for the process and as an alternative fuel.

Even considering the technological limits linked to electrolysis (currently of the maximum order
of around 60%) and the energy that is necessary for its accumulation (at least 10% of the accumulated
energy) the insertion of hydrogen; however, it is a prospect to be carefully evaluated.

In particular, the possible uses of hydrogen in specific sectors were examined; among these the
steel sector appears quite interesting. In it, hydrogen is promising both as a reductant for the DRI
process, which already currently concerns around 7% of global steel production, and as a co-fuel
which could already be used in furnaces currently available, present in companies in mixtures of up
to 20% with natural gas, already resulting in some reduction in CO2 emissions.

It is quite difficult to quantify the contribution that hydrogen could make in terms of
decarbonisation of these sectors, but hydrogen is certainly to be considered an interesting prospect.
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