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Abstract

Steel production contributes significantly to global emissions, making its decarbonization
essential. Electrified steelmaking based on electric arc furnaces (EAF) using hydrogen-
based direct reduced iron (Hy-DRI) and scrap is a promising pathway. This study analyzes
how the H,-DRl:scrap ratio affects electricity demand, CO, emissions, slag formation,
and oxygen management. To address limitations of approaches based on aggregated data
and linear scaling assumptions, a detailed bottom-up mass and energy balance model is
developed, explicitly resolving process interactions between electrolysis, direct reduction,
and EAF steelmaking. Eight Hy-DRI:scrap ratios ranging from 0:100 to 100:0 are evaluated.
Electricity demand increases from 1.1 GJ/tgiee; (0.31 MWh/tgiee1) fOr scrap-based operation
to 13.9 GJ/tSteel (3.86 MWh/tSteel) for fully Hy-based production, largely driven by
hydrogen generation. Consequently, emissions strongly depend on electricity carbon
intensity, with reductions of up to 95% under renewable supply. Electrolytic oxygen can
fully cover process demand at ~10-13% H,-DRI, enabling system integration benefits.
A sensitivity analysis evaluates the influence of key process parameters on electricity
demand, CO, emissions, and oxygen management, demonstrating the robustness of the
proposed modelling approach.

Keywords: green steel; electric arc furnace (EAF); hydrogen-based direct reduced iron
(H,-DRI); electricity demand; scrap utilization; oxygen valorization

1. Introduction

The decarbonization of energy-intensive industries is a central challenge in meeting
global climate targets, with steelmaking receiving particular attention due to its large
contribution to industrial greenhouse gas emissions. Approximately 11% of global CO,
emissions originate from steel production, motivating both industry and research insti-
tutions to explore alternative, low-carbon production routes [1]. At present, global steel
production is dominated by three main pathways: the blast furnace-basic oxygen furnace
(BF-BOF) route, electric arc furnace steelmaking based on recycled scrap, and electric arc
furnaces supplied with direct reduced iron, accounting for roughly 71%, 24%, and 5% of
production, respectively [2]. While scrap recycling is a key pillar of sustainable steelmaking,
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its availability and quality are insufficient to fully meet future demand, making the con-
tinued use of primary iron unavoidable. Although carbon capture and storage (CCS) has
been proposed as a mitigation option for reducing emissions from conventional BE-BOF
steel production, alternative primary iron production routes are required to achieve deep
decarbonization [3,4]. In this context, direct reduction of iron ore represents a promising
alternative to the blast furnace. Although most direct reduced iron (DRI) is currently
produced using natural gas, hydrogen-based direct reduction enables a fully electrified
steelmaking route when combined with an electric arc furnace and water electrolysis (Hp-
DRI-EAF). When powered by renewable electricity, this configuration offers a pathway
toward almost carbon-neutral steel production. The technical feasibility of the Hy-DRI-EAF
route has already been demonstrated at pilot scale by projects such as HYBRIT in Sweden,
producing the first fossil-free steel for industrial customers in 2021 [5]. Stegra (formerly
H2 Green Steel) is moving one step further with the construction of a large-scale plant to
produce multi-million tons of green steel per year starting 2026 [6].

Although scrap-based EAF steelmaking is a well-established route for steel recycling,
the integration of hydrogen-based direct reduction for carbon-neutral primary steel pro-
duction remains economically challenging [7-9]. A major share of the production cost and
environmental impact of the Hy-DRI-EAF route is related to electricity consumption, which
becomes a key driver of competitiveness and the configuration of hydrogen-based steel
supply chains [8,10-12]. Consequently, access to abundant low-cost renewable electric-
ity has been identified as one of the key factors determining the future competitiveness
and geographical deployment of Hy-DRI-EAF steel production [13]. Recent reviews have
highlighted that accurately quantifying the energy demand of the integrated H,-DRI-EAF
route is essential for assessing both its environmental performance and economic com-
petitiveness [14]. Therefore, several studies have investigated the energy demand and
emission performance of this route. Bhaskar et al. report a specific electricity consumption
(SEC) of 3.72 MWh/tgtee1 (13.9 GJ/tstee1) for a fully hydrogen-based configuration, with
hydrogen production accounting for around 70% of the total demand [15]. Kriiger et al.
report a SEC of 3.95 MWh/tgiee1 (14.2 G /tstee1) for hydrogen-based steel production using
low-temperature electrolysis, which can be reduced to 3.12 MWh/tgee; (11.2 GJ/tsteel)
when high-temperature electrolysis is applied [16]. Similar values are reported by Vogl
et al.,, who estimate a SEC 0 of about 3.5 MWh/ tgiee1 (12.6 GJ/tsee1) for a 100% Hy-DRI
feed [17]. The authors also show that the electricity demand decreases significantly to
0.667 MWh/tgtee] (2.40 GJ/tsteel) in the case of a fully scrap-based EAF [17]. Compared
with the blast furnace-basic oxygen furnace route, the authors state the Hy-DRI-EAF path-
way offers the opportunity to reduce CO, emissions by ~95%, but it requires a drastic
increase in renewable electricity supply [17]. Alikulov et al. report slightly lower electricity
requirements of approximately 2.68 MWHh/tgiee1 (9.65 GJ/tgiee1) for the hydrogen-based
route, while highlighting the remaining cost gap compared to the BE-BOF process [18].
Mixed charging of scrap and Hy-DRI in EAFs is relevant not only during the transition
to low-carbon steelmaking, but also as a potential long-term production route, since the
addition of DRI enables control of residual elements, maintains steel quality, and provides
operational flexibility under constrained scrap availability, as discussed in system-level
steel decarbonization studies [19]. However, only limited work has investigated mixed
charging of scrap and H,-DRI in the EAF. Khan et al. analyze different scrap and Hy-DRI
ratios and report corresponding changes in both electricity demand and CO, emissions [20].
For example, they show that the specific electricity consumption decreases from about
5.7 GJ /tsteel at 25% scrap to 3.7 GJ /tseel at 75% scrap, highlighting the strong influence of
the metallic feed composition on overall system performance. However, their top-down
analysis relies on performance values reported in the literature and applies linear scaling
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to assess variations in scrap and Hy-DRI ratios, without resolving the underlying process
interactions. Furthermore, to the best of the authors” knowledge, no previous study has
quantified the influence of the Hy-DRI:scrap ratio on the internal oxygen balance of an
integrated Hy-DRI-EAF steel mill, including the transition from external oxygen supply to
oxygen self-sufficiency and surplus oxygen production.

In this study, an energy and environmental analysis of the H,-DRI-EAF steelmaking
route is presented, explicitly including the electrolyzer, DRI shaft furnace, and electric arc
furnace. A detailed bottom-up model is developed based on mass and energy balances
of the individual process units, explicitly accounting for internal material and reaction
pathways. As a reference case, a charge composition of 13% primary iron and 87% scrap
is used, reflecting current industrial practice at an exemplary EAF in Seixal, Portugal [21].
Varying the ratio between internally produced H;-DRI and steel scrap is expected to
have a strong influence on electricity demand and CO, emissions. In addition, changes
in the feedstock composition affect the balance between internally generated oxygen
from electrolysis and the oxygen demand of the steelmaking process. To capture these
interactions, this work evaluates eight different Hy-DRI:scrap ratios and quantifies their
impact on energy demand, emissions, and internal oxygen balance.

A preliminary version of the modelling framework presented in this work was pre-
viously published by the authors in a conference paper, where the integrated H,-DRI-
EAF steelmaking route was evaluated for one representative industrial operating point
(13% H,-DRI and 87% scrap), focusing on its energy, exergy, and environmental perfor-
mance, with particular emphasis on exergy analysis [22]. The present work builds upon
this modelling framework by incorporating additional chemical reactions, refined material
compositions, and a more comprehensive set of process assumptions, while applying it to
investigate the influence of the H,-DRI:scrap ratio on electricity demand, CO, emissions,
internal oxygen balance, and slag behaviour.

2. Methodology

An Excel-based model was developed to analyze the energy flows and associated
carbon emissions of an integrated steel mill comprising an electrolyzer, a DRI plant, and an
electric arc furnace (shown in Figure 1). The overall modelling procedure, including the
calculation sequence, required inputs, and resulting outputs, is summarized in Table A1
in Appendix A. To further improve the transparency and reproducibility of the presented
methodology, the complete Excel-based model is provided in Supplementary Materials.

2.1. Mass Balance and Chemical Reactions

To model the material flows of each component, a mass balance (see Equation (1)) was
applied, accounting for all incoming material streams 1;, and all outgoing material streams
mout, based on the relevant chemical reactions and their stoichiometric relationships:

Zmin = Zmout 1)

The material flow follows the process sequence from the electrolyzer to the DRI furnace
and subsequently to the EAF, with additional material streams entering and leaving each
unit. In the electrolyzer, the incoming water stream H,O is split into hydrogen H, and
oxygen O, by applying electrical energy, as described in Equation (2).

HyO (1) = Ha (8) +1/202 (8) (2)
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Figure 1. Process flow of an integrated green steel mill following the Hp-DRI-EAF route.

An electrolyte (usually NaOH or KOH) supports the chemical reactions; however,
ideally, it is not consumed and therefore not part of the mass balance. The produced
hydrogen is supplied to the DRI shaft furnace, where it is mixed with high-grade iron ore
pellets, assumed to consist of hematite. Hydrogen reduces the iron oxide component Fe;O3
of the ore to metallic iron through a sequence of three reduction reactions, producing water
as a by-product. (Equations (3)—(5)) [23].

3Fey 03 (S) + H, (g) — 2Fe30y (S) + H,O (g) (3)
Fe304 (s) + Ha (g) — 3FeO (s) + HyO (g) 4)
FeO (s) + Hy (g) — Fe (s) + HO (g) (5)

The reduction of FeO is generally incomplete, leaving an FeO fraction in the DRI
product. Following the numbers of Gyllenram et al., we set the reaction percentage to
obtain a typical FeO content of 7.12 wt% in the DRI composition [24]. As these reactions
are strongly endothermic, substantial heat input is required to raise the temperature of the
feed material. An energy-efficient approach to preheating the large volume of reducing
gas before entering the furnace is direct electrical heating [25]. However, to limit the need
for additional heating equipment, it is common practice to combust a small fraction of the
hydrogen with oxygen to provide required heat (see Equation (6)) [26,27].

H(g)+1/20, (g) = H2O (g) (6)

Iron ore typically contains various gangue components such as silica SiO,, alumina
AlyO3, lime CaO, and other minor oxides [28]. The iron ore composition was adjusted to
reproduce the DRI composition reported by Gyllenram et al., considering only the three
most prevalent impurities, SiOy, Al,O3 and CaO, with respective DRI weight fractions of
2.18 wt%, 0.61 wt% and 0.73 wt% [24]. Impurities are carried into the sponge iron along

https://doi.org/10.3390/en19153620


https://doi.org/10.3390/en19153620

Energies 2026, 19, 3620

50f 25

with metallic iron and a remaining fraction of unreacted wiistite FeO. All input and output
material (feed/product) of the DRI plant are presented in Table A1l in Appendix A.

The sponge iron is transferred to the EAF for the steelmaking stage, where a fraction
of steel scrap is typically blended with the DRI charge. Following operational data from the
Seixal steel mill in Portugal, we designed our reference case to employ a scrap /DRI ratio
of 87 wt%/13 wt% [21]. In the EAF, molten steel is produced by refining iron through the
removal of impurities and addition of alloying elements under controlled high-temperature
conditions to achieve the desired chemical and mechanical properties. Since steel is es-
sentially an alloy of iron and carbon, a small amount of carbon powder must be added to
obtain the target carbon content [29,30]. Although in practice carbon is sometimes already
introduced during DRI production via methane reforming, in the present model the DRI
stream is assumed to be carbon-free. Carbon powder is injected directly into the EAF,
where it dissolves into the melt. Due to the utilization of carbon-free DRI we assumed
a carbon injection of 18 kgC/tsteel, producing medium carbon steel of 0.25 wt% carbon
content [31,32]. This carbon not only provides the final carbon content of the steel but also
promotes essential oxidation and reduction reactions that increase process efficiency [33].
By releasing additional iron, the carbon improves the efficiency of the process:

FeO (1) + C(s) — Fe (I) + CO (g) @)

Carbon reacts with oxygen to form carbon monoxide, releasing heat and generating a
furnace gas that helps distribute energy more uniformly, even though it adds to emissions.

C(5)+ 502 (8) =+ CO(g) ®

Carbon may also be fully oxidized to carbon dioxide, which releases more heat to keep
the furnace temperature, but likewise increases carbon emissions.

C(s)+02(g) = CO2(g) )

At steelmaking temperatures, the Boudouard equilibrium strongly favours the forma-
tion of carbon monoxide, resulting in CO-dominated off gases. Reported flue gas compo-
sitions typically range from 70 to 95% CO and 5-25% CO, [34]. For modelling purposes,
a representative composition of 90 mol% CO and 10 mol% CO, was adopted. By adding
oxygen downstream of the furnace, these CO-rich gases can undergo post-combustion,
where carbon monoxide is oxidized to carbon dioxide according to:

CO (8) + 502 (5) = COx (3) (10)

This post-combustion reaction releases additional heat, which can be recovered to
improve the overall thermal efficiency of the process [34]. Furthermore, it is lowering
negative environmental impacts by reducing the CO content in the off gas. We applied the
post-combustion ratio of 0.58 CO to CO, given by Arzpeyma et al. [35].

Beyond its role in combustion and post-combustion, oxygen serves as an essential
process gas in the EAF It is intentionally introduced to oxidize unwanted elements present
in the metal bath. The goal is to refine the molten iron by reducing its impurity content and
adjusting composition. In the process, FeO formation from Fe (see Equation (11)) is unavoid-
able and beneficial as it serves as an oxygen carrier, transferring oxygen from the gas phase
to oxidize other elements such as silicon Si and manganese Mn (see Equations (12) and (13)).
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Subsequently, FeO is reduced back to metallic iron by carbon (see Equation (7)), acting as a
transient species in the refining cycle.

Fe (1) + 502 (3) = FeO (1 (11
Si(I)+ Oy (g) — SiOy (1) (12)
Mn (1) + %oz (g) = MnO (I) (13)

By adding quicklime or dolime to the steel bath, the formed SiO; and Al;O3 content
of the DRI and scrap react to CaSiO3 and CaAl;Oy4, which can be removed with the slag
(Equations (14) and (15)).

CaO (1) + SiO, (1) — CaSiOs (1) (14)

CaO (1) + Al,O; (1) = CaAl,04 (1) (15)

Steel slag, a liquid layer on top of the molten steel, is crucial for steel production [36].
The slag supports arc stability, protects the furnace refractories from direct arc radiation,
shields the molten metal from atmospheric exposure, and improves energy efficiency by
reducing both power-on time and refractory maintenance requirements. However, it is
important to keep the right chemical composition and weight of the slag to provide the
desired benefits (foamy slag practice) [36]. The total amount of slag produced in an EAF
depends primarily on the amount of fluxes added (CaO, MgO, etc.), the oxidation degree
of the bath, and the FeO content of the slag. The slag generation typically represents
10-15 wt% of the produced steel, corresponding to 100-150 kg slag per ton of steel [37]. The
basicity of the slag, calculated by CaO in the slag divided by the weight of SiO;, provides
an essential metric and is usually maintained in the range between 1.9 and 2.4 [24,38].
The FeO, CaO, SiO,, Al,O3, and MgO contents of the slag typically fall into the ranges of
1040 wt%, 22-60 wt%, 6-34 wt%, 3-14 wt%, and 3-13 wt%, respectively [39]. In this study,
inputs were adjusted to obtain values close to the average values reported bythe National
Academies of Sciences, Engineering, and Medicine [37]. A representative scrap composition
was assumed for all simulated cases. Variations in scrap quality and residual elements
were not considered in the present study. In Table A2 in Appendix A, the modelled feed
and product compositions of the EAF are presented.

2.2. Energy Flows

To analyze the energy flows throughout the steelmaking route, the general steady-state
energy balance can be expressed as the sum of the enthalpy / of the incoming and outgoing
material streams m;,, and m,y;, together with the heat Q and work W transfers, as given in
Equation (16):

Zminhin + Z Qin + Z Win = Zmouthout + Z Qout + Zwout (16)

The electrolyzer, DRI plant, and EAF are modelled as three separate processes, each
represented by a heating block and a reaction block. Although heating and reaction may
physically occur in the same unit, the separation enables a clearer representation of thermal
and chemical transformations. The energy flows of all processes are illustrated in Figure 2.
The system boundaries are defined around both the heating and reactor blocks, with the
external environment assumed at standard conditions of 25 °C and 1 bar. The reactor
blocks of the electrolyzer, DRI furnace, and EAF are operated at 70 °C, 900 °C, and 1650 °C,
respectively. Following the approach of Vogl et al., all processes are assumed to take place
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at atmospheric pressure [17]. The indices in and out denote the material streams entering
(before reaction) and leaving (after reaction) the system.

1
1
i
QTEC i
Marihsogci (EAF) | v i
Motherho Electric MinNreac . Mout reac { Mwasteho
W, R i Heating > Reactor —»()_:_’
Wel heat Qadasup f t Mgyiheoosc (DRID/
i msteelhreac(EAF)/
Wei reac(Electrolyzer) i mgasho(Electrolyzer)

i We[‘BOP Qinsul,loss Qm,loss H
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I il i Qout

i >
1
1
1
1

Figure 2. General framework for energy flows of electrolyzer, DRI furnace and EAF.

Although it requires specialized transport, an integrated steel mill is expected to
benefit greatly from maintaining the temperature of the DRI at elevated temperatures by
reducing tap-to-tap time, increasing productivity by up to 20% and significantly saving
energy [40]. Therefore, we assumed hot DRI transfer at 600 °C from the DRI furnace to the
EAF. Heat losses during DRI transport were not considered, as they depend on the specific
plant layout and hot charging system. In general, the reference state for the final steel
product is liquid, since subsequent forming and shaping steps require molten material. The
low-grade heat of the electrolyzer product stream is considered to be recycled internally.

The feed material m,,, enters the system with enthalpy at standard conditions kg
and in the case of the EAF with additional enthalpy of the DRI feed stream at 600 °C
mpRrrheooec. Electricity W, is supplied to power the entire system. The waste material
Mygste is leaving with the enthalpy at standard conditions /g, while the product M proq €Xits
with the enthalpy h,,,,4 at 25 °C, 600 °C and 1650 °C, in case of the electrolyzer, DRI furnace
and EAF, respectively. Together with heat Q,,; resulting from the internal processes, the
equation can be written as

motherhO =+ (mDRIh600°C) + Wel = mprodhprod =+ mwasteho =+ Qout~ (17)

Electric heating W, j,..;: and Balance of Plants (BOP) W,; pop are fed with the electricity
input W,;. In case of the electrolyzer, an additional electricity input to the reactor W, ,.,. to
drive the electrochemical reaction is required. All the remaining electricity requirements
occurring in the system are aggregated in the BOP, with 4.2 kWh/kgpp, 100 kWh/tpry and
25 kWh/tgee for the electrolyzer, DRI furnace and EAF, respectively [41-43]. The material
streams carry energy in the form of standard enthalpies of formation h at standard condi-
tions, at reference conditions, which are taken from the “NIST Chemistry WebBook” [44].
The enthalpy of materials at elevated temperatures hyj,q44 is calculated using a simplified
temperature correction based on Kirchhoff’s law. An arithmetic mean value of the specific
heat capacity Cp,,,,,,, over the relevant temperature range is multiplied by the temperature
difference to account for sensible heat, while additional enthalpy changes associated with
phase transitions are included to represent latent heat effects [33].

hheated =h, + Cpmeun X AT + Ahtpans (18)
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Specific heat capacities C, at elevated temperatures are calculated using the Shomate
equation, with coefficients A, B, C, D, E taken from the NIST Chemistry WebBook [44]
(see Equation (19)). In the equation, ¢t is defined as the absolute temperature divided
by 1000 (t+ = T/1000). If a phase transition occurs, an arithmetic mean for each phase
is calculated.

COP:A+B><t+C><t2+D><t3+tEZ (19)

The reaction enthalpy in the reactor can be calculated as shown in Equation (20):
AHreaction = minhreac — Mouthreac (20)

A portion of the sensible heat contained in the off-gas streams can be recovered
Qrec; however, most of the sensible heat carried by material streams leaving the furnace
Qun,loss is lost. Additional thermal losses through insulation and structural components
are grouped in the term Q1 10ss- FOr the electrolyzer system, an additional heat loss of
16% is assumed, corresponding to a typical electrolyzer system efficiency of 65% (LHYV),
while a value of 15% is applied for the DRI process [45,46]. For the EAF, heat losses
of 25% are considered, accounting for losses due to furnace opening, surface radiation,
and cooling requirements [47]. To maintain the required operating temperature of each
unit, an additional heat input Q44 ¢, is supplied. Sensible heat recovery efficiencies of
50% are assumed for electrolyzer product gases, which are characterized by relatively
low temperatures and high purity. For the DRI furnace off-gas, a recovery rate of 70% is
applied, reflecting its high temperature and comparatively clean composition. In contrast,
a recovery efficiency of 12.5% is assumed for EAF off-gases through scrap preheating [48].
The heat recovery efficiency of the EAF was assumed to remain constant throughout all
simulated cases. Although the efficiency of scrap preheating is influenced by factors such
as scrap geometry, bed permeability, and off-gas flow, modelling these interactions would
require a more detailed process-specific model and is beyond the scope of the present
study. These assumptions are consistent with typical ranges reported for industrial heat
recovery systems, although detailed published data for the specific processes considered
remain limited.

2.3. Carbon Emissions

In the present analysis, the calculation of CO; emissions is limited to the operational
energy flows. It does not represent a full life cycle assessment (LCA), as emissions related
to plant construction, raw material extraction, and manufacturing are outside of the system
boundaries. Emissions are categorized as direct emissions, originating from sources owned
or controlled by the steel company, and indirect emissions, which arise as a consequence
of the activities. Ideally, in a green steel configuration, both the electrolyzer and the DRI
furnace operate without direct carbon emissions, whereas the EAF releases some amount
of CO and CO; due to carbon oxidation reactions. Indirect emissions are associated with
electricity generation. Two electricity supply scenarios are considered. In the grid-based
scenario, the steel plant is assumed to be connected to the national electricity grid. The
Portuguese average grid mix for the period from 1st January to 31st July 2025 is applied,
as shown in Table 1 [49]. It should be noted that Portugal exhibits a relatively high
share of renewable electricity in the grid, resulting in low indirect emissions compared
to countries with more carbon-intensive grids. In the green scenario, the steel plant is
supplied exclusively with renewable electricity, assumed to consist of equal shares of solar
and wind power. The variability of renewable electricity supply may require oversizing
of the electrolysis system or a hydrogen buffer tank to ensure stable operation; however,
this aspect is beyond the scope of this work [50,51]. The emission factors applied for
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the individual electricity generation technologies are listed in Table 1. We applied the
conservative assumption of the same emission factor for combined heat and power (CHP)
plants as for combined cycle power plants (CCPP). As a result, the average total emission
factor of the grid-based scenario was calculated as 91.42 kgcoz. /MWh and of the green
steel scenario as 29.5 kgcoze /MWh.

Table 1. Portuguese electricity grid mix (1 January until 31 July 2025) [49] and life cycle carbon
emission factors of electricity generation technologies [52].

Technology Share in Portuguese Grid [%] Emission Factor [kgcoze/MWh]
Natural Gas (CHP) 2.6 490

Natural Gas (CCPP) 10.7 490

Biomass 53 230

Wind 26.2 11

Hydro (direct) 36.9 4

Hydro (pumped storage) 74 58

Solar 10.9 48

3. Results and Discussion

Summarized below are the model results for mass and energy flows, along with the
associated carbon emissions, for the base operating case with a DRI-to-scrap ratio of 13:87.
In addition, the effects of varying the DRI-to-scrap ratio on hydrogen and oxygen demand,
energy, and emission balances are evaluated. To provide a more detailed understanding
of the interactions between key parameters, a sensitivity analysis is performed. All flows
are reported per ton of steel produced. The model is based on steady-state operation and
does not capture dynamic behaviour or renewable intermittency. In addition, upstream
emissions and infrastructure are not included. These aspects may influence absolute values
but are not expected to affect the relative trends identified.

3.1. Mass Flow

In Figure 3 the mass flow through the entire steel mill is presented in the form of a
Sankey diagram. Most of the mass input 911.0 kg / tgiee; in the EAF and the entire steel mill is
scrap. In the base operating case, the DRI plant provides only a minor part of 135.3 kg /tgieel
through the reduction of iron ore. We scaled the electrolyzer to satisfy hydrogen demand
of the DRI process and therefore all the produced hydrogen (7.3 kg/tsiee1) is used in
the process. The electrolyzer in this operating case produces 58.3 kg/tsee1 Of OXygen, of
which 5.3 kg/tsieer and 50.2 kg/tsieel Of OXygen are utilized in the DRI plant and EAF
process, respectively, while the remaining 2.8 kg /tg;ec; are leaving the system. Electrolysis
itself operates without generating waste streams, whereas the DRI plant theoretically
produces only water as off-gas (65.7 kg/tgiee1), Which could be condensed and recycled in
an optimized system. In practice, incomplete conversion of hydrogen and oxygen results
in residual gases, necessitating additional purification and recycling steps. Waste reduction
in the EAF is more challenging due to slag (100.3 kg/tse1) and flue gas (60.0 kg/tsieel)
production. The reported flue gas consists only of reaction products generated within the
model. Air infiltration into the EAF, and the associated nitrogen contained in industrial
off-gas streams, is not explicitly considered. Therefore, the calculated flue gas mass is lower
than would be expected in industrial operation. A foamy slag production of approximately
100-150 kg /tsteel is essential to the efficiency of the process. To achieve the required slag
composition and weight, fluxes consisting of 16 kg /tsiec] of quicklime, 20 kg /tgiee) of dolime
and 10 kg /tsiee] of bauxite are added. As reducing slag production is not recommended
due to efficiency losses, the slag can instead be utilized in the cement industry to enhance
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carbon neutrality and support a circular economy. In this study the DRI is carbon-free and
therefore direct injection of carbon is inevitable; however, it should be kept at a minimum.
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Figure 3. Mass flow of the entire steel mill in kg for the production of one ton of steel.

3.2. Energy Flow

The energy flows of the steel mill were calculated according to the methodology
described previously. Figure 4 illustrates the modelled energy flows within the three main
process units of the integrated steel mill: the electrolyzer (top), the direct reduction furnace
(middle), and the electric arc furnace (bottom). At 25 °C, the chemical reaction in the
electrolyzer has a positive enthalpy change, whereas the reactions in the DRI furnace and
EAF have negative enthalpy changes. Accordingly, the former is treated as an output, while
the latter two are treated as inputs. The electrolyzer (top) is the most energy-intensive
subsystem, with a total electricity demand of approximately 1356.2 M]/tgieel. The main
portion of the supplied electrical energy (1036.5 MJ/tgiee1) is consumed by the endothermic
reaction of the process itself, while heating (including material heating, internal electrical
resistance heat, etc.) and BOP consume 208.6 MJ/tgee; and 111.1 MJ/tgyeel, respectively. The
heat losses, consisting of material heat loss, insulation loss and the losses from BOP, amount
to about 314.5 MJ/tgeel, corresponding to a thermal loss share of about 23.2% of total
input energy. The useful chemical enthalpy output, represented by the enthalpy product of
1041.7 M] /tgtee1, corresponds to the stored chemical energy in the produced hydrogen. The
remaining energy appears as thermal losses that could potentially be recovered to preheat
feedwater or utilized in adjacent processes. The DRI process (middle diagram) consumes
approximately 230.7 MJ/tgiee] Of electricity and receives an additional 131.0 MJ/tsiee; as the
accumulated enthalpies of the feed material, with hydrogen providing the major positive
share. An integrated steel mill was modelled, where the DRI product was kept at an
elevated temperature of 600 °C, carrying the sensible heat of 49.3 M]/tg to the EAF
and saving around 5% of the heat input. While 89.7 M]/tgiee 0f the remaining enthalpy
of the hot output material are recovered, 223.3 MJ/tge are lost through cooling of DRI
and heat in the off gas (water vapour). The DRI process is endothermic and requires heat
input to sustain reduction. A large share of the heat exits as sensible heat in the hot gas

https:/ /doi.org/10.3390/en19153620


https://doi.org/10.3390/en19153620

Energies 2026, 19, 3620

11 of 25

Electricity
1,356.2

Enth. In (Cold)
1310 W

Electricity
230.7

Enth. in (Cold)
691.5 M

Enth. DRI
493

Electricity

1,134.9

and solid product, underlining the importance of heat recovery to improve efficiency. The
EAF (bottom diagram) exhibits the highest total energy throughput among the three units,
with an electrical demand (1134.9 M]/tgiec1), the enthalpy of the heated DRI (49.3 MJ/tsiec1)
and the enthalpy of the remaining cold feed (691.5 MJ/tgiec1). Whereas the net reaction
enthalpy of the DRI and electrolysis processes is endothermic, the overall reaction balance
of the EAF is exothermic, primarily due to oxidation reactions that release heat and support
the melting process. By considering a steel product in liquid form, a large share of the
energy exits as enthalpy with the hot steel product 1258.6 MJ/tg;. Heat losses amount
to 617.1 MJ/tgieel, representing roughly 28% of total energy input. Losses occur mainly
through radiation, hot off-gases, and slag heat. Improved heat recovery or preheating of
scrap could significantly improve furnace efficiency [53,54].
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Figure 4. Energy flow in MJ/tgiee through each process: electrolyzer (top), DRI furnace (middle),
EAF (bottom).

The vision of a green steel mill is to operate a fully electrified production route, allow-
ing the transition from fossil-based energy sources to electricity derived from renewables.
Figure 5 illustrates the electrical energy demand of the three main process units. Each
column represents the electricity consumption required for heating and BOP, whereas for
the electrolyzer, the value also includes the electricity necessary to drive the electrochemical
reaction. The reaction-related value of 1.04 GJ/tgie corresponds solely to the theoreti-
cal stoichiometric enthalpy of the reaction, the losses through internal resistance of the
electrolysis, which ultimately lead to additional heat, are accounted for in the heat value
(0.21 GJ /tstee1)- For the DRI furnace and EAF, the primary share of electrical energy con-
sumption, amounting to 0.18 GJ /tgtee) and 1.04 GJ/tsiee] respectively, is associated with the
electrical heating of the charge materials. Considering the furnace operating temperatures
of roughly 900 °C for the DRI plant and 1650 °C for the EAF, the higher energy requirement
of the latter is expected. Nevertheless, the significantly greater total electricity demand of
the EAF (1.13 GJ /tgtee1) compared to the DRI furnace (0.23 GJ /tsgee) results mainly from
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the additional processing of approximately 87% scrap. Although the electrolyzer only
produces the hydrogen required to supply 13% of the EAF feed, its electricity consumption
of 1.36 GJ /tstee] still exceeds that of the EAF.

1.04 0.09

0.18 0.05

0.4 0.8 1.2 16
Electricity [GJ/tgq(]

M Reaction Heat BOP

Figure 5. Electricity consumption per ton of steel of the three processes of the H,-DRI-EAF path with
an 87% scrap/13% Hy-DRI mix.

3.3. Emissions

The specific CO;-equivalent emissions per ton of steel were determined for two
scenarios: a grid-based scenario (reflecting the Portuguese electricity mix from January to
July 2025) and a green scenario supplied by a 50% wind and 50% solar mix (see Table 2).
Both the electrolyzer and the DRI process operate without direct CO, emissions, whereas
the EAF generates 76.20 kgcoge / tsteel from flue gases containing CO and CO;. The indirect
emissions, stemming from electricity consumption, scale with the SEC of each process.
However, these emissions are substantially lower under the green scenario. Overall, the
total specific emissions of the grid-based configuration (145.19 kgcope / tsteel) are roughly
1.5 times higher than those of the green system (98.51 kgcooe/ tseel), demonstrating the
considerable sustainability benefits achieved through full electrification with renewable
power. It should be emphasized that the Portuguese grid already features a relatively high
share of renewable generation compared to the global average; consequently, operating
the same system with grid electricity in regions with higher fossil intensity would result in
significantly greater emissions. When compared to the conventional BF-BOF steelmaking
route (around 2200 kgcoze/ tsteer), the modelled Hy-DRI-EAF pathway achieves emission
reductions of approximately 93% in the grid-based case and 95% in the green case. These
results are consistent with the findings of Vogl et al., who reported a comparable reduction
potential of around 95% [17].
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Table 2. Direct and indirect emissions in the grid-based (Portuguese grid mix) and green scenario.

Grid-Based Green
Direct Indirect Direct Indirect
[kgcoze/tsteell  [kgcoze/tsteel]l  [kgcozeltsteell  [kgcoze/tsteell
Electrolyzer 0 34.37 0 11.11
DRI 0 5.85 0 1.89
EAF 76.20 28.76 76.20 9.30
Total 145.19 98.51

3.4. Variation in the DRI-to-Scrap Ratio

In sustainable steelmaking, H,-DRI and scrap provide the iron feed for the melting
process in the EAF. We modelled eight cases with different DRI-to-scrap ratios of 0:100,
10:90, 13:87, 20:80, 40:60, 60:40, 80:20 and 100:0. With the different composition of the two
feed materials, the slag composition is strongly influenced by the variation in the ratio. The
right composition of a foamy slag is crucial for the EAF efficiency and therefore fluxes need
to be adapted accordingly. To provide a solid foundation for the comparison between the
DRI-to-scrap ratios, the slag composition values for all cases are aimed to be as similar
as possible. By adjusting the fluxes as shown in Table 3, the basicity is set to the value
of 2.0 for all cases. As the share of carbon-free Hy-DRI increases, the amount of carbon
available to the EAF decreases accordingly. To achieve a stable FeO content in the slag, we
increased the carbon injection from 17 kg/tggeer t0 25 kg/tgieel. The present model considers
the slag composition but does not explicitly model MgO saturation and its influence on
refractory protection.

Table 3. Flux adjustment and carbon injection for each case to reach a similar slag composition
in kg/ tsteel-

0:100 10:90 13:87 20:80 40:60 60:40 80:20 100:0
Quicklime 11 12 16 17 19 22 26 31
Dolime 25 24 20 20 20 20 18 15
Bauxite 12 10 10 9 8 8 7 6
Carbon 17 18 18 19 20.5 22.0 23.5 25.0
The resulting slag composition values for the eight cases are shown in Table 4.
Table 4. Minimal, maximal and average values for the slag composition taken from [36] and values
for the eight cases.
Slag Comp. Min-Max Mean 0:100 10:90 13:87 20:80 40:60 60:40 80:20 100:0
CaO [wt%] 2.3-60 31 27.4 28.6 29.7 31.0 33.0 35.1 37.2 39.4
Al O3 [wt%] 2-22.6 6.8 12.1 10.8 10.9 10.2 10.1 10.7 10.5 10.4
MgO [wt%] 3.0-15 7.6 8.2 8.0 6.7 6.7 6.4 6.1 53 4.4
SiO; [wt%] 5.0-32 15.9 13.5 14.5 14.7 15.3 16.5 17.4 18.5 19.5
FeO [wt%)] 1-50.9 27.8 28.0 28.4 28.8 28.3 27.7 26.8 26.5 26.3
MnO [wt%] 0.4-15.6 44 10.7 9.7 9.3 8.5 6.2 3.9 1.9 0.0
Basicity [-] 1.9-24 - 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Weight [kg/tsteel] 100-150 - 99.8 99.3 100.3 100.9 105.3 111.8 116.5 121.4

3.4.1. Impact on Electricity Consumption and Emissions

In an integrated steel mill, the overall electricity demand is greatly influenced by
how much of the input material of the EAF is recycled scrap or internally reduced iron.
While the EAF is a major electricity consumer in steelmaking with high scrap shares, the
electrolyzer consumes roughly nine times more electricity in a steel production route based
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entirely on hydrogen-fed DRI (see Figure 6). With higher Hy-DRI shares, even the electricity
demand of DRI becomes more significant. In this work, the total specific electricity con-
sumption to power the whole steel mill (SEC) ranges from 1.13 GJ /tgtee1 (0.31 MWh/tgieel)
to 13.88 GJ /tsteel (3.86 MWh/tgiee). While the total SEC increases strongly with increasing
Hj»-DRI shares, the electricity demand of the EAF itself remains comparatively constant,
increasing only from 1.13 GJ /tgtee; for 100% scrap operation to 1.24 GJ/tgiee for 100% Hjp-
DRI The additional energy required to heat and melt DRI is largely compensated by the
sensible heat of the hot DRI entering the furnace. The results are in line with the findings of
other studies. E.g., the SEC of 3.7 GJ/tgiee] reported by Khan et al. for a configuration using
25% Hjy-DRI and 75% scrap is comparable with the SEC of the 20:80 ratio of our model with
3.6 GJ/tsteel [20]. The results of Bhaskar et al. (13.9 GJ/tgeel), Krueger et al. (14.2 GJ/tgteel),
Vogl et al. (12.6 GJ/tggee1) and Alikulov et al. (9.56 GJ /tstee1) for a 100% Hy-DRI mill are
similar or slightly lower [15-18].

500.0

441.7 @ 4500

o

83.4@

1.84
070 Lo 146 50.0

B EE B B WS W B 0.0

0:100 10:90 13:87 20:80 40:60 60:40 80:20 100:0
H,-DRI:Scrap

EAF DRI mmmm Electrolyzer -e=Grid-based o—Green

Figure 6. Electricity consumption of EAF, DRI and electrolyzer (left axis) and emissions of grid-based
and green scenario (right axis).

Additionally, Figure 6 presents the results of the environmental assessment of the
eight Hy-DRI:scrap cases for the grid-based and green scenario. By increasing the Hy-DRI
share in the EAF feed, the indirect emissions from the electrolyzer and DRI furnace become
more dominant. This results in a greater sensitivity to the carbon intensity of the electricity
supply. While the green scenario (83.4 kgcope / tsteel) produces only 17.5% less emissions
than the grid-based scenario (102.8 kgcoge /tstee1) With a fully scrap-based production, with
a fully Hy-DRI-based steel mill the green scenario (203.6 kgcope / tstee) is 53.9% lower than
the grid-based scenario (441.7 kgcoge / tsteel)- This demonstrates that the fully Hy-DRI-based
concept powered by the grid still emits a substantial amount of carbon and a complete shift
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to a renewable power system is essential. However, even this concept is able to cut the
emissions by 80% compared to the BE-BOF route.

3.4.2. Impact on Oxygen Balance

Oxygen is a valuable gas with many applications in the steel manufacturing pro-
cess [55]. In hydrogen-based direct reduction, it is common practice to use a share of the
two electrolytic gases to preheat the hydrogen. In our model we assumed a share of 10%
of the produced hydrogen, which leads to an increase in the oxygen demand in the DRI
process with higher Hy-DRI usage (0 kgoa / tsteel t0 42.2 kg2 /tsteel, sShown in Figure 7). The
applications of oxygen in the EAF are diverse. In this work we modelled the following
major oxygen sinks (here given with their oxygen demand in the base 13:87 ratio case):
Decarburization (11.5 kgoa /tstee1), Oxidation of iron (19.3 kgop / tsieel), 0OXidation of various
impurities (7.3 kgoa /tsteel), and post-combustion (14.2 kgop /tgieel). As Hp-DRI contains
a significantly larger share of iron oxide FeO, with greater shares of Hy-DRI in the EAF a
larger portion of the required oxygen is already supplied by the feed material. Therefore,
the oxygen demand of the EAF slightly shrinks from 51.8 kgop /tsee] at a ratio of 0:100 to
38.0 kgon /tsteel for a fully Hy-DRI fed EAF. While conventional EAFs need to invest in a
suitable oxygen supply, with on-site hydrogen production via electrolysis in the H,-DRI-
EAF route, a large amount of oxygen is produced and with almost zero incremental costs
and emissions available for internal processes. In Figure 7, the internally produced oxygen
is presented in comparison to the oxygen demand of the steel mill. In case of a fully scrap-
based feed, no electrolyzer installation is required, so all oxygen must be supplied from
external sources, such as liquid oxygen deliveries or on-site air separation units (cryogenic
ASU or PSA systems). Smaller increments were used for the ratio variation between 0%
and 20% Hy-DR], as this range covers the point where internal demand is satisfied without
oxygen surplus. In the 10:90 ratio case, the produced oxygen of (44.8 kgop / tsteel) does not
fully cover the internal oxygen demand of 55.1 kgop /tsee;. However, in the 13:87 ratio
case, the produced oxygen (58.3 kgop /tseel) is sufficient to satisfy all internal demands and
even an additional 2.8 kgop / tgeel is produced. Increasing the share of H,-DRI in the ratio
rapidly leads to a large oxygen surplus production to a maximum of 384.4 kg, / tgieel in
the 100:0 ratio case.

To valorize the potential of the co-product oxygen, either only satisfying the internal
demand, or additionally selling the surplus to external consumers should be considered.
Our results suggest that the point where internal demand is satisfied without oxygen
surplus lies in between 10% and 13% Hj-DRI usage. Nevertheless, the amount of oxygen
used offers some flexibility, leading to a range of suitable Hy-DRI:scrap ratios to fully cover
the own consumption without producing waste. In case of higher H,-DRI shares, the
implementation of a distribution system to consumers in the surrounding might offer great
economic and environmental benefits. Further investigation is needed to fully realize the
potential, through process optimization or transport to off-site consumers [56,57].

3.5. Sensitivity Analysis

The results presented above are based on a single set of operating and technology
assumptions. However, several parameters are uncertain and may vary significantly across
plants and over time, affecting the main results of electricity demand, the internal oxygen
balance, and the carbon intensity. To test the robustness of the key findings we performed a
structured sensitivity analysis across all eight Hy-DRI:scrap ratios.
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Figure 7. Internal oxygen consumption of DRI and EAF vs. internal oxygen production of the
electrolyzer in eight Hy-DRI:scrap ratios.

Four sensitivity dimensions were evaluated:
1.  Reducing gas-heating strategies (electric heating versus hydrogen combustion).

In the base model, heat for preheating the reducing gas can be partially provided by
combusting hydrogen with oxygen. We compare this case where 10% of the input hydrogen
is combusted to a case with no hydrogen combustion, representing the use of electrical
heating as alternative heat supply. This parameter affects both the total electricity demand
(via additional Hy production vs. direct electrical heating) and the oxygen balance (via
oxygen consumption in the DRI unit). The resulting SEC in case of direct electrical heating
is shown for all ratios in Figure 8, demonstrating a reduction of up to 0.28 GJ/tgee (2%
of total demand) compared to the method of hydrogen combustion. The difference arises
from additional conversion losses associated with hydrogen production and combustion.
Overall, the relatively small impact on SEC indicates that the choice of heating strategy is
of secondary importance for total energy demand, although it still influences the internal
oxygen balance and may become relevant from an economic perspective. Figure 9 pictures
the resulting oxygen demand curve vs. the oxygen production curve of the eight ratios.
Even though the heating strategy shifts demand and production slightly downwards, the
curves intersect again between 10:90 and 13:87 of the H,-DRI:scrap ratio, supporting the
robustness of this threshold.

2. Electrolyzer performance (system efficiency).

As water electrolysis is the dominant electricity consumer at high H>-DRI shares,
electrolyzer efficiency strongly influences the total SEC and indirect emissions. Three LHV
system-level efficiencies were assessed: 55%, 65%, and 75% (see Figure 8). In a fully Hj-
DRI-fed system, the SEC goes up by 2.0 GJ/tgtee1 (14.5%) and down by 1.4 GJ/tstee1 (10.5%)
for the reduced efficiency of 55% and for the increased efficiency of 75%, respectively.
The results show that electrolyzer efficiency has a strong influence on the overall system
performance at high Hy-DRI shares, as hydrogen production accounts for a large share
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of the total electricity demand. Therefore, improvements in electrolysis technology are
expected to play an important role in reducing the overall energy requirement.
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Figure 8. Sensitivity of specific electricity consumption (SEC) of the entire steel mill for the three
electrolyzer system efficiencies, 55%, 65% (base), 75% system efficiency, and the two reducing gas
heating strategies, electrical heating and hydrogen combustion.

500.0
450.0
400.0
350.0
300.0
AL ;
200.0
150.0
100.0
50.0
0.0
0:100 10:90 13:87 20:80 40:60 60:40 80:20 100:0
H,-DRl:Scrap
Demand Base produced Base --=- Demand 5% FeO
--=-produced 5% FeO = ===--- Demand 10% FeO ===--- produced 10% FeO
----------- Demand (Elec. Heating) - produced (Elec. Heating)

Figure 9. Oxygen demand and internal production of 5 wt%, 7.12 wt% (base) and 10 wt% residual
FeO content in Hy-DRI and in case of electrical heating of reducing gas.
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Emissions

3. DRI metallization (FeO content in H,-DRI).

The residual FeO content of the Hy-DRI depends on operating conditions (temperature,
residence time, gas composition and utilization) and directly impacts downstream EAF
oxygen practice because oxygen is already introduced with the metallic charge. To capture
this effect, we varied the FeO content of H,-DRI between 5 wt%, 7.12 wt% (base), and
10 wt%. This sensitivity primarily affects the EAF oxygen demand and therefore the
oxygen self-sufficiency threshold. While changes in metallization influence the local oxygen
demand within the EAF at a high H,-DRI share, Figure 9 demonstrates that the intersection
of oxygen production and demand remains between the 10:90 and 13:87 H,-DRI:scrap
ratios. This indicates that the system-level oxygen self-sufficiency threshold is robust
against variations in DRI metallization.

4.  Carbon intensity (electricity supply options).

Since indirect emissions scale with electricity consumption, we additionally evaluated
the emission performance under alternative grid mixes: Great Britain, Germany and
China with average emission factors in 2025 of 175 kgcoze /MW, 339 kgcope /MWh and
485 kgcoge /MW, respectively [58]. The resulting specific carbon emission for all ratios
are presented in Figure 10. Compared to the typical emissions of a BF-BOF steel mill
of 2200 kgcoze/tsteel, the emissions can be reduced by 90.7% (green), 79.9% (Portugal),
65.3% (Great Britain), 36.5% (Germany), and 10.9% (China) even in a fully H2-DRI-based
process. While underlining the importance of low-carbon electricity supply, it shows that
even with a carbon-intensive grid, such as the grid in China, the concept is still capable of
producing steel with less carbon emissions than with the conventional route.
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Figure 10. Impact of variation in electricity supply on carbon emissions of the steel mill: green
scenario (50% wind and 50% solar) vs. electricity supply from various electricity grids.
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Overall, the sensitivity analysis confirms the robustness of the main system-level
findings, while highlighting electrolyzer efficiency and electricity carbon intensity as the
dominant drivers of energy demand and emissions in hydrogen-based steelmaking.

4. Conclusions

This study demonstrates how integrating hydrogen-based direct reduction with elec-
tric arc furnace steelmaking reshapes the energy, material, and oxygen flows of an electrified
steel mill. By modelling eight different H,-DRI:scrap ratios, the impact of the metallic feed
composition on electricity demand, CO, emissions, slag formation, and internal oxygen
balance was quantified.

The results show that increasing the share of carbon-free Hy-DRI substantially raises
the overall electricity demand of the system, primarily due to the high specific energy
consumption of water electrolysis and the endothermic nature of iron ore reduction. At
the same time, the electricity demand of the EAF changes only marginally with increasing
primary iron input, while the electrolyzer becomes the dominant consumer of electrical
energy. The total specific electricity consumption of the steel mill ranges from 1.1 GJ /tsteel
(0.31 MWh/tgiee)) for a fully scrap-based route to 13.9 GJ/tgiee; (3.86 MWh/tgiee) for
100% Hy-DRI operation, in line with values reported in the literature. The emission analysis
further shows that the environmental performance of the Hy-DRI-EAF route is highly sensi-
tive to the carbon intensity of the electricity supply. While a fully scrap-based route exhibits
only modest differences between grid-based and renewable electricity, total emissions of a
100% Hy-DRI steel mill decrease by more than 50% when renewable electricity is used. This
effect is driven by the dominance of indirect emissions from the electricity consumption in
the 100% Hj,-DRI case.

Oxygen management becomes increasingly important with rising Hy-DRI shares. As
oxygen is produced as a co-product of electrolysis at nearly zero marginal cost, the internal
oxygen demand of the steel mill can be fully covered once the H,-DRI share reaches
approximately 10-13%, depending on the applied oxygen practice. Beyond this threshold,
substantial quantities of surplus oxygen are generated, reaching up to 384 kgoy /tgieel in
the 100% H,-DRI case. This creates opportunities for improved process integration and
potential industrial symbiosis, such as supplying oxygen to neighbouring facilities. In
contrast, a fully scrap-based EAF requires external oxygen supply, either via liquid oxygen
deliveries or on-site air separation systems.

To assess the robustness of these results, a sensitivity analysis was performed consider-
ing variations in heating strategy, electrolyzer efficiency, DRI metallization, and electricity
carbon intensity. The analysis shows that the identified oxygen self-sufficiency threshold
remains largely unaffected by changes in key process parameters. While heating strategy
and FeO content mainly influence the internal oxygen balance, electrolyzer efficiency has a
stronger impact on total electricity demand, particularly at high H,-DRI shares. In addi-
tion, the emission analysis shows that, even by using a carbon-intensive grid (China), the
H,-DRI-EAF route remains less carbon-intensive than the conventional BF-BOF process.

The results underline that hydrogen-based steelmaking is technically feasible but
strongly dependent on optimized energy management, slag design, and oxygen utilization
strategies. The tight coupling between electrolyzer, DRI furnace, and EAF highlights the
need for system-level optimization when designing electrified steel production routes. In
particular, the strong dependence of electricity demand on the Hy-DRI:scrap ratio points to
important trade-offs between deep decarbonization and electricity system requirements:
higher H,-DRI shares reduce emissions but substantially increase electricity demand, while
scrap use lowers energy needs but is constrained by availability. The identification of
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internal oxygen balance at relatively low H-DRI shares further suggests opportunities for
improved process integration.

The present study is subject to several modelling assumptions that define its scope.
The electrolyzer is assumed to operate under steady-state conditions at nominal load,
and a constant thermal loss factor is therefore applied. Consequently, the effects of part-
load efficiency losses, auxiliary power scaling, and transient operation under fluctuating
renewable electricity are not considered. Furthermore, representative feed compositions
were assumed for all simulated cases. Variations in iron ore composition, scrap quality, and
residual element contents were therefore not explicitly considered. Finally, the sensitivity
analysis was intentionally limited to selected key parameters relevant to the objectives of
this work, while a comprehensive uncertainty propagation involving the simultaneous
variation in multiple model parameters was not performed. These modelling aspects were
beyond the scope of the present study but provide opportunities for future research.

Future work should therefore address dynamic operation, comprehensive uncertainty
analysis, the influence of varying feedstock compositions, heat-recovery integration, options
for valorizing surplus oxygen to fully realize the potential of green steel production and
extensive validation against industrial operating data as such data become available. A
complementary techno-economic assessment of the proposed Hy-DRI-EAF steelmaking
route has been conducted in a separate study to evaluate the economic implications of the
present findings, including the potential utilization of surplus oxygen. Furthermore, the
modelling framework could be extended to assess resource efficiency [59].
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Nomenclature
Abbreviations
Symbol Definition
BF-BOF Blast furnace-basic oxygen furnace
CHP Combined heat and power plant
CcCrP Combined cycle power plant
EAF Electric arc furnace
DRI Direct reduced iron/sponge iron
H,-DRI Hydrogen-based direct reduced iron
Electric arc furnace supplied with hydrogen-based direct reduced
H,-DRI-EAF .
iron pathway
SEC Specific Electricity Consumption
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Parameter
Symbol Definition Unit
CPoean Average heat capacity J/kgK
Npeated Specific enthalpy of heated material J/kg
Riy Specific enthalpy of incoming material J/kg
hout Specific enthalpy of outgoing material J/kg
hprod Specific enthalpy of product J/kg
Nreac Specific enthalpy at reaction temperature J/kg
AH,onction  Reaction enthalpy ]
ho Specific enthalpy at standard conditions (25 °C) J/kg
heooec Specific enthalpy at 600 °C J/kg
Mgy Mass of DRI kg
My, Mass of incoming material kg
Mother Mass of all incoming material but DRI kg
Moyt Mass of outgoing material kg
Moyt Mass of product material kg
Moaste Mass of waste material kg
Quadd/sub Balancing heat stream ]
Qin Total heat input ]
Qinsul loss Heat loss insulation ]
Qo loss Heat loss from cooling of output material J
Qout Total heat output J
Qrec Recovered heat J
T Temperature K
Wy Electricity input J
We1 Bop Electricity BOP J
Wel heat Electricity Heating ]
Wel reac Electricity Reaction (Electrolysis) ]
Wi Work input ]
Wout Work output ]
Appendix A
Table Al. Methodology flow summary.

Stage Inputs Method/Calculations Outputs

System boundaries; electrolyzer, DRI
L ol defniton s EAT peringondion; - Defn gt s se gy roces model

(13% Hy-DRI/87% scrap)

2. Mass balance

Stoichiometric balances for

Water, iron ore, scrap, carbon, fluxes, electrolysis, DRI reduction, EAF
electricity, oxygen refining, slag formation

and post-combustion

Hy, Oy, Hy-DR], steel, slag,

CO/CO,/H,0, oxygen demand

and surplus

3. Energy balance

Material flows, reaction enthalpies, heat

capacities, BoP, heat recovery, losses and EAF

Energy balances of electrolyzer, DRI

Heat flows, electricity demand by
unit, recovered heat, losses,

total SEC

4. Emissions

Electricity demand and direct emissions;
Portuguese grid and Direct + indirect CO, calculations
renewable scenarios

Specific emissions by unit and

total emissions

5. Scenario analysis

Eight Hy-DRI:scrap ratios; adjusted
fluxes and carbon addition

Repeat model for each ratio

Electricity demand, emissions, slag
composition, oxygen balance,

oxygen self-sufficiency

6. Sensitivity analysis

Heating strategy, electrolyzer efficiency,
DRI metallization, electricity Parameter variation
carbon intensity

Robustness of electricity demand,
emissions and oxygen threshold
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Table A2. Feed /Product of DRI.

Feed/Product Component Composition [wt%]

Iron Ore Fe;O3 97.47
510, 1.57

AlLO3 0.44

CaO 0.52

Hydrogen H, 100
Oxygen (optional) (o)) 100
H,-DRI Fe 89.4
FeO 7.12

5i0, 2.18

Al,O3 0.61

CaO 0.73

Off Gas H,O 100

Table A3. Feed/Product of EAF.
Feed/Product Component Composition [wt%]

H,-DRI Fe 89.36
FeO 7.12

510, 2.18

AlL,O3 0.61

CaO 0.73
Scrap Fe 98.50

C 0.40

Si 0.30

Mn 0.80

5i0, 0.64

Carbon Powder C 100
Quicklime CaO 96.75
CO, 1.50

MgO 1.66

510, 0.09

Dolime CaO 66.70
MgO 32.17

Al,O3 0.34

5i0, 0.77

Bauxite AlL,O3 100

Oxygen O, 100
Steel Fe 99.75

C 0.25
Slag CaSiOs 28.36
CaO 10.05

CaAl,O4 16.83
FeO 28.76

MnO 9.32

MgO 6.68

Fluegas CO, 70.20
co 29.80
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