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Abstract

The global transition toward a low-carbon economy has intensified the interest in green
hydrogen as a key enabler of industrial decarbonization. In particular, the steel sector, one
of the most carbon-intensive industries, offers significant opportunities for emissions re-
duction through H2-based technologies. This study presents a techno-economic assessment
of alternative green hydrogen supply pathways, namely alkaline electrolysis and ammonia
cracking, and evaluates their integration into hydrogen-based direct reduction (HyDR)
routes. Process simulations are performed using Aspen Plus® V14 to quantify the energy
consumption, hydrogen demand, and associated CO2 emissions across multiple config-
urations and case studies. A comprehensive 3E (energy, economics, and environmental)
evaluation framework is applied to compare system performance and assess the suitability
of each pathway for large-scale deployment. The results indicate that ammonia cracking
represents a technically viable and potentially competitive hydrogen supply option for
steel decarbonization under the assumed operating conditions, highlighting its relevance
as a transitional pathway toward low-carbon steel production.

Keywords: alkaline electrolysis; NH3 cracking; techno-economic assessment; hydrogen-based
direct reduction; basic oxygen furnace

1. Introduction
In 2023, a total of 1892 million tonnes of crude steel were manufactured worldwide [1].

Looking ahead, steel production is expected to expand at an average annual growth rate of
2.9% from 2024 to 2030, reaching 2.2 billion metric tonnes by the end of the decade [2].

Despite its growth, the steel industry imposes a significant environmental burden,
primarily due to the high carbon dioxide (CO2) emissions linked to conventional production
methods. With climate change posing an increasing global threat, reducing CO2 emissions
from industrial sources has become a critical priority. On average, producing one tonne
of steel emits around 1.891 tonnes of CO2 [3]. The iron and steel sector is one of the most
energy-intensive industries worldwide, accounting for 7–9% of the global CO2 emissions
and about 8% of the world’s total energy supply [4,5].
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As of 2023, global crude steel production is primarily carried out using three main
methods [6]. The blast furnace–basic oxygen furnace (BF–BOF) route, the most traditional
approach, accounts for roughly 72% of the global output. The electric arc furnace (EAF),
which uses scrap metal and electricity, contributes about 21%, while the remaining 7% of
steel is produced through direct reduced iron (DRI) processes, which are often integrated
with EAF operations.

The BF-BOF method relies on coke to generate the high temperatures and chemical
reactions needed to convert iron ore into steel, consuming around 500 kg of coal per tonne
of output and producing 1.9 to 2.2 tonnes of CO2 per tonne of liquid steel [7,8].

In the BF-BOF integrated route, most of the CO2 emissions are associated with the use
of blast furnace gas (BFG), accounting for approximately 64–70% of the total emissions. A
further significant share, about 25–27%, arises from coke production, while 5–7% of the
emissions are attributable to the sintering process of raw materials [8].

In comparison, EAFs exhibit a significantly lower carbon footprint (their carbon
emissions are approximately 0.6 tonnes of CO2 per tonne of steel), depending on factors
such as raw material input (scrap or pig iron), energy efficiency, and the electricity source [9].

As a result, the demand for steel scrap is expected to rise considerably with the
implementation of more ambitious climate policies. Within the EU-27, EAF steel production,
which relies almost entirely on scrap as feedstock, currently accounts for around 45% of
the total steel output [10] and is projected to expand further. However, securing adequate
quantities of steel scrap of sufficient quality requires additional efforts. Impurities such
as copper can restrict the range of products that can be manufactured from scrap and, if
they accumulate over time, can render a portion of the scrap unusable [11]. A circular
economy goes beyond simple recycling, encompassing the reduction of material inputs as
well as the reuse and remanufacturing of products. Initiatives aimed at improving both
the quality and quantity of steel recycling are also likely to influence the supply chains for
scrap material.

A promising approach to boosting EAF production and addressing scrap shortages
is the integration of DRI technology. DRI is a solid-state method that operates at lower
temperatures than iron’s melting point, requiring less energy for the reduction reaction. The
reduction is typically achieved using a gas mixture of hydrogen and carbon monoxide (CO),
which is often sourced from natural gas or coal. Currently, the DRI-EAF process powered
by natural gas produces only 62% of the carbon emissions of the traditional BF-BOF method.
Leading companies in direct reduction technology, such as MIDREX and Hojalata Y Lámina
(HYL) Energiron, are recognized for their efficiency and productivity, making them highly
competitive in producing high-quality DRI for steel production. Notably, MIDREX is
responsible for 65% of the global DRI production.

Achieving carbon neutrality in the steel industry requires technological and opera-
tional changes, and emerging technologies are beginning to pave the way. Among them,
hydrogen-based direct reduction (HyDR) is gaining traction as a low-emission alternative
to conventional steelmaking. Unlike traditional BF technology, the dominant global pro-
duction route with limited potential for deep decarbonization [8], HyDR does not rely on
fossil sources and significantly cuts CO2 emissions [12].

The hydrogen-based process is conceptually similar to the conventional natural gas-
based process, with the main difference being the replacement of methane with hydrogen
as the reducing gas (Figure 1b). Hydrogen can be supplied from external sources or
produced on-site through a dedicated generation unit. In a fully hydrogen-integrated
process, a reformer is no longer required; instead, a gas heating system is needed to raise
the hydrogen to the desired operating temperature, which can be achieved, for example, by
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means of an electric heater [5]. Existing reformers can be relatively easily converted into
gas heaters, enabling the retrofitting of current natural gas-based plants [13].

(a)

(b)

(c)

Figure 1. (a) MIDREX process plant, (b) fully hydrogen-based DRI plant, and (c) hybrid hydrogen
and natural gas DRI plant.
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However, implementing HyDR at a commercial scale presents several technical and
operational challenges. For every tonne of steel produced, a HyDR facility requires an
estimated 50–60 kg of hydrogen [14–16], a demand that could strain supply chains and
infrastructure as the technology scales up.

Despite these hurdles, HyDR has reached a promising stage of development, currently
evaluated at a technology readiness level (TRL) of between 6 and 8 [17].

Several pilot and commercial-scale hydrogen-based steelmaking projects are currently
underway worldwide, demonstrating the technical and industrial feasibility of hydrogen
as a reducing agent in iron and steel production.

The HYBRIT project in Sweden represents one of the most advanced initiatives, aim-
ing to replace coking coal with green hydrogen in direct reduction, with the objective of
achieving fossil-free steel production at an industrial scale [17]. In Europe, the H2Future
project focuses on large-scale green hydrogen production via electrolysis, supplying hy-
drogen to energy-intensive industries, including steelmaking, and supporting sectoral
decarbonization [18].

In Germany, tkH2Steel, led by ThyssenKrupp, is developing hydrogen-ready blast
furnace and direct reduction technologies to enable a gradual transition from coal-based to
hydrogen-based steel production [18]. Similarly, SALCOS (Salzgitter Low CO2 Steelmaking)
by Salzgitter AG aims to transform the conventional BF-BOF route into a hydrogen-based
DRI-EAF process, significantly reducing CO2 emissions [19].

ArcelorMittal is involved in multiple hydrogen steel projects, including the Ham-
burg project, which investigates the use of hydrogen in direct reduction and DRI-based
steelmaking [20,21], and HyDeal España, a large-scale initiative combining renewable
hydrogen production with industrial off-take for low-carbon steel manufacturing in
Southern Europe [22].

In the United States, MIDREX is actively developing and deploying hydrogen-based
direct reduction technologies, leveraging its established shaft furnace technology to enable
a transition toward low- and zero-carbon steel production.

Together, these projects highlight the growing global momentum toward hydrogen-based
steelmaking as a key pathway for the deep decarbonization of the steel sector.

Another noteworthy technology is hydrogen plasma reduction (HPR). HPR represents
an emerging and straightforward metallurgical approach that is gaining increasing interest.
This method enables low-carbon iron production by reducing iron ore with considerably
lower energy requirements and CO2 emissions, taking advantage of the highly reactive
hydrogen species generated when hydrogen gas is energized. Although plasma generation
systems have seen significant technological advances, widespread adoption remains limited
due to equipment reliability, economic factors, and energy demands. Among the various
approaches, microwave-assisted hydrogen plasma reduction (MHPR) shows particular
promise, offering an extended plasma torch lifespan, rapid reduction kinetics, precise
process control, and strong environmental benefits.

An intermediate solution involves the partial substitution of the natural gas used in
the shaft furnace with green hydrogen. Because the reduction reaction with hydrogen
absorbs heat, extra thermal energy is needed to maintain furnace temperatures and to
preheat the hydrogen feed. The process meets these additional heating requirements using
natural gas. It is important to highlight that hydrogen is employed only within the shaft
furnace, while the rest of the process, including hot rolling, continues to rely entirely on
natural gas for heating [23].

A hybrid steelmaking route combines a DRI shaft furnace with the BOF to reduce
CO2 emissions while maintaining high production volumes. In this configuration, DRI
is produced using natural gas, as in the traditional DRI-EAF route, but, instead of being
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fed into an electric arc furnace, the hot solid sponge iron is melted in a separate melter
using natural gas as the heat source. The resulting liquid iron is then introduced into the
BOF, where it undergoes oxygen blowing in a process similar to the conventional BF-BOF
method. By integrating DRI as a partial or supplementary feedstock in place of the blast
furnace hot metal, this approach reduces the reliance on coke, thereby lowering the carbon
footprint of steel production without compromising the output scale.

The HyDR- BOF route using 100% green hydrogen represents a low-carbon alternative
to conventional steelmaking. In this setup, hydrogen fully replaces natural gas in the shaft
furnace to reduce iron ore, requiring supplemental heat input due to the endothermic
nature of the hydrogen reduction reaction, as well as the preheating of the hydrogen gas.
Because the resulting sponge iron contains no carbon, the oxygen-blowing step in the
BOF generates less heat than in traditional processes, necessitating adjustments in thermal
management. To further minimize emissions, the melter used to liquefy the sponge iron is
assumed to be powered entirely by electricity rather than fossil fuels.

The proportion of DRI that can be used in the BOF process depends on several factors,
including the form of DRI, plant specifications, and metallurgical requirements.

According to MIDREX Technologies, hot briquetted iron (HBI), a compressed and
more stable form of DRI, can provide up to one third (approximately 33%wt) of the BOF
charge without requiring significant modifications to the facility [24]. In general, DRI
usage in the BOF can reach up to 30–33% of the total charge, offering both environmental
and metallurgical benefits. However, careful management of the operating conditions is
necessary to maintain process efficiency.

Within this framework, this study aims to assess the potential of green hydrogen for
decarbonizing the steel industry by exploring different production pathways, specifically
alkaline electrolysis and ammonia cracking. The focus is on their application in HyDR
technology. The analysis quantifies the energy and hydrogen demands, as well as the carbon
footprints, of various technological configurations. Based on process simulations in Aspen
Plus® V14, the study evaluates system performance through a 3E (energy, economics,
environmental) assessment, providing insights to advance the decarbonization of the
steel sector.

2. Case Studies
This section outlines the case studies on which the analyses are based. As a reference

case, the most common DRI plant is considered—one that is fueled by natural gas. In the
MIDREX configuration (Figure 1a), the total consumption of natural gas is 171 kg per tonne
of steel produced (kg/tsteel) [16]. Natural gas is used both as a source for the reducing gas
and as a source of thermal energy.

More than 90% of the natural gas is fed into the reformer, where it is converted into
syngas, with the latter being useful for the reduction of iron ore. The remaining portion is
partly combusted directly to provide heat, and a small amount is injected into the EAF.

The carbon footprint of this plant consisted of 770 kg of CO2 per ton of steel
(kgCO2/tsteel), which is more than halved compared to the traditional BF/BOF route [16].
The total energy consumption is 12.2 GJ/t.

However, to achieve a more significant reduction in CO2 emissions, it is necessary to
replace natural gas, a fossil fuel, with green hydrogen produced from renewable sources.

Therefore, the case studies considered include the following:

• A DRI plant powered with 100% hydrogen (Figure 1b);
• A DRI plant powered with a mix of 90% hydrogen and 10% natural gas (Figure 1c);
• A DRI plant powered with a mix of 80% hydrogen and 20% natural gas (Figure 1c).
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In the three cases considered, it is assumed that both the steel and hydrogen production
plants are fully powered by electricity generated from renewable sources.

The hydrogen–methane mixtures were selected to avoid the need for external methane
reforming, which would become necessary at higher CH4 fractions. For this reason, the
methane content was limited to 20%. The mixtures investigated can be directly injected into
the shaft furnace, in line with the ENERGIRON Zero-Reformer process concept, thereby
eliminating the requirement for a dedicated reformer [25].

The introduction of a small methane fraction is also beneficial from an industrial
standpoint, as it helps to reduce the overall hydrogen demand and enhances the oper-
ational flexibility of the DRI process. At the same time, this configuration allows high
levels of decarbonization to be maintained, representing an effective compromise between
technological feasibility and emission reduction.

These cases are then analyzed under the two most widely adopted industrial configu-
rations, namely HyL-Energiron and MIDREX, which differ mainly in the inlet conditions of
the reducing gas, particularly in terms of pressure and temperature [16,26,27].

The various technological solutions are sized for a production capacity of 1 million
tons of liquid steel per year, and 8000 operating hours annually are assumed.

The hydrogen-based DRI process has energy consumption of 19 GJ/ton of steel pro-
duced [5]. This figure includes the energy required for DRI production and the subsequent
EAF process, as well as the thermal energy introduced with the hydrogen flow rate. Con-
sidering only the energy consumption of the plant (excluding the energy required for
hydrogen production), the consumption amounts to 1.30 MWh/tsteel. The plant has higher
energy consumption compared to the one powered by natural gas. This is mainly due to
the electrification of the process, particularly the introduction of electric heaters to replace
combustion [5]. Electric heaters are characterized by high energy consumption. For sim-
plicity, the energy consumption (excluding the energy required for hydrogen supply) is
assumed to remain constant across the different cases.

Table 1 summarizes the operating conditions and energy consumption associated with
the different case studies analyzed.

Table 1. Flow rates, energy consumption, carbon footprints, and operating conditions of the different
case studies.

Case Study H2
[t/h]

NG
[t/h]

Inlet Gas Temperature [◦C]
and Pressure [bar] Electric Energy Consumption

[MWh/tsteel]
Thermal Energy Consumption

[MWh/tsteel]MIDREX Energiron

100% green H2 6.88 0 940, 2.4 950, 7.8 1.30 + green H2 supply 0.16
90% green H2 4.76 4.20 940, 2.4 950, 7.8 1.30 + green H2 supply 0.63
80% green H2 3.44 6.82 940, 2.4 950, 7.8 1.30 + green H2 supply 0.92

Syngas 0.00 21.38 930, 2.4 950, 7.8 0.65 2.74

With the aim of performing a preliminary feasibility assessment of green hydrogen-based
steelmaking routes, this study investigates alternative hydrogen production pathways from
a process design perspective. Although hydrogen production and shaft furnace are not
fully integrated within an advanced process optimization framework, the two subsystems
are consistently linked through well-defined hydrogen demand and system boundary
assumptions. The more comprehensive integration of hydrogen production, storage, and
shaft furnace, incorporating process optimization and dynamic interactions, will be part of
future developments of the present work.
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3. Alternatives for In Situ H2 Production
Green hydrogen can be produced via renewable-powered water electrolysis without

direct CO2 emissions. Among electrolysis technologies, alkaline water electrolysis (AWE),
proton exchange membrane water electrolysis (PEMWE), and solid oxide electrolysis (SOE)
are the main platforms under development. AWE remains the most mature and widely
deployed option, benefiting from high technology readiness (TRL 9), long operational
lifetimes, and comparatively low capital costs enabled by established manufacturing routes
and abundant materials [28]. State-of-the-art alkaline systems typically operate at 60–80 ◦C
and 1–30 bar, achieving current densities of ~0.4–1.0 A cm−2, electrical efficiencies of
63–70%, and lifetimes exceeding 100,000 h [29]. However, intrinsic limitations such as gas
crossover at partial load, moderate current density, bulky designs, and a limited dynamic
response constrain operational flexibility under variable renewable electricity supplies.

PEMWE has emerged as a leading alternative for renewable-integrated hydrogen
production, offering higher current densities, rapid start-up and ramping capabilities,
wide partial load operation, and high hydrogen purity. PEM systems typically operate at
higher pressures (30–80 bar) and exhibit faster electrochemical and electrical dynamics than
AWE, making them well suited for coupling with intermittent renewable energy sources
and grid support services [29]. Significant research efforts have focused on improving
PEMWE’s performance and durability through advances in catalysts, bipolar plates, porous
transport layers, and membranes, as well as refined electrochemical and thermodynamic
modeling [28]. Nevertheless, PEMWE deployment remains constrained by higher capital
costs, a reliance on scarce noble metals—particularly iridium—and shorter stack lifetimes
relative to alkaline systems, while SOE, despite its high theoretical efficiency, remains
at a lower TRL due to challenges related to thermal cycling, material durability, and
renewable integration [29].

Based on these considerations, alkaline electrolysis was selected as the benchmark
electrolysis technology in this study, owing to its technological maturity, proven large-scale
deployment, and robust performance. Although PEM and AEM electrolyzers may achieve
higher efficiencies under specific conditions, their inclusion is not expected to qualita-
tively alter the system-level conclusions regarding the energy demand and hydrogen
supply costs.

Complementary to direct electrolysis, ammonia cracking represents an indirect hydro-
gen production pathway that exploits ammonia’s high hydrogen content (17.7 wt%), ease of
liquefaction at moderate pressure, and existing global infrastructure for large-scale storage
and transport [30]. Hydrogen is recovered through catalytic ammonia decomposition
(2NH3 → N2 + 3H2), an endothermic and equilibrium-limited reaction requiring elevated
temperatures and efficient catalysts. Thermodynamic analyses indicate that near-complete
conversion can be achieved at temperatures above ~600–700 ◦C at atmospheric pressure,
with lower pressures favoring higher equilibrium conversion [31]. Catalyst development is
central to ammonia cracking, with Ru-based catalysts consistently exhibiting the highest in-
trinsic activity; however, high costs and limited availability have driven extensive research
into alternative catalyst systems, including Fe-, Ni-, and Co-based catalysts, bimetallics,
nitrides, carbides, and promoted formulations [31].

Overall, the state of the art positions AWE and ammonia cracking as two technologi-
cally distinct yet complementary hydrogen supply pathways, motivating their comparative
assessment in this work.

Alkaline electrolysis and NH3 cracking are detailed in Sections 3.1 and 3.2, respectively.
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3.1. Alkaline Electrolysis

According to the first case study, green hydrogen production is carried out via alkaline
water electrolysis, currently regarded as the most reliable and mature technology available.
In the process, illustrated in Figure 2, seawater is used as the raw material. After appropriate
pretreatment to achieve the required purity, the resulting fresh water (H2O-IN), along with
the recycled stream from the separation section (REC1), enters the battery limits and is
fed into the alkaline electrolyzer (STACK). Within the electrolyzer, hydrogen is produced
at the cathode and oxygen at the anode. The system uses potassium hydroxide (KOH)
as the electrolyte, fed in a solution at 35 wt.%, and operates at 7 bar with efficiency of
58% [32]. Each stack is rated at 30 MW capacity and, to meet the hydrogen demand of
6.88 tH2/h—required by the 100% green H2 case study in Table 1—approximately 16 stacks
are needed.

 

Figure 2. Process flow diagram of H2 production via alkaline electrolysis.

Downstream of the electrolyzer, the hydrogen stream undergoes purification to remove
oxygen and water. It is first routed through a catalytic deoxygenation converter (CATCON),
where residual oxygen is converted into water. The deoxygenated stream is then sent to
a pressure swing adsorption (PSA) unit to reduce the water content to ppm levels. The
present system has been simulated in Aspen Plus® V14, with ENRTL-RK as a property
method to accurately represent the electrolyte behavior in the liquid phase.

Specifications for the inlet and outlet streams are detailed in Table 2, while Table 3
summarizes the power requirements for the process shown in Figure 2. All cooling require-
ments, which would typically be met using cooling water as a utility, are neglected, and no
external heating is required for the process.

Table 2. Inlet and outlet streams for the process in Figure 2.

Stream Name H2O-IN PUREH2 O2-PROD COND
Inlet Water Outlet H2 Outlet O2 Outlet Condensate

T ◦C 25 40 102.6 75.89
P bara 8 7 1 7

Molar Fractions
O2 0 0 97.23 0
H2 0 1 0.01 0

H2O 1 0 2.76 1

FTOT ton/h 64.40 6.94 55.92 1.54
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Table 3. Power requirements for the process in Figure 2.

Equipment PIN
[bara]

POUT
[bara]

W
[kW]

STACK - - 524,000
REC-PUMP 7 7.2 42.54
AN-PUMP 7 7.3 16.77

3.2. NH3 Catalytic Decomposition

According to the second case study, an ammonia cracking plant supplied with an NH3

feed rate of 47.74 t h−1 is considered. Ammonia decomposition is assumed to take place
in a fired tubular reactor operating at 40 bar, achieving the near-complete conversion of
ammonia, consistent with the literature data [33]. Hydrogen separation downstream of the
reactor is carried out using a pressure swing adsorption (PSA) unit.

Figure 3 illustrates the process flow diagram of the ammonia cracking furnace exam-
ined in this work. The reactor system was modeled in Aspen Plus® V14, adopting the
PC-SAFT equation of state to accurately represent the high-pressure and high-temperature
conditions characteristic of the cracking process. Liquid ammonia, stored at 25 ◦C and
15 bar, is pressurized and preheated prior to entering the furnace, which consists of ver-
tically arranged reactor tubes. Each tube is represented as a one-dimensional pseudo-
homogeneous packed-bed reactor with an internal diameter of 0.04 m and a length of 5 m.
The tubes are filled with Ru-based catalyst particles, and the reaction kinetics are described
using the rate expression proposed by Sayas et al. (2020) [34]. A bed void fraction of 0.4 is
assumed, while pressure losses along the reactor are calculated using the Ergun equation,
considering spherical catalyst particles.

Figure 3. Process flow diagram of H2 production via NH3 catalytic decomposition.

The catalyst-filled tubes are located within the radiant section of the cracking furnace,
where heat is supplied through a combination of radiant and convective mechanisms
to sustain the strongly endothermic ammonia decomposition reaction. A fraction of the
cracked product stream is recycled to the furnace burners, where it is combusted with
preheated air to provide the required thermal input.

https://doi.org/10.3390/en19030717
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Combustion air enters the system at ambient conditions and is preheated in the
convective section of the furnace by recovering heat from the flue gases. To ensure the
mechanical integrity of the stainless-steel reactor tubes, the excess air ratio is controlled
such that the flame temperature remains below 1400 ◦C.

The remaining cracked gas stream is directed through an ammonia feed preheater
to recover sensible heat prior to hydrogen–nitrogen separation. This heat exchanger is
designed with a minimum approach temperature difference of 10 ◦C to maximize thermal
integration while maintaining practical heat transfer performance.

Tables 4 and 5 detail, respectively, the inlet and outlet streams and power requirements
for the NH3 cracking process. The cracked mixture is fractioned in a pressure swing
adsorption unit, whose performance and consumption are retrieved from the literature [35].

Table 4. Inlet and outlet streams for the process in Figure 3.

Stream Name NH3 Air H2 to Steel Production Flue Gas
Inlet NH3 Inlet Air Outlet H2 Outlet Gas

T ◦C 20 25 25 92.4
P bara 15 1.11 40 1

Molar Fractions
NH3 1 0 0
H2 0 0 0.9990 0
N2 0 0.79 0.0010 0.7417
O2 0 0.21 0 0.1095

H2O 0 0 0 0.1487
N2O 0 0 0 0
NO 0 0 0 0.0001

FTOT ton/h 47.74 129.19 6.88 137.79

Table 5. Power requirements for the process in Figure 3.

Equipment PIN
[bara]

POUT
[bara]

W
[kW]

B-101 1 40 18,933.87
P-101 1 40 184.84

V-101 [35] - - 10,264.52

4. Technical Assessment: Methodology
To compare the two green hydrogen production pathways across the different case

studies, a simplified 3E (energy, economics, environmental) assessment is carried out.
Energy-wise, both green H2 production methods rely solely on electrical inputs and do

not require external thermal energy. The heat required for the ammonia cracking reaction
is supplied by combusting ammonia itself; therefore, no external hot utilities are needed.
As a result, comparing their electricity consumption directly reflects their overall energy
performance.

Table 6 reports the specific electricity demand of each process, normalized per ton of
steel produced. For completeness, the equivalent total electricity consumption of the entire
system (steelmaking plus green H2 production) is also provided. This value is derived
from the data in Table 1 and calculated assuming the introduction of electric heaters to
replace combustion, enabling all energy inputs—thermal and electric—to be expressed on
a consistent electricity-equivalent basis.

https://doi.org/10.3390/en19030717
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Table 6. Electric consumption of H2 production processes and total process electric consumption.

Alkaline Electrolysis NH3 Cracking Alkaline Electrolysis NH3 Cracking

Case Study
Electricity Consumption—H2

Production
[MWh/tsteel]

Electricity Consumption—H2
Production

[MWh/tsteel]

Total Consumption
[MWh/tsteel]

Total Consumption
[MWh/tsteel]

100% green H2 2.91 0.24 4.37 1.70
90% green H2 2.62 0.21 4.55 2.14
80% green H2 2.33 0.19 4.55 2.41

Syngas 0 0 3.39 3.39

Note that, for the H2O electrolysis case, seawater pretreatment energy consumption
was excluded because its contribution to the overall energy balance is negligible (well below
0.1% of the total electricity consumption of water electrolysis). Therefore, this assumption
does not affect the qualitative or quantitative conclusions of the present analysis.

For the NH3 cracking case, the NH3 cracker is not electrically heated but is instead
powered by the combustion of ammonia. Consequently, electricity consumption is lim-
ited to auxiliary equipment, including pumping, compression, and the PSA unit for
H2 purification.

From an environmental standpoint, both direct and indirect CO2 emissions are consid-
ered to assess the environmental performance of the proposed H2 production alternatives.

Across all case studies, CO2 emissions arise from the operation of the electric arc
furnace (EAF), due to the combustion of coal fines and methane (if present), the oxidation
of electrodes, and the calcination of CaCO3. Other by-products and environmental aspects
were therefore not explicitly addressed, as they are expected to be similar across the
compared hydrogen supply pathways.

In the green H2-based scenarios, electricity is assumed to be supplied entirely from
renewable sources. Consequently, neither green hydrogen production nor the related elec-
tricity consumption generates direct or indirect greenhouse gas emissions. Hydrogen-based
reduction reactions produce only water, and the thermal energy required to sustain the
endothermic iron reduction process is delivered by electric heaters powered by renewable
electricity, resulting in an emission-free heat supply.

When methane is partially introduced into the reducing gas, direct emissions occur due
to reduction reactions involving CO, which forms via methane reforming within the reduc-
tion furnace. CO2 emissions are derived from the stoichiometry of the reduction reactions.

In contrast, the syngas case study includes both direct and indirect CO2 emissions.
Direct emissions originate from the combustion of methane needed to sustain the reforming
process for syngas production, from the reduction reactions, and from EAF operation.
Indirect emissions stem from electricity consumption, to which an emission factor of
445.3 gCO2/kWh [36] is applied. The total CO2 emissions are therefore derived based on
the literature model that simulates the entire process [16].

Table 7 summarizes the carbon footprints for the different case studies analyzed.

Table 7. Carbon footprints for the different case studies analyzed.

Case Study CO2 Footprint [kg/tsteel]

100% green H2 97.00
90% green H2 189.33
80% green H2 247.05

Syngas [16] 770.66
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For the economic assessment, the fixed costs of electrolysis are estimated based on
values reported in the literature [37], while operating expenses are calculated using the
Turton methodology to ensure a consistent comparison with the NH3 cracking process. The
detailed cost estimation approach is described in Restelli et al. (2025) [38].

For the NH3 cracking process, cost data are also derived from the available litera-
ture. Both capital and operating costs are scaled according to the respective plant ca-
pacities and updated to 2024 values using the Chemical Engineering Plant Cost Index
(CEPCI 2024 = 800) [39]).

Table 8 summarizes the capital and operating expenses for both the alkaline electrolysis
and NH3 cracking pathways across the different case studies analyzed.

Table 8. Capital expenses (CAPEX) and operating expenses (OPEX) for the different case studies analyzed.

Alkaline Electrolysis NH3 Cracking

Case Study CAPEX (2024)
[M-EUR]

OPEX
[M-EUR/y]

CAPEX (2024)
[M-EUR]

OPEX
[M-EUR/y]

100% green H2 605.46 577.86 142.07 349.49
90% green H2 544.91 520.07 131.34 314.54
80% green H2 484.37 462.29 120.30 279.59

Syngas 0 0 0 0

5. Results and Discussion
Figure 4 illustrates the total electrical energy consumption of the integrated system,

encompassing both green hydrogen production and the upstream steelmaking process,
across the different case studies analyzed. From an energy perspective, the NH3 cracking
route for green hydrogen production demonstrates competitive performance compared
to the electrified benchmark syngas pathway. Conversely, alkaline electrolysis remains
significantly more energy-intensive than the conventional carbon-based alternative, indi-
cating that further efficiency improvements are required for its large-scale deployment in
steel decarbonization.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

100% green H2 90% green H2 80% green H2

E
le

ct
ri

c 
co

n
su

m
p

ti
o

n
 [

M
W

h
/(

to
n

st
ee

l]

alkaline electrolysis
NH3 cracking
grey H2

Figure 4. Electric consumption [MWh/tonsteel] for the different case-studies analyzed, compared
with the benchmark fossil-based process.

As for the economic assessment, Figure 5 shows the levelized cost of hydrogen (LCOH)
for the two H2 production systems analyzed compared to the grey hydrogen benchmark
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from SMR for today, across all case studies analyzed: 100% green H2, 90% green H2, and
80% green H2. Two scenarios are considered: a present one, in Figure 5a, and a future one,
assumed to be ten years from the present, in 2034.

(a) 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

100% green H2 90% green H2 80% green H2

L
C

O
H

 [
€/

k
g

]

alkaline elecrtolysis
NH3 cracking
grey H2

(b) 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

100% green H2 90% green H2 80% green H2

L
C

O
H

 [
€

/k
g

]

alkaline elecrtolysis
NH3 cracking
grey H2

Figure 5. Levelized cost of hydrogen (LCOH) [EUR/kgH2] for the different case studies analyzed,
compared with the benchmark fossil-based process, for (a) the present scenario and (b) a future scenario.

The analyses include the average “all-inclusive” cost of producing 1 kg of H2 over
the entire lifetime of the plant. In addition to the OPEX and the CAPEX already reported
in Table 8, it considers the costs of natural gas and CO2 emission taxes, i.e., the Emissions
Trading System (ETS), a cap-and-trade system that requires industries to pay for each ton
of CO2 emitted by purchasing allowances.

For the price of natural gas, a value of 0.7 EUR/kg was selected as a realistic baseline,
in accordance with the average industrial consumption and SMR applications, ranging
between 40 and 50 EUR/MWh [35]. For simplicity, this natural gas cost has been kept
constant at 0.7 EUR/kg across all scenarios.
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As regards the costs related to CO2 emissions, allowances are currently worth an
average of 90 EUR/tonCO2 [40]. However, it should be noted that, currently, an average of
around 70% of free allowances are allocated to the steel sector, and these concessions are
expected to expire in 2034, requiring full payment for the total CO2 emissions, amounting
to 150 EUR/tonCO2.

The benchmark LCOH for grey H2 was calculated based on the following assumptions:

• Cost of H2 obtained by steam reforming, fixed at 2.8 EUR/kgH2 [35];
• Cost of CO2 emission allowances is only 0.09 EUR/kgH2 according to ETS 2024, while

a cost of 1.64 EUR/kgH2 is expected in 2034, when free allowances will end [40];
• Other OPEX values have been set at 0.6 EUR/kgH2 in agreement with [35], taking into

account the costs of electricity, water, catalysts, maintenance, personnel, and overhead;
• CAPEX has been taken into account at 0.25 EUR/kgH2, which is the cost of a plant

that has already been partially amortized according to [41].

The two figures show that the LCOH increases from 2024 to 2034, especially for the
benchmark case (grey H2), because it considers the full payment of CO2 taxes. Since this
system has a higher carbon footprint, it is highly affected, rising from EUR 3.74 to EUR
5.29 per kg of hydrogen produced, while the other two technologies increase the cost by
only a few cents. In general, the ammonia cracking system proves to be more effective
with a significantly lower LCOH than the use of electrolysis systems. This is mainly due to
lower plant investment costs and to OPEX, excluding natural gas consumption and CO2

emission taxes. The difference observed in 2024 is approximately 50% when comparing
fully green systems, while it drops to 45% when using only an 80% green option. However,
when comparing the two systems in 2034, the LCOH between the two systems varies from
48% to 41%.

Finally, it should be noted that the LCOH decreases slightly when moving from a
fully green configuration to 80% utilization. This confirms that other OPEX have a greater
impact than the cost of natural gas and CO2 taxes. This is also observed in the 2034 scenario,
despite the full payment of CO2 allowances.

6. Conclusions
This study presents a comparative techno-economic and environmental assessment of

two green hydrogen production pathways, i.e., alkaline electrolysis and ammonia (NH3)
cracking, for integration into hydrogen-based direct reduction (HyDR). Process simulations
conducted in Aspen Plus® V14 enabled the detailed quantification of the mass and energy
balances for the investigated configurations. The 3E (energy, economics, environmental)
framework highlights the trade-offs between efficiency, cost, and emissions reduction
associated with each hydrogen supply option.

Under the assumed conditions and a renewable electricity supply, both pathways
can enable near-zero direct operational greenhouse gas emissions, with the electric arc
furnace (EAF) remaining the primary residual source of CO2. The strong dependence
on electricity input underscores the critical importance of access to low-cost, low-carbon
power in achieving competitive steel decarbonization.

From an economic perspective, ammonia cracking offers advantages related to hy-
drogen transportability and storage flexibility. The results indicate that, under favorable
assumptions regarding energy prices and system configuration, hydrogen production via
NH3 cracking may approach the cost range of conventional steam methane reforming in
the medium to long term. While these findings point to ammonia cracking as a promising
hydrogen supply route, its competitiveness remains contingent on future developments in
energy markets, technology deployment, and policy support.
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It is acknowledged that green hydrogen production is currently associated with high
costs and that several industrial initiatives have been postponed or reassessed in response
to market uncertainties. Key barriers for commercialization by 2034, from a system and
industrial perspective rather than purely a process level, are as follows:

- The current high cost and limited availability of low-carbon hydrogen at the scale
required for primary steelmaking;

- The need for a large-scale, reliable renewable electricity supply and associated infrastructure;
- Uncertainties related to the long-term operation, durability, and integration of

hydrogen-based shaft furnaces at an industrial scale;
- The absence or immaturity of policy frameworks capable of supporting large capital

investments during the transition phase.

Future research should focus on large-scale system integration, dynamic operation
under variable renewable energy supplies, and the evaluation of policy and market mech-
anisms required to support economic feasibility and deployment. In addition, hydrogen
transport, storage, and safety considerations remain critical enablers to be accounted for.
A more detailed representation of furnace operation—incorporating advanced process
optimization, operational flexibility, and dynamic interactions with hydrogen production
and storage systems—is thus identified as an important direction for future work.
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