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Abstract

Purpose To decarbonize steel production, many European steelmakers are actively transitioning towards the Direct Reduc-
tion — Electric Arc Furnace (DR-EAF) route. Therefore, the purpose of this paper was to conduct a Life Cycle Assessment
(LCA) on the DR-EAF route across multiple impact categories. The relative significance of impact categories and trade-offs
to Blast Furnace — Basic Oxygen Furnace (BF-BOF) steelmaking were identified. Finally, the influence of different burden
compositions on the LCA results was analyzed.

Methods This paper conducted a literature review on the state of environmental assessments of DR-EAF steelmaking, in
addition to developing a Life Cycle Assessment (LCA) for a theoretical site operated in Germany. The LCA was conducted
using CML 2001 v. 2016 and the software LCA for Experts. An inventory has been developed for the direct reduction plant,
EAF, and continuous casting. Background data was modelled using the Sphera database. A flexible input/output model was
developed to represent the EAF, with which three scenarios were investigated, considering different furnace charges.
Results The literature review found that, while many environmental assessments have been conducted on this steel produc-
tion route, most studies focus on Global Warming Potential (GWP100). Few authors assess multiple impact categories or the
relative significance of different environmental impacts for the assessed product systems. The LCA identified environmental
hotspots in the production of ore based metallics, electricity, and the defined alloy mix. Through normalization, Abiotic
Depletion Potential for Fossil fuels (ADP-F), Acidification Potential (AP), GWP100 and Photochemical Ozone Creation
Potential (POCP) have been identified as relevant environmental impact categories for both DR-EAF as well as BF-BOF
steelmaking. Compared to the BF-BOF route, a singular trade-off is observed for DR-EAF based steel production for ADP-F.
This trade-off can be negated should renewable electricity be used during production.

Conclusions Overall, the DR-EAF route has the potential to lead to improvements in environmental performance across all
of the relevant impact categories, when renewable electricity is utilized. It is recommended that future research focus on a
more in depth comparison of the DR-EAF and BF-BOF routes, in addition to addressing comparability issues brought on by
the assessment of steel scrap using the cut-off method.
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1 Introduction

As the effects of climate change are felt worldwide, an
increased awareness of environmental issues is growing
amongst the general public (Leiserowitz et al. 2021; UBA
2025). The demand for sustainable products and services
is increasing, with both industries and nations alike set-
ting ambitious targets to improve environmental aspects
of their products, services, and policies (Paris Agreement,
2016; SBTi, 2023). Within this context, steel is a vital raw
material for industries such as automotive, or construction
(EUROFER, 2025). In response to growing global demand,
71% of steel produced in 2024 was manufactured through
primary steelmaking via the Blast Furnace-Basic Oxygen
Furnace (BF-BOF) route (WSA, 2024). According to the
World Steel Association (WSA), BF-BOF steelmaking is
tied to an average emission intensity of 2.3 t CO, /t Crude
Steel (CS), and is one of the main reasons why steel produc-
tion accounts for 7-9% of global CO, emissions annually
(WSA, 2024). In Europe, Germany stands out, responsible
for 29% of European CS, 72% of which is produced via the
BF-BOF route (EUROFER, 2025; WV Stahl, 2023).This
underlines the need for decarbonization within the industry,
especially in major producing countries.

In this context, a promising technology configuration is
the so called Direct Reduction — Electric Arc Furnace (DR-
EAF) route. Direct Reduced Iron (DRI), and steel scrap are
melted and refined in an Electric Arc Furnace (EAF) to pro-
duce steel. The specific ratio of input materials depends on
a number of technical and economic factors, such as scrap
availability and chemical impurities (Madias 2014; Raabe et
al. 2024). DRI is produced in the solid state within a Direct
Reduction Plant (DRP), mainly using continuously operat-
ing shaft furnaces (Midrex Technologies, Inc. 2024a). Iron
ore pellets are charged at the top of the shaft furnace, and a
reducing gas is entered in the middle segment of the shaft.
As the pellets move through the furnace, they are reduced
in counter flow. The reducing gas, consisting mainly of car-
bon monoxide and hydrogen, is produced from natural gas
either through catalytic, or in situ reforming (Ichikawa et
al. 2015; Midrex Technologies, Inc. 2018a; Tenova S.p.A.
2020). Alternative gas sources, such as coke oven gas, or
coal gasification gas can also be used (Midrex Technologies,
Inc., 2014). DRI produced in a stand-alone DRP is cooled in
the lower portions of the shaft to prevent reoxidation, and/
or briquetted into Hot Briquetted Iron (HBI) to reduce its
reactivity (IIMA, 2022; Midrex Technologies, Inc. 2018b).
Alternatively, for facilities that include an onsite EAF, the
DRI can be charged into the furnace “hot”, increasing EAF
productivity and efficiency (Midrex Technologies, Inc.
2018b). Considering the DR-EAF route operated with natu-
ral gas, the WSA reports an average CO, intensity of 1.4 t
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CO, /t CS (WSA, 2024). Compared to the BF-BOF route
this corresponds to a reduction of 41%. In the long term,
the DR-EAF route can be operated exclusively using green
hydrogen (Liu et al. 2021). Under such conditions, substan-
tial emission savings are expected. For example, Suer et al.
report a Global Warming Potential with a time horizon of
100 years (GWP100) of 0.75 t CO, eq./t CS (Suer, Traverso,
et al. 2022a). The decarbonization potential of the DR-EAF
route is widely recognized among European steel produc-
ers, with seven major DR-EAF projects being planned to
go into operation before 2030 (Blastr Green Steel, n.d.; EC
2023; Haskoning Nederland B.V. & Tata steel Nederland
BV 2025; Hydnum Steel, 2024; Midrex Technologies, Inc.
2024b; Millennium Steel 2024; Saarstahl 2024; Salzgitter
AG n.d., 2023; Stegra 2025). Two of these projects are situ-
ated in Germany, with a combined annual capacity of 4.1
Mt DRI/a (Saarstahl 2024; Salzgitter AG n.d., 2023). This
number increases to 6.6 Mt DRI/a, if the decarbonization
strategy of thyssenkrupp Steel Europe is included, which
adopts a slightly different process configuration with a DRP
coupled with integrated smelting units (thyssenkrupp Steel
Europe AG, 2025). A more detailed overview of individual
projects and plant capacities is provided in the supplemen-
tary material.

The shift from BF-BOF steelmaking will be gradual,
particularly at large sites operating multiple blast furnaces.
Decarbonization will likely occur in phases, replacing indi-
vidual furnaces separately to maintain production capacity
(Salzgitter AG n.d.; thyssenkrupp Steel Europe AG, 2025).
During this transitionary period, other Ore based Metallics
(OBM), such as hot metal or pig iron from the blast fur-
nace could also be incorporated in the EAF, enabling more
flexible operation (Miihlbock et al. 2026). In general, key
process parameters of the EAF, such as required fluxing
materials, electricity consumption and produced slag quan-
tities depend on the charged input material (Barati 2010;
Kirschen et al. 2011; Tian et al. 2022). As a result, differ-
ent burden compositions affect the environmental impacts
of the DR-EAF route, as a whole. However, as the goal is
to decarbonize, much of the sustainability research on this
route focusses on GWP100, or CO, emissions (Graupner et
al. 2023; Nduagu et al. 2022; Rechberger et al. 2020; Suer,
Ahrenhold, et al. 2022; Suer, Traverso, et al. 2022a; Vogl
et al. 2018; Xue et al. 2024; Zang et al. 2023). Neverthe-
less, improvements in GWP100 could introduce trade-offs
in other environmental indicators, which should be investi-
gated. Therefore, it is crucial to determine the environmen-
tal hotspots of DR-EAF steelmaking in a holistic manner.

Within this context, the Life Cycle Assessment (LCA)
methodology provides a systematic assessment framework,
that allows for the determination of environmental impacts
that arise from a product or service over the course of its



The International Journal of Life Cycle Assessment (2026) 31:76

Page3of22 76

entire life cycle. The LCA methodology has been standard-
ized in the International Organization for Standardization
(ISO) norms 14040, and 14044, and consists of four itera-
tive phases: the definition of goal and scope, Life Cycle
Inventory (LCI), Life Cycle Impact Assessment (LCIA),
and interpretation of results (DIN 2020a, b). The informa-
tion generated by an LCA study can be used for process
optimization, strategic planning, political decision making
as well as informative purposes (DIN 2020a, b). The results
of an LCA can be normalized by dividing the impact of the
studied product system by the impact of a reference value,
otherwise referred to as the normalization reference (DIN
2020b; Hélias and Servien 2021). LCA normalization is
useful for interpretive purposes, particularly in identifying
the relative significance of impact categories for the studied
product system (DIN 2020b). The normalization reference
can be the either internal, e.g., product variations defined
within the same LCA, or external, such as the environmental
impact of an economic region in a certain year (Hélias and
Servien 2021; Pizzol et al. 2017). External normalization
factors are more commonly applied in LCA, with standard-
ized sets being offered as part of impact assessment methods
(Benini et al. 2014; Pizzol et al. 2017). This improves the
genericity and reproducibility of results (Hélias and Servien
2021; Pizzol et al. 2017).

The goal of this paper is to conduct an LCA on a theo-
retical DR-EAF plant configuration operated in Germany,
thereby investigating multiple impact categories. A key
focus is the identification of relevant non-GWP100 impact
categories for the DR- EAF route through LCA normaliza-
tion, and to identify trade-offs to BF-BOF steelmaking. To
investigate the influence of burden composition on the LCA
results, three charge scenarios are investigated. The remain-
der of this paper is structured as follows: the literature
review section presents an overview of the state-of-the-art
on LCA and environmental assessment studies considering
the DR-EAF route. In the methodology section, the goal
and scope of the LCA is defined, and the LCI analysis is
introduced. In the results and discussion section, the LCIA
is presented and discussed. Finally, the major findings of the
study are summarized in the conclusions, and recommenda-
tions for future research are suggested.

2 Literature review

A literature review has been conducted to see to what extent
environmental assessments on the DR-EAF route have
been published in the past. Multiple online databases were
searched, these include: Wiley Online Library, Scopus, Sci-
enceDirect, and Google Scholar. The search was restricted
to publications in the English language from January 2018

to February 2025. Titles, abstracts and keywords were
searched, using the search terms, synonyms and operators
defined in the supplementary material.

In total, 31 publications were found, of which 14 were
duplicate entries. This resulted in an initial selection of 17
publications. Content screening was conducted to determine
if an environmental assessment on the DR-EAF process
configuration had been performed. Three additional publi-
cations were discovered during content screening. Although
the review primarily examined LCA studies, it also incor-
porated other publications that address process specific
environmental aspects, such as direct emissions, within a
broader assessment. Publications focusing on the produc-
tion of DRI in shaft furnaces have been included as well. In
total, four publications were deemed out of scope. Two pub-
lications were excluded as they considered only BF-BOF or
scrap based EAF production processes, and did not investi-
gate the DR-EAF route. Two publications were excluded as
they were not LCAs or other types of process specific envi-
ronmental assessments. The remaining publications have
been summarized in Table 1.

Since 2018, 16 research papers have been published con-
sidering the environmental impacts of the DR-EAF route.
Of these publications, 12 conducted an LCA, whereas the
remaining four consider other process specific environmen-
tal assessments. Regarding the 12 identified LCA studies,
a few methodological discrepancies have been determined.
Most LCA publications fail to specify what type of end-
of-life allocation is considered within their study (Li et al.
2021; Nduagu et al. 2022; Ramezani Moziraji et al. 2023,
2024; Taji Eshkaftaki et al. 2024; Zang et al. 2023). Only six
articles define this aspect, all of which use the cut-off method
(Azimi and van der Spek 2025; Graupner et al. 2023; Huang
et al. 2024; Nurdiawati et al. 2023; Suer, Ahrenhold, et al.
2022; Suer, Traverso, et al. 2022a). This corresponds to the
findings of previous research, which found that end-of-life
allocation is most commonly not defined in steel related
LCAs, with the cut-off method being the most prevalent
in studies that do (Suer, Traverso, et al. 2022b). Under the
cut-off method, steel scrap enters the product system burden
free. This significantly influences the results of the impact
assessment, and hampers a direct comparison between pub-
lications that consider a different scrap charge in the EAF.
There appears to be little harmonization on the character-
ization models used across the analyzed publications. CML
2001 appears most prevalent for quantifying impacts at
midpoint level, with 42% of studies using this assessment
method (Huang et al. 2024; Li et al. 2021; Suer, Ahrenhold,
et al. 2022; Suer, Traverso, et al. 2022a; Taji Eshkaftaki et
al. 2024). Nevertheless, other methods such as IMPACT
2002+, ReCiPe Midpoint 2016, and EN 15,804+A2 also
find application (Azimi and van der Spek 2025; Nurdiawati
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et al. 2023; Ramezani Moziraji et al. 2023, 2024). At a mini-
mum each of the investigated papers considers CO, emis-
sions or GWP100, with only eight out of 16 publications
considering multiple impact categories (Azimi and van der
Spek 2025; Huang et al. 2024; Li et al. 2021; Mapelli et al.
2022; Nurdiawati et al. 2023; Ramezani Moziraji et al. 2023,
2024; Taji Eshkaftaki et al. 2024). Only four of the LCA
studies have calculated normalized LCIA results using stan-
dardized external normalization factors (Huang et al. 2024;
Li et al. 2021; Ramezani Moziraji et al. 2023, 2024). Li et
al. conduct normalization at midpoint level, and identify
GWP100, Acidification Potential (AP), and Photochemical
Ozone Creation Potential (POCP) as significant impact cat-
egories (Li et al. 2021). Similarly, Ramezani Moziraji et al.
present normalized midpoint indicators in two separate pub-
lications. They determine GWP100, non-renewable energy,
and respiratory inorganics as relevant (Ramezani Moziraji
et al. 2023, 2024). However, both authors use different char-
acterization models and normalization sets (Li et al. 2021;
Ramezani Moziraji et al. 2023, 2024). Finally, Huang et al.
normalize their LCA results at endpoint level, and establish
the highest impact on human health (Huang et al. 2024).
Only Li et al. used the normalized LCIA results to com-
pare the DR-EAF route to the BF-BOF route across mul-
tiple impact categories (Li et al. 2021). Additionally, only
the two publications by Ramezani Moziraji et al. explore
process configurations similar to those initially expected
in European plants (Ramezani Moziraji et al. 2023, 2024).
Other researchers focus on DRP systems relying on reduc-
tion gases unlikely to be adopted in Germany, such as coal
gasification gas (Li et al. 2021), or investigate future setups
involving advanced configurations integrating renewable
energy and carbon capture technologies (Azimi and van der
Spek 2025; Huang et al. 2024; Nurdiawati et al. 2023; Taji
Eshkaftaki et al. 2024).

Ten studies consider a DRP operated with natural gas,
and nine consider hydrogen (Azimi and van der Spek 2025;
Graupner et al. 2023; Mapelli et al. 2022; Nduagu et al.
2022; Ramezani Moziraji et al. 2023, 2024; Rechberger et
al. 2020; Suer, Ahrenhold, et al. 2022; Suer, Traverso, et al.
2022a; Taji Eshkaftaki et al. 2024; Vogl et al. 2018; Zang
et al. 2023). Other reducing agents such as coke oven gas,
bio-syngas, coal, and coal gasification gas are analyzed as
well (Huang et al. 2024; Li et al. 2021; Nduagu et al. 2022;
Nurdiawati et al. 2023; Ramezani Moziraji et al. 2024; Xue
et al. 2024). Varying DRI or HBI charges are considered
across the studies that include the EAF process within their
defined system boundaries. Some authors, such as Huang et
al. and Li et al. consider lower DRI charges within the EAF,
less than 50% (Huang et al. 2024; Li et al. 2021). However,
a vast majority consider DRI or HBI charges higher than
75% (Azimi and van der Spek 2025; Graupner et al. 2023;

Nurdiawati et al. 2023; Ramezani Moziraji et al. 2023; Suer,
Ahrenhold, et al. 2022; Suer, Traverso, et al. 2022a; Taji
Eshkaftaki et al. 2024; Xue et al. 2024; Zang et al. 2023).
In total, four publications include multiple furnace charge
scenarios, of which just two are LCA studies (Li et al. 2021;
Vogl et al. 2018; Xue et al. 2024; Zang et al. 2023). The sen-
sitivity of the EAF to different charge scenarios is managed
differently amongst these publications. Zang et al. do not
specify if a change in EAF operation is considered within
their study (Zang et al. 2023). Vogl et al. make a partial
adaptation, adjusting electricity consumption according to
the charged input materials (Vogl et al. 2018). Both the stud-
ies conducted by Xue et al. and Li et al. implement flexible
EAF processes, adapting electricity and resource consump-
tions to the furnace charge (Li et al. 2021; Xue et al. 2024).
The study of Xue et al. only conducts a CO, analysis, leav-
ing just the paper by Li et al. investigating these impacts
across multiple impact categories (Li et al. 2021; Xue et al.
2024).

To summarize, the literature review analyzed 16 research
articles. Regarding the LCA studies, methodological hetero-
geneity is observed, specifically regarding aspects such as
end-of-life allocation, and impact assessment methods, and
normalization. Given the decarbonization potential of DR-
EAF steelmaking in comparison to the BF-BOF route, most
publications focus on the assessment of CO, emissions or
GWP100. Only half of the studies consider multiple impact
categories, or additional environmental aspects. One third
of the LCA studies identify the relevancy of different impact
categories for the DR-EAF route using standardized nor-
malization factors. Most studies investigate DR-EAF con-
figurations operated with natural gas or hydrogen, although
alternative reduction gases are also analyzed. For the publi-
cations that include an EAF in scope, most consider charge
scenarios with more than 75% DRI. Out of the four pub-
lications that consider multiple charge scenarios, only one
considers a variable EAF process, and investigates multiple
impact categories.

Based on the literature review, four research questions
have been derived. First, what are the environmental impacts
of a natural gas based DR-EAF route operated in Germany,
evaluated across multiple impact categories? Second, how
does the EAF charge influence the material and energy con-
sumption of the furnace, and in turn affect the results of the
LCA? Third, by applying LCA normalization, which impact
categories are defined as relevant for the defined product
system? Finally, do any trade-offs arise between DR-EAF
and conventional (BF-BOF) steelmaking?

@ Springer
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Table 2 Electric arc furnace charges considered within the Life Cycle
Assessment

EAF charge Scenario 1 Scenario 2 Scenario 3
scrap [%] 20% 50% 100%
DRI [%)] 80% 25% 0%

HM [%] 0% 25% 0%

Acronyms: Electric Arc Furnace (EAF); Direct Reduced Iron (DRI);
Hot Metal (HM)

3 Methodology

To investigate the defined research questions, an LCA was
conducted following the ISO norms 14,040/44 (DIN 2020a,
b), as well as the methodological guidance provided by the
WSA (WSA, 2017, 2021). The coming section documents
the first two phases of the LCA: the definition of goal and
scope, as well as the development of the LCI. The results of
the LCIA and their interpretation are presented in the results
and discussion section.

3.1 Definition of goal and scope

The goal of the present research is to evaluate the environ-
mental impacts of the DR-EAF route operated with natural
gas in Germany. Germany was chosen due to the country’s
high contribution of primary steel production within the
European union (EUROFER, 2025). Furthermore, Germany
is projected to have the highest DRI capacities within the
European union by 2030 (Saarstahl 2024; Salzgitter AG n.d.,
2023; thyssenkrupp Steel Europe AG, 2025). The presented
research is intended for the identification of environmen-
tal hotspots and is therefore relevant for LCA practitioners
or sustainability experts focusing on steel production. This
paper is meant for research purposes only, and is not meant
to promote specific production pathways. Three scenarios

System boundaries

for the EAF charge have been established to aid in investi-
gating the defined goal. These are presented in Table 2.

In the first scenario, the EAF charge reflects an expected
DR-EAF configuration, featuring an elevated proportion
of DRI. The scrap levels in this scenario are similar to
those of BF-BOF-based steel production (Theuringer et al.
2025), as well as levels considered in other studies (Azimi
and van der Spek 2025; Graupner et al. 2023; Nurdiawati
et al. 2023; Ramezani Moziraji et al. 2023; Suer, Traverso,
et al. 2022a; Taji Eshkaftaki et al. 2024; Xue et al. 2024,
Zang et al. 2023). The second scenario depicts an interim
stage, representing a site where both blast furnace(s) and a
DRP are in operation. Here, the EAF is charged with scrap,
DRI as well as hot metal, with specific ratios being based
on (Voestalpine Stahl GmbH, 2024b). Finally, the third sce-
nario portrays a conventional scrap based EAF, instead of a
DR-EAF configuration. Scenario 3 is used for interpretive
purposes within the LCIA. It serves as the baseline for the
EAF process, and supports the calculation of environmental
impacts resulting from changes in EAF charge, including
variations in material and energy consumption. For sake of
transparency, the inventory data, and impact assessment for
this instance is reported as well.

This study assumes cradle-to-gate system boundaries
which are presented in Fig. 1. Secondary metallurgy, as well
as the production and consumption of refractory materials
and carbon electrodes have been excluded from the analysis
due to data constraints. The system boundaries remain the
same across all the defined scenarios.

A functional unit of 1 tonne of crude steel is defined and
forms the basis for data collection. The LCI is based pri-
marily on publicly available permitting documents and lit-
erature (IEAGHG, 2013; Voestalpine Stahl GmbH, 2024a;
Voestalpine Texas 2013). Upstream processes, such as the
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Fig. 1 System boundaries of the defined life cycle assessment. Acronyms:
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production of iron ore pellets, are approximated using the
Sphera professional database (2025.1) following the datas-
ets listed in appendix 5 of the WSA LCI report (WSA, 2021).
Additionally, in scenario 2, hot metal production has been
modelled with a dataset from the Sphera database (Sphera,
2025b). Electricity is modelled according to the WSA LCI
report, using the most recent version of the German grid
mix, from 2022 (WSA, 2021). Additionally the German
renewable electricity mix is modelled for interpretation
purposes. Energy sources for both mixes are presented in
Table 3. In all cases where transport is not considered within
a dataset, it has been modelled separately.

The LCIA is calculated using the CML 2001 v. 2016
in addition to the normalization factors for the EU 25+3
(2000). The following impact categories are considered:
Abiotic Depletion Potential for elements (ADP-¢), Abiotic
Depletion Potential for Fossil fuels (ADP-f), AP, Eutrophi-
cation Potential (EP), GWP100, Ozone Depletion Potential
(ODP), and POCP. Toxicity related indicators are excluded
from the assessment due to their limited robustness for the
quantification of toxicity impacts (EC, 2018; Mikosch et al.
2022).

The assessment has been conducted using the software
LCA for Experts (10.9.1.10). System expansion is used
for the allocation of slag co-products. Recovery rates, and
use of replacement materials are directly adopted from the
WSA LCI report (WSA, 2021). For end-of-life allocation
the cut-off method is applied. Following the end-of-waste
definitions for iron and steel scrap defined by the European
commission, all mechanical treatment of scrap material is
considered as a waste treatment, which results in steel scrap
entering the product system burden free (Council Regula-
tion (EU) No 333/2011 of 31 March 2011 Establishing
Criteria Determining When Certain Types of Scrap Metal
Cease to Be Waste under Directive 2008/98/EC of the Euro-
pean Parliament and of the Council, 2011). The application
of cut-off allocation deviates from the recommendations of
the WSA, but is more in line with current LCA practice in
the steel industry (Suer, Traverso, et al. 2022b).

A comparison to the BF-BOF route has been made. This
analysis is restricted to scenario 1, based on comparable
scrap shares in the metallic input. The BF-BOF route has not
been modelled separately, but is instead approximated using
a dataset from the Sphera database (Sphera, 2025a). The
dataset documentation has been analyzed regarding meth-
odological aspects such as system boundaries, allocation,
and background datasets (Sphera, 2025a). It was determined

to be methodologically consistent with the developed LCA.
Therefore, a robust comparison is ensured.

3.2 Life cycle inventory

An LCI was developed based on literature for the processes
of the DRP, the EAF, and for continuous casting. The inven-
tory of the DRP is presented in Table 4. The LCI is based
on permitting records for the MIDREX plant installed in
Corpus Christi, Texas by Voestalpine Texas LLC in 2016.
Input flows are based on plant specific consumption rates
and losses. Emissions are calculated based on stoichiometry
and standardized emission factors (U.S. EPA 2024a). There-
fore, a German plant should result in comparable emissions.
Inputs and outputs have been converted to SI units. Wher-
ever possible, individual values have been cross referenced
with literature (Graupner et al. 2023; Lockwood Greene,
2000a, 2000b; Nurdiawati et al. 2023; Ramezani Moziraji et
al. 2023, 2024; Rechberger et al. 2020; Suer, Traverso, et al.
2022a; Zang et al. 2023). Additionally, other tools provided
by the United States government such as Facility Level
Information on GreenHouse gases Tool (FLIGHT) and trade
statistics have been used for validation as well (U.S. Census
Bureau 2024; U.S. EPA 2024b).

The LCI of the EAF process was quantified by means
of a flexible input/output model. To calculate the material
flows associated with producing one metric tonne of liquid
steel, an equation system was developed based on literature
(Harvey 2020; Khattab et al. 2017; Kirschen 2021; Kirschen
et al. 2011, 2017, 2021; Kohle et al. 2003; Labiscsak et
al. 2011; Madias 2014; Razza and Patrizio 2010; Saeb et
al. 2023). The model considers steel scrap, DRI, and hot
metal as possible input materials and simplifies liquid steel
as 100% metallic iron. The total mass of the EAF burden,
required amounts of flux, oxygen, carbon, produced slag,
and CO, emissions are calculated by the model. Conse-
quently, these parameters serve as the input for the cal-
culation of the specific electricity demand of the furnace
following Kohle (Kohle et al. 2003). Finally, a static alloy
mix and non-CO, emissions to air are based on literature
(Voestalpine Stahl GmbH, 2024a). These remain the same
across all three scenarios. Different furnace charge scenar-
ios can be defined by the user, and are calculated using a
weighted average of the three input materials (scrap, DRI,
and hot metal). For validation purposes, calculated quanti-
ties were cross referenced with available literature (Hassan
et al. 2021; Kirschen et al. 2011; Razza and Patrizio 2010;

Table 3 Energy sources for the German grid mix and renewable electricity mix for the year 2022, based on (Sphera, 2026a, 2026b)

Energy sources Wind  Lignite  Natural  Hard coal Photo-voltaic ~ Nuclear =~ Bio-gas  Hydro Waste-to-  Other
gas energy

DE: Grid mix 22% 20% 15% 11% 10% 6% 6% 4% 2% 4%

DE: renewable mix 59% - - - 28% - 6% 4% 1% 2%
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Table 4 Life cycle inventory of a MIDREX direct reduction plant

Direct reduction plant Unit Value
Inputs:

Raw materials:

Iron ore pellets t/t DRI 1.5
Water

water (process and cooling) m?/t DRI 7.7
Energy:

Natural gas (feed) GJ/t DRI 10
Electricity kWh/t DRI 120
Outputs:

Product:

DRI t/t DRI 1.0
Emissions:

Co, t/t DRI 0.55
NO, t/t DRI 1.9E-04
SO, t/t DRI 1.0E-05
(6[0) t/t DRI 3.1E-04
CH, t/t DRI 4.8E-05
VOC t/t DRI 1.7E-05
Benzene t/t DRI 1.0E-09
Dichlorobenzene t/t DRI 5.8E-10
Formaldehyde t/t DRI 3.6E-08
n-hexane t/t DRI 8.6E-07
Naphthalene t/t DRI 2.9E-10
Toluene t/t DRI 1.6E-09
PAH t/t DRI 4.0E-11
Water vapor m?*t DRI 1.4
Water to bay m?/t DRI 6.2
PM>10 t/t DRI 3.0E-05
PM10 t/t DRI 2.4E-05
PM2.5 t/t DRI 2.1E-05
Hg t/t DRI 1.3E-10
Cd t/t DRI 5.3E-10
Cr t/t DRI 1.1E-09
Mg (as MgO) t/t DRI 5.7E-08
Mn t/t DRI 5.2E-09
Pb t/t DRI 2.8E-09
Ni t/t DRI 3.8E-09
Cu t/t DRI 1.4E-09
Zn t/t DRI 1.6E-08
As t/t DRI 9.6E-11
Ba t/t DRI 2.1E-09
Be t/t DRI 5.8E-12
Co t/t DRI 4.0E-11
Mo t/t DRI 5.3E-10
Se t/t DRI 1.2E-11
\Y t/t DRI 1.1E-09

Acronyms: Hot Briquetted Iron (HBI); Direct Reduced Iron (DRI);
Particulate Matter (PM); Volatile Organic Compounds (VOC); Poly-
cyclic Aromatic Hydrocarbons (PAH)

Yang et al. 2023), and checked by industry experts. Both
confirmed their validity in representing the analyzed sys-
tem. The LCI of the EAF process is presented in Table 5
for the three previously defined furnace charges. The EAF

@ Springer

Table 5 Life cycle inventory of an electric arc furnace considering
three different charge scenarios

Electric arc Unit Value
furnace Scenario 1 Scenario 2 Sce-

(20% scrap;  (50% scrap; nario 3

80% DRI) 25% DRI, (100%

25% HM) scrap)
Inputs:
Raw materials:
Steel scrap t/tLS  0.21 0.53 1.10
DRI t/tLS  0.95 0.30 -
HM t/tLS - 0.29 -
Lime t/tLS  0.024 0.023 0.011
Dololime t/tLS  0.026 0.029 0.017
Alloying t/tLS  0.015 0.015 0.015
elements
Energy:
Coal t/tLS  8.4E-03 0.010 0.016
Oxygen nm*t 26 44 29
LS
Electricity kWh/t 570 310 400
LS

Outputs:
Product:
Liquid steel t/tLS  1.00 1.00 1.00
EAF slag t/tLS  0.20 0.16 0.081
Waste:
EAF dust t/tLS  0.020 0.020 0.020
Emissions:
Co, t/tLS  0.080 0.098 0.062
NO, t/tLS  7.8E-04 7.8E-04 7.8E-04
CO t/tLS  1.2E-03 1.2E-03 1.2E-03
SO, t/tLS  1.3E-04 1.3E-04 1.3E-04
PCDD t/tLS  7.8E-07 7.8E-07 7.8E-07
Ni t/tLS  3.1E-06 3.1E-06 3.1E-06
Pb t/tLS  3.1E-06 3.1E-06 3.1E-06
Cr t/tLS  6.3E-06 6.3E-06 6.3E-06
Va t/tLS  6.3E-06 6.3E-06 6.3E-06
Cd t/tLS  3.1E-06 3.1E-06 3.1E-06
Hg t/tLS  3.1E-07 3.1E-07 3.1E-07

Acronyms: Direct Reduced Iron (DRI); Hot Metal (HM); Electric
Arc Furnace (EAF); Liquid Steel (LS); Polychlorinated dibenzodi-
oxins (PCDD)

model, including all assumptions and literature sources are
also documented in the supplementary material.

Finally, the LCI for the continuous casting process has
been based on a previously conducted study by the IEA
(IEAGHG, 2013). The source material considers coke oven
gas for heating purposes. Within this LCA, natural gas is
assumed instead. The respective quantities have been trans-
formed based on the lower heating values of both gasses.
The LCI is presented in Table 6.
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Table 6 Life cycle inventory of a continuous casting station

Continuous casting Unit Value
Inputs:

Raw materials:

Liquid steel t/t CS 1.03
Energy:

Natural gas GJ/tCS 0.019
Oxygen nm?/t CS 2.0
Argon nm?/t CS 0.11
Electricity kWh/t CS 10
Outputs:

Product:

Steel slab t/t CS 1.00
Waste:

Steel scrap t/t CS 0.035
Emissions:

n.a.

Acronyms: Crude Steel (CS)

4 Results and discussion

This section documents the results of the LCIA and their
interpretation. As previously mentioned, four research ques-
tions have been derived from the literature review. The first

two are:

1. What are the environmental impacts of a natural gas
based DR-EAF route in Germany for multiple impact
categories?

2. How do different OBM affect the EAF process, and
consequently the results of the LCA?

To answer these research questions, the LCIA results are
presented, and environmental hotspots are identified across
the seven defined impact categories. The influence of both
OBM on the LCA results is distinguished in this section, fol-
lowed by a more in depth analysis of process contributions
to GWP100.

The results of the LCIA are presented in two distinct
forms. The first, as is shown in Table 7, presents the envi-
ronmental impacts grouped according to the main industrial
processes of DRI production, hot metal production, the
EAF process and continuous casting. This representation
includes all upstream impacts associated with these pro-
cesses. For example, the production of iron ore pellets is
included in DRI production. The environmental impacts for
the EAF process have been further partitioned into two sub-
categories, as is shown in Fig. 2. The first, denoted as “EAF
— 100% scrap based”, acts as a baseline and represents the
environmental impacts stemming from the operation of a
100% scrap charged EAF, as defined in scenario 3. The
column “EAF — influence of OBM”, quantifies additional

Table 7 Life cycle impact assessment results of scenarios 1-3, grouped according to main industrial processes

Impact Scenario Unit Total DRI production HM production EAF-100% EAF -influ-  Con-
category scrap based ence of OBM tinuous
casting
ADP-E 1 kg Sb eq./t CS 8.3E-04 2.3E-04 - 6.0E-04 8.4E-06 1.5E-06
2 kg Sb eq./t CS 6.5E-04 7.1E-05 -4.3E-08 -1.8E-05
3 kg Sb eq./t CS 6.0E-04 - - -
ADP-f 1 MJ/t CS 1.8E+04 1.4E+04 - 3.3E+03 6.6E+02 7.2E+01
2 M/t CS 1.3E+04  4.5E+03 5.3E+03 -4.6E+02
3 M/t CS 3.4E+03 - - -
AP 1 kg SO, eq./t CS 33E+00  2.1E+00 - 1.2E+00 8.4E-02 6.9E-03
2 kg SO, eq./t CS 3.0E+00  6.4E-01 1.2E+00 -6.3E-02
3 kg SO, eq./t CS 1.2E+00 - - -
EP 1 kg PO,> eq./t CS 4.8E-01 2.7E-01 - 1.9E-01 1.8E-02 1.5E-03
2 kg PO,> eq./t CS 3.9E-01 8.3E-02 1.3E-01 -1.3E-02
3 kg PO,> eq./t CS 1.9E-01 - - -
GWP100 1 kg CO, eq./t CS 1.5E+03 9.8E+02 - 3.7E+02 1.1IE+02 5.4E+00
2 kg CO, eq./t CS 1.3E+03 3.1E+02 6.0E+02 2.1E+01
3 kg CO, eq./t CS 3.7E+02 - - -
ODP 1 kg R11 eq./t CS 2.2E-08 1.3E-08 - 6.5E-09 2.6E-09 1.7E-10
2 kg R11 eq./t CS 1.2E-08 4.0E-09 3.0E-09 -1.3E-09
3 kg R11 eq./t CS 6.7E-09 - - -
POCP 1 kg C,H, eq./t CS 2.9E-01 1.7E-01 - 1.1E-01 6.2E-03 6.0E-04
2 kg C,H, eq./t CS 3.5E-01 5.4E-02 2.0E-01 -5.4E-03
3 kg C,H, eq./t CS 1.1E-01 - - -

Acronyms: Abiotic Depletion Potential for Elements (ADP-e); Abiotic Depletion Potential for Fossil Fuels (ADP-f); Acidification Potential
(AP); Eutrophication Potential (EP); Global Warming Potential with a time horizon of 100 years (GWP100); Ozone Depletion Potential (ODP);
Photochemical Ozone Creation Potential (POCP); Crude Steel (CS); Trichlorofluoromethane (R11)
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Fig.2 Sub-partitioning of the electric arc furnace process. Acronyms: Direct Reduction Plant (DRP); Direct reduced Iron (DRI); Hot Metal (HM);

Electric Arc Furnace (EAF)

impacts from variations in material and energy consumption
brought on by the substitution of scrap by DRI or hot metal.
The total impact attributed to the EAF is equal to the sum
of both subcategories. The second manner in which LCIA
results are introduced are as individual process contribu-
tions for each of the three defined scenarios. These values
are presented in the supplementary material. For visualiza-
tion purposes, processes contributing less than 5% to any
given impact category have been grouped in “other”.

The environmental hotspots are presented as grouped
results and individual process contributions in Figs. 3 and
4 respectively. The results of scenario 1 are presented in
quadrant (a) of both figures. With the exception of ADP-e,
the production of DRI has the highest contributions to the
assessed impact categories. The overall contribution of DRI
production varies between 27% (ADP-e) and 78% (ADP-f)
of total impact. The share of impacts stemming from the EAF
make up 73% of contributions to ADP-e, as well as resulting
in between 22% (ADP-f) and 44% (EP) of total impact in
other impact categories. A DRI charge of 80% increases the
environmental impact of the EAF process across all impact
categories, when compared to a 100% scrap based EAF. In
particular, GWP100 and ODP are affected. For these impact
categories operational changes of the EAF account for 8%
and 12% of overall LCIA results respectively.

As is shown in Fig. 4 (a), relevant process contributions
are denoted for the production of alloying elements, iron ore
pellets, natural gas, as well as the generation of electricity
and the direct emissions of the DRP and EAF. The energy
intensive production process of ferroalloys causes the alloy

@ Springer

mix to contribute between 4% and 10% of impacts to ADP-
f, AP, EP, GWP100 and POCP (Eric 2024). However, the
main contribution is observed for ADP-e, where it makes
up 66% of the total impact, due to the depletion of metal
elements including iron, chromium and manganese. The
production of iron ore pellets is observed as another hotspot
across multiple impact categories. The reason for this is
stipulated to be the induration process during pellet produc-
tion. This process requires high amounts of thermal energy,
which is generated through the consumption of heavy fuel
oil (Sphera, 2026¢). Resultingly pellet production leads to
an ADP-f of 2.6E+03 MJ/t CS, and GWP100 of 0.24 t CO,
eq./t CS which accounts for 14% and 16% of total impact,
respectively. The dataset used for modelling assumes a
mix of pellets which are produced in Australia, Brazil and
Canada (Sphera, 2026c¢). Closer inspection of the database
documentation reveals that the combustion of heavy fuel oil
in Brazil is tied to 1.7 kg SO,/GJ fuel input and 0.20 kg NO,
/G1J fuel input (Sphera, 2026d). This would also explain the
high contributions to AP (53%) and POCP (38%). As a fos-
sil fuel, the production of natural gas mainly affects ADP-f,
accounting for 11 GJ/t CS. Additionally, lesser contributions
are denoted across other impact categories. The consump-
tion of natural gas in the DRP results in a high contribu-
tion to GWP100, at 0.54 t CO, eq./t CS, which accounts for
37% of overall emissions to this impact category. Electricity
generation has a relevant contribution to all assessed impact
categories ranging from 10% (ADP-e) to 47% (ODP). As
the grid mix comprises a number of power generating tech-
nologies, these impacts have different causes. Electricity
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Fig.3 Environmental hotspots of scenarios 1-3, grouped according to main industrial processes. Acronyms: Direct reduced Iron (DRI); Hot Metal

(HM); Electric Arc Furnace (EAF); Ore Based Metallics (OBM)

generation from wind and photovoltaic made up 32% of
the German grid mix in 2022. In both cases, environmen-
tal impacts stemming from the manufacture/installation of
generating technologies are included, and would explain the
impacts to ADP-e due to the consumption of rare earths or
semiconductor materials (Alves Dias et al. 2020; Siva Ram-
kumar et al. 2022). 47% of impacts to ODP are due to the
generation of electricity. These impacts stem almost exclu-
sively from photovoltaics. Previous research has linked the

production of photovoltaic modules to ODP related impacts,
although this cannot be explicitly verified here (Fu et al.
2015). The remaining impacts to ADP-f, AP, EP, and POCP
from the electricity generation stem mainly from fossil fuel
and biogas fired powerplants. Finally, due to the direct emis-
sions of CO,, sulfur dioxide, and nitrogen dioxide, the EAF
directly contributes between 6% (GWP100) and 22% (EP
and POCP) of environmental impacts.

@ Springer



76 Page 12 of 22

The International Journal of Life Cycle Assessment

(2026) 31:76

(a) Scenario 1 (20% scrap; 80% DRI)

100% |
80%
60%
40%
20% I
0% - =
Q? & R & & Ooq

Q Y Q
s N
-20%

Process contribution [%]

Q
@)
QO

(c) Scenario 3 (100% scrap)

80%
60%

40%
) I I I I
0% I [
PO T 8
4 v < > OQ

2
ol
Q O
v
c9$

Process contribution [%)]

Q
&~

S Q

-20%

(b) Scenario 2 (50% scrap; 25% DRI; 25% HM)

100%
80% I
60%

g
c
s
5
2
£ 20%
(o]
o
1]
[%]
[0]
8
. I I I I I
0% I
X
g & ¥ ¢ & F
% N Q
-209%

Alloy mix production

Pellet production

Process water preparation
Natural gas production
Dololime production

Coal production

Electricity generation

HM production incl. upstream
DRP direct emissions

EAF direct emissions

Other

Fig. 4 Environmental hotspots of scenarios 1-3, individual process contributions. Acronyms: Hot Metal (HM); Direct Reduction Plant (DRP);

Electric Arc Furnace (EAF)

To highlight the effects of the furnace charge on LCA
results of scenario 1, the process contributions to “EAF —
influence of OBM” are displayed in Fig. 5 for GWP100.
Compared to the reference EAF with a 100% scrap charge,
changes in material and energy consumption lead to an
increase in GWP100 of 0.11 t CO, eq./t CS. The increased
electricity demand of the furnace results in 0.08 t CO,
eq./t CS, due to the higher slag quantities and the endo-
thermic reaction of iron oxide and carbon in the slag phase

@ Springer

(Kirschen et al. 2011). Note, that the model used to calculate
the energy consumption of the EAF considers a cold DRI
charge (Kohle et al. 2003). In the defined process configura-
tion, in which the DRP and EAF are assumed to be oper-
ated at the same site, hot charging presents a more efficient
alternative, leading to reduced energy consumption in the
EAF and offering both environmental and economic advan-
tages (Razza and Patrizio 2010). The increase in slag vol-
ume brought on by charging DRI leads to additional effects.
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Fig. 5 Influence of ore based metallics on the results of GWP100 for scenario 1 (20% scrap; 80% direct reduced iron). Acronyms: Electric Arc

Furnace (EAF); Ore Based Metallics (OBM)

More flux is required to maintain slag basicity which
increases the contributions to GWP100 by 0.027 t CO, eq./t
CS. Additionally, more carbon input is required for effective
foaming. This is partially supplied by the carbon content of
the DRI. Ultimately, this results in higher direct emissions
of the EAF, which increase by 0.018 t CO, eq./t CS, com-
pared to the 100% scrap based EAF. Finally, a greater slag
credit is achieved, which in this figure is represented with a
negative value of -8.1E-03 t CO, eq./t CS.

Figure 6 documents individual process contributions to
GWP100 for Scenario 1. A total impact of 1.5 t CO, eq./t
CS is observed. More than 58% of these impacts stem from
upstream processes. In particular, the generation of electri-
cal energy, the production of iron ore pellets and natural
gas contribute 0.32, 0.24, and 0.14 t CO, eq./t CS respec-
tively. Additionally, the defined alloy mix contributes 5%
of impacts to GWP100 (0.072t CO, eq./t CS), even though
it makes up less than 15 kg/t CS. The highest process con-
tribution stems from the direct emissions of the DRP, with
0.54 t CO, eq./t CS. This corresponds to 0.55 t CO, eq./t
DRI, and is in line with previously published research
(Graupner et al. 2023; Nduagu et al. 2022; Rechberger et
al. 2020; Suer, Traverso, et al. 2022a). These impacts are

caused by the MIDREX reformer in which natural gas as
well as the recirculated top gas are reformed into syngas.
Figure 3 (b) and Fig. 4 (b) show the different environ-
mental hotspots of scenario 2 including a mixed charge
of 50% scrap, 25% DRI, and 25% hot metal. Similarly to
the previous scenario, the production of OBM, leads to
the highest contributions to all impact categories except
for ADP-e. For these impact categories, OBM production
accounts for between 57% (ODP) and 77% (ADP-f) of
overall impacts. The production of hot metal in the blast
furnace causes higher environmental impacts to ADP-f, AP,
EP, GWP100, and POCP, whereas the production of DRI
contributes more to ADP-e and ODP. Responsible processes
are similar to those denoted in scenario 1. However, due
to the difference in furnace charge composition, individual
values differ. For example, contributions from iron ore pel-
lets are less pronounced, ranging from 4% (ADP-e) to 28%
(ODP) due to less DRI being charged in this scenario. Once
more hot metal production is observed as a hotspot for sce-
nario 2. However, this process does not just represent direct
emissions, but includes upstream impacts, which could
not be disaggregated further (Sphera, 2025b). For ADP-e
in particular, hot metal production leads to slightly nega-
tive impacts (-4.3E-08 kg Sb eq./t CS), due to the credits
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Fig.6 Process contributions to GWP100 for scenario 1 (20% scrap; 80% direct reduced iron). Acronyms: Direct Reduction Plant (DRP); Electric

Arc Furnace (EAF)

generated for co-products in the coke batteries, granulated
blast furnace slag, and electricity produced from off-gasses
(Sphera, 2025b). It is hypothesized that impacts to other
impact categories originate from the coal/coke based metal-
lurgy, as well as the incineration of blast furnace and coke
oven gas in the powerplant. The defined OBM charge of
25% DRI and 25% hot metal has an overall positive influ-
ence on the operation of the EAF, leading to reductions in
potential environmental impacts when compared to 100%
scrap based operation. In general, the observed reductions
are brought on by the decreased electricity consumption of
the EAF, which is attributed to the increased thermal energy
entering the furnace through the charged hot metal. These
savings are most pronounced for the impact category ODP
(ca. 10%), which is strongly influenced by impacts stem-
ming from power generation by photovoltaics. However, any
operational benefits are compensated by the upstream emis-
sions tied to the production of the OBM themselves, under-
lining the need for a life cycle perspective. Additionally, as
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is shown in Fig. 7, the CO, savings of decreased electricity
demand are offset for GWP100 by an increase in flux con-
sumption and elevated direct emissions.

The increase in flux is attributed to elevated silica input
into the system. This occurs either directly via the DRI
charge, where silica is present as part of the gangue, or
indirectly through hot metal, where silicon is introduced
in a dissolved form. Due to the oxidizing atmosphere of
the EAF, silicon reacts to silica, which in turn influences
the slag composition. Additional flux is required to main-
tain the proper slag basicity and results in an increase in
GWP100 0of 0.031 t CO, eq./t CS. As in scenario 1, foaming
the increased slag volume brought on by the OBM requires
additional carbon input. The carbon input ultimately reacts
to CO, and is expelled from the furnace in the off-gas. As a
result, the direct emissions of the EAF increase by 0.037 t
CO, eq./t CS. Additionally, higher slag credits are achieved
for the increase in slag volume, which is depicted in this
diagram as a negative value.
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Process contributions to GWP100 are presented in Fig. 8
for scenario 2. Considering an EAF charge of 50% scrap,
25% DRI and 25% hot metal, the GWP100 equals 1.3 t CO,
eq./t CS. The highest process contributions are observed for
the production of hot metal, with 0.60 t CO, eq./t CS, fol-
lowed by the direct emissions of the DRP and production of
electricity, both with 0.17 t CO, eq./t CS. Note that in this
representation the hot metal value also includes upstream
impacts. This, in addition to the higher scrap charge con-
sidered in this scenario, diminishes the remaining upstream
impacts to 0.44 t CO, eq./t CS. Individual contributions
from the production of iron ore pellets, natural gas, as well
as direct emissions from the DRP are lower, due to the
decreased amount of DRI in the EAF charge from 80% to
25%. The inclusion of hot metal in the EAF charge proves
to be beneficial in EAF operation, reducing the electrical
energy demand by around 90 kWh/t CS. However, this
advantage is offset by an increase in flux material and direct
emissions, as was discussed previously.

The environmental hotspots of scenario 3 are presented
in Fig. 3 (¢) and Fig. 4 (c). Due to the lack of OBM in this
scenario, the relative contribution of the EAF is inflated to
upwards of 98% for all impact categories. As a result, pre-
viously identified hotspots such as the production of iron

ore pellets or natural gas are no longer present in this sce-
nario. As steel scrap is assessed as burden free, the over-
all impacts of this scenario are much lower. Therefore, the
relative contribution of the remaining processes increases.
Consequently, processes which were previously grouped in
the “other” category, now make up a more considerable con-
tribution. This is observed mainly for dololime production
which now accounts for 6% of impacts to GWP100, due to
the calcination process. Additionally, more coal is required
for the EAF process. While less carbon is required overall,
more coal must be injected to compensate the negligible
amounts of carbon entering the furnace through the scrap
charge (Madias 2014). This mostly affects ADP-f, resulting
in 15% of the overall impact, which corresponds to 0.50
GJ/t CS.

A more in depth analysis is presented for GWP100 in
Fig. 9. With 0.37 t CO, eq./t CS, the total GWP100 of this
scenario is much lower than those discussed for scenarios
1 and 2. The main reasons for this are the precluded direct
emissions of the DRP and the blast furnace. Furthermore,
upstream emissions are to 0.31 t CO, eq./t CS due to steel
scrap being assessed using the cut-off method. In this sce-
nario the major environmental hotspot is the generation of
electrical energy with 0.19 t CO, eq./t CS, which accounts
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Fig. 8 Process contributions to GWP100 for scenario 2 (50% scrap; 25% direct reduced iron; 25% hot metal). Acronyms: Hot Metal (HM); Direct

Reduction Plant (DRP); Electric Arc Furnace (EAF)

for more than half of the total environmental impact. Addi-
tionally, the alloy mix with 0.072 t CO, eq./t CS, and the
direct emissions of the EAF with 0.064 t CO, eq./t CS are
other relevant contributions.

The LCA results are significantly affected by steel scrap
being assessed using the cut-off method. As a major part of
the input materials is assessed without any environmental
burdens, the comparability between scenarios with different
scrap recycling rates is limited. Decarbonization technolo-
gies that process more scrap appear to be environmentally
favorable, even though it is unlikely that an improvement
in environmental performance is achieved at a global level
(Arnold et al. 2025; ResponsibleSteel, 2022).

The coming section aims to answer research questions
three and four. These are:

1. What is the relative significance of different impact cat-
egories for the defined product system?

@ Springer

2. Do any trade-offs arise between DR-EAF and BF-BOF
steelmaking?

To answer research questions three and four, the normalized
LCIA results are introduced. This analysis makes use of the
CML normalization factors defined for the EU 25+ 3 (2000).
Trade-offs are solely identified between scenario 1 and the
BF-BOF route, as the defined scrap shares in the other sce-
narios limit direct comparability. The normalized LCIA
results are presented in Fig. 10. ADP-f, AP, GWP100, and
POCEP are identified as relevant impact categories, account-
ing for 97% of the total normalized impacts for scenario 1,
and 99% of total impacts for the BF-BOF production route.
For the DR-EAF process configuration this corresponds to
the findings of Li et al. with the exception of ADP-f (Li et
al. 2021). This could be due to the different reduction gas
considered in their research. ADP-e, EP, and ODP each con-
tribute less than 2% to the overall region equivalents.
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Fig. 9 Process contributions to GWP100 for scenario 3 (100% scrap). Acronyms: Electric Arc Furnace (EAF)

Reductions compared to the BF-BOF route are observed
for AP (-13%), GWP100 (-26%), and POCP (-57%). How-
ever, arelevanttrade-off is identified for ADP-f (+ 10%). Both
AP and POCP are strongly influenced by sulfur dioxide and
nitrogen oxide emissions, with POCP being affected by car-
bon monoxide as well. All of these components are released
during the sintering process for BF-BOF steelmaking. Other
authors have reported that the sintering is responsible for
23% of impacts to AP, and 55% to POCP for BF-BOF steel-
making (Backes et al. 2021). The absence of this process in
the DR-EAF route could explain the gaps observed in the
normalized results. However, as the BF-BOF route is mod-
elled using an aggregated process, further investigation of
this hypothesis is not possible. Regarding GWP100, direct
emissions are greatly reduced due to the substitution of coal
with natural gas as the main energy source. Additionally, the
total energy consumption of the DRP is lower on account of
the top gas being recirculated, before being ultimately com-
busted in the reformer (Suer, Ahrenhold, et al. 2022). How-
ever, a different trend is observed for ADP-f. Apart from the

consumption of different fossil fuels, this is attributed to the
shift towards electric steelmaking. In general, the electric-
ity consumption of the DR-EAF route is higher than that
of the BF-BOF. For example, the electrical energy demand
of scenario 1 equals 2.5 GJ/t CS. In contrast, other authors
report electricity demands for the BF-BOF route varying
between 0.51 and 0.97 GJ/t CS (Azimi and van der Spek
2025; Li et al. 2021; Xue et al. 2024; Zang et al. 2023).
Furthermore, integrated steel sites are able to produce their
own electricity through the combustion of off-gasses in a
powerplant. Produced electricity exceeds onsite demand,
and leads to a credit for the electricity supplied to the grid
(Suer et al. 2021; Suer, Traverso, et al. 2022a; Zacharopou-
los et al. 2025). In both routes, modelling (credits for) elec-
tricity using the German grid mix significantly influences
the results of ADP-f. This is due to the high percentage of
fossil fuels currently used in power generation (BNetzA
2025; Sphera 2026a). To highlight this effect, the LCIA was
calculated again for scenario 1 using the German renewable
mix, as can be seen in Fig. 10. Compared to the baseline
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calculated with the grid mix, the results of ADP-f decrease
by 16%. The previously observed trade-off in relation to the
BF-BOF route is thereby compensated. With this change in
place the DR-EAF route leads to improvements across all
relevant impact categories and highlights the importance of
decarbonizing the entire value chain.

A few limitations should be mentioned. First and fore-
most is the reliance on secondary data sources. In particular,
the model used to quantify changes in EAF operation as a
function of the furnace charge is based on multiple litera-
ture sources and assumptions. While the results of the model
have been verified, modelling is tied to inherent uncertain-
ties which should be recognized. A more robust approach
would be developing the inventory based on primary data
from a company. However, this was not possible as part
of this research. Second, the manner in which electricity
consumption of the EAF is calculated assumes a cold DRI
charge. In the defined process configuration, in which the
DRP and EAF are assumed to be located on the same site,
hot charging of DRI is an obvious choice, and would result
in savings for environmental impacts as well as costs. Third,
both hot metal production and the BF-BOF configuration
are approximated using aggregated datasets. This limits the
investigation of certain environmental impacts, in particular
regarding the credits received for co-products. Finally, the
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direct comparability of the three defined scenarios is limited
due to the chosen end-of-life allocation method. As steel
scrap is assessed as “burden free” it significantly influences
the results of the LCA, and makes decarbonization efforts
based on increased scrap recycling appear environmentally
favorable, despite limited global benefits.

5 Conclusions and outlook

This paper set out to investigate the environmental impacts
of a modern DR-EAF route operated in Germany. A litera-
ture review was conducted to gain an overview of sustain-
ability research on this production route, and to identify
further research questions. The literature review identified
methodological heterogeneity among LCA publications,
concerning aspects such as end-of-life allocation, impact
assessment methods and LCA normalization. Many authors
focus on the investigation of CO, emissions or GWP100,
omitting other types of environmental impacts. Based on
this, four research questions were developed and inves-
tigated. The results identify the production of OBM (DRI
and hot metal) as environmental hotspots across all inves-
tigated impact categories, except ADP-e. High contributing
processes are identified in the production of the alloy mix,



The International Journal of Life Cycle Assessment (2026) 31:76

Page 190f22 76

pellets, natural gas, the generation of electricity in addi-
tion to direct emissions of the DRP and EAF. Integrating
OBM into the EAF charge has a considerable effect on the
environmental impacts of the EAF process, in particular
for GWP100 and ODP. In scenario 1, a DRI charge of 80%
leads to an increase in environmental impact of up to 12%.
Similarly, when the OBM charge is modified to 25% DRI
and 25% hot metal, this leads to operational savings of up
to 10%, due to the lower electric energy demand resulting
from charging hot metal. However, this benefit is offset by
the production of the OBM themselves. The normalized
LCIA results identify ADP-f, AP, GWP100, and POCP as
relevant impact categories for both DR-EAF as well as BF-
BOF steelmaking. The DR-EAF process configuration leads
to an improvement in environmental performance for all
assessed impact categories except for ADP-f in which the
impact increases by 10%. This trade-off has been linked to
the transition to electric steelmaking, due to the high ADP-f
factor of the German grid mix. It is shown that through the
use of renewable energies, this effect can be compensated,
leading to an improvement in environmental performance
compared to the BF-BOF route across all relevant impact
categories. Future research should focus on a more in depth
comparison of the DR-EAF and BF-BOF routes, concentrat-
ing on the influence system expansion credits on the overall
LCA results. Additionally, the comparison to other process
configurations such as the direct reduction — submerged
arc furnace — basic oxygen furnace route could provide
valuable insights. The comparability concerns originating
from the burden free assessment of steel scrap should be
addressed. Finally, expanding the purely environmental
assessment to cover both social and economic factors would
better facilitate a triple bottom line approach to the sustain-
ability assessment of this emerging steel production route.
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