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Abstract

Purpose Despite its sizeable role in the global economy, the steel industry is also one of the world’s largest energy consum-
ers and a significant source of greenhouse gas emissions. Iran is one of the world’s top ten steel producers, with over 77%
of its steel produced in electric arc furnaces (EAF). As a result, a thorough impact assessment is essential to understand the
possible negative environmental impacts. The purpose of this study is to perform a life cycle assessment (LCA) on gas-based
direct-reduction-iron-EAF steel production in Iran.

Methods The environmental impacts of steel production were evaluated in this study. The most influential processes and
inputs were determined by analyzing their contributions separately. Due to the fact that the inputs of the EAF process can
vary based on the context and availability of resources, multiple scenarios were defined, and the results were compared.
SimaPro and OpenLCA software, the Ecoinvent database, and the IMPACT2002+evaluation method were used in this study.
The data for the life cycle inventory was derived from the average performance of factories over a one-year period, with 1
ton of hot-rolled steel serving as the functional unit.

Results The findings indicated that among the various categories, non-renewable energy, global warming, and respira-
tory inorganics have the greatest impact, accounting for 86.4% of the total. The most significant environmental impacts of
processes are associated with the EAF (35%), direct reduction iron (DRI), and oxide pellet processes (28.9% and 17.1%,
respectively), while the most significant environmental impacts of inputs are associated with electricity (33.8%) and gas
consumption (25.8%). Sensitivity analysis was also performed to assess the significance of the inputs. Given that the EAF
process’s primary inputs are scrap iron, two scenarios involving coal-based and gas-based sponge iron were defined, and
the impact of each scenario was evaluated.

Conclusion Suggestions for sustainable production were made based on the assessment of the results. The low price of natural
gas and abundance of iron ore in Iran make the production of gas-based steel with sponge iron more appealing. Addition-
ally, it was shown that using sponge iron in the coal-based process results in high environmental impacts compared to other
scenarios (gas-based systems) which can have a significant impact on global warming. This is particularly important because
coal-based processes are widely used in India and China due to abundant coal resources.

Keywords Steel production - SimaPro - OpenLCA - Direct reduction iron - Electric arc furnace - Environmental assessment
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Highlights

o A comprehensive life cycle assessment of the steel industry from
iron ore to the final product by utilizing two different LCA tools
was performed.

o This is the first complete study to evaluate the life cycle of sponge
iron production using natural gas by the Midrex method.

e Evaluation of environmental impacts of each ton of final product
through in-depth investigation of the role of each input and
process was done separately.

Extended author information available on the last page of the article

1 Introduction

Despite its significant contribution to the global economy,
the steel industry is a significant energy consumer and a
major polluter of the environment (An et al. 2018; Zhang
and Huang 2017). Iran is a well-known steel producer, hav-
ing produced 25.6 million tons in 2019 and increasing it
by 13.14% to more than 29 million tons in 2020. Iran was
ranked tenth in steel production by The World Steel Associa-
tion in 2020 (World Steel Association 2021).
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In Iran, over 77% of steel is produced in electric arc
furnaces (EAFs) which use scrap iron and sponge iron as
their feed. The sponge iron is produced via the direct reduc-
tion iron process (DRI) (National Iranian Steel Company
(NISC), 2021). Direct reduction methods are categorized
as coal-based or gas-based, depending on the availability
and use of resources. Iran produces sponge iron via the
direct gas-based reduction method due to its abundant gas
resources. The country was ranked second in the world in
2019 with 28.52 million tons of gas-based sponge iron, trail-
ing India’s 33.74 million tons, of which 27.81 million tons
were coal-based (Midrex Technologies 2020). Iran’s iron and
steel industry consumes approximately 45% of all energy
consumed in the manufacturing sector in Iran, resulting in
significant environmental impacts. If the cost of the envi-
ronmental impacts of energy generation via thermal power
plants are internalized, they could amount to as much as
0.135 cents per kWh (Ziyaei et al. 2023).

Meanwhile, life cycle assessment (LCA) is an effective
tool which classifies possible environmental consequences
of a service or product into impact categories such as ozone
depletion, global warming, and human toxicity. Additionally,
LCA can be used to compare the environmental impacts
of various manufacturing processes (Khanna et al. 2022).
Thus, LCA is used to identify environmentally critical points
(stages in a product’s or process’s life cycle that have the
greatest impact on the environment) and to recommend ways
to improve the process or product (Nicholas et al. 2000;
Yilmaz et al. 2015).

Due to the severe environmental impacts of iron and
steel plants, a substantial amount of research has been
conducted to evaluate their processes over their entire life
cycle. For instance, an LCA study has been conducted to
characterize the steel industry’s material and energy con-
sumption, emissions, and environmental impacts in Finland
(Seppdld et al. 2002). In another study comparing the rela-
tive environmental impacts of various steel products, includ-
ing slab, hot-rolled, cold-rolled, hot-dipped galvanized,
and electro-galvanized steels, based on impact categories
of fossil fuels, global warming potential, ecotoxicity, car-
cinogens, and respiratory inorganics, hot-dip galvanized
steel was found to have the highest environmental impact
among the various steel products (Tongpool et al. 2010).
A similar study evaluated the life cycle of iron and steel
production in Turkey in order to compare the impact of vari-
ous processes and end products simultaneously. Steelmak-
ing processes have the greatest cumulative environmental
impact of all processes, and hot-rolled coil has the greatest
cumulative environmental impact of all products. Addition-
ally, the study’s findings indicated that the most significant
environmental consequences are related to inorganic com-
pounds in the respiratory system as well as global warming
(Olmez et al. 2016). Additionally, several studies have been
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conducted to determine the environmental impact of steel
production using the EAF process. One study (Burchart-
Korol 2013) examined integrated steel production and the
scrap iron-based arc furnace process. The EAF process was
shown to have a lower environmental impact than the con-
ventional blast furnace-basic oxygen furnace (BF-BOF)
process. Three different nickel production processes were
investigated elsewhere, including the EAF process, and it
was shown that power consumption is the biggest contribu-
tor to the total environmental impacts of the EAF process,
despite the fact that the EAF process had the least impact in
comparison to other methods (Wang et al. 2015).

Lin et al. have examined the flow of materials and energy
in the steel industry showing that the existing EAF process
consumes a significant amount of materials and energy,
resulting in negative environmental impacts such as human
toxicity and freshwater eutrophication (Lin et al. 2016).
Chen et al. evaluated a shaft-EAF based on CO,-CH, dry
reforming. The DRI-EAF process was found to reduce CO,
emissions by 40% when compared to the BF-BOF process,
with little difference in energy consumption, but at 34%
higher cost compared with BF-BOF due to China’s higher
natural gas prices (Chen et al. 2018). Another study used
LCA to assess the environmental impacts of coal gasifica-
tion-shaft furnace-electric furnace (CSE) under Chinese
resource conditions (abundance of coal but deficiency in
oil and natural gas), as well as the BF-BOF steel fabrica-
tion process (Li et al. 2021). The results indicated that when
comparing the CSE to the BF-BOF process, power con-
sumption and carbon emission could be reduced by 60.6%
and 58.1%, respectively.

Since the majority of studies use country-specific data,
the reported findings are somewhat tailored to the country
or region under investigation. As a result, a detailed LCA
analysis should be conducted for each case study in order
to obtain accurate results that reflect the actual conditions.
Iran’s steel industry, as a major player in global steel pro-
duction, has taken an interest in the concept of life cycle
assessment. Thus, the purpose of this study is to conduct
a life cycle assessment (LCA) specifically for the Iranian
steel industry and to better understand the environmental
impacts associated with all stages of steel production by
comparing the results obtained using two different soft-
ware packages. Comparing the results from various soft-
ware packages is important because it has previously been
shown that the results of LCA studies could be dependent
on which software is utilized, even if identical inputs are
used (Hajbabaie et al. 2022). Additionally, the environ-
mental consequences of various EAF input scenarios were
investigated, including scrap iron, coal-based sponge iron,
and gas-based sponge iron. Ultimately, one purpose of this
study is to identify the most effective strategies for mitigat-
ing the effects of steel production.
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2 Materials and methods

According to the ISO14040 standard, life cycle assessment
consists of four phases: goal and scope definition, life cycle
inventory analysis, life cycle impact assessment, and inter-
pretation of results (ISO 2006).

2.1 Scope and purpose

As stated earlier, one purpose of this study is to compare
the environmental impacts of sponge iron production using
natural gas and steel production using sponge iron and scrap
in EAFs. Also, in this study, the environmental effects of
each of the processes that lead to the production of one ton
of product were investigated separately so that the processes
could be compared and the processes with the most environ-
mental impacts could be prioritized in footprint reduction
plans. Similarly, all the inputs required to produce 1 ton of
final product were analyzed and contrasted separately so that
the most influential inputs and their effects could be deter-
mined with greater precision. Due to the fact that many steel
producers outside of Iran use coal and scrap iron instead
of natural gas, a number of scenarios were developed, and
their environmental impacts were compared. Additionally,
the results were obtained using two distinct software pack-
ages in order to gain a more accurate understanding. The
study is based on the Natanz Steel Plant, which produces 1
million tons of steel using sponge iron and scrap iron in a
90:10 ratio (common in Iran). This factory imports sponge
iron feed from Khuzestan Steel Factory, one of the larg-
est producers of sponge iron in the country, which uses the
MIDREX method.

The “cradle to gate” system was chosen because the pur-
pose of this study is to analyze the environmental effects of
the investigated steel factory, not the environmental effects
of the products after they leave the factory. It consists of
upstream processes such as crude material collection, trans-
portation, and factory production. The LCA did not include
the stages of factory construction and decommissioning. The
mechanical workshop, which is responsible for the repair of
machine parts, has also been excluded from the LCA analysis.

A functional unit is a critical concept in life cycle assess-
ments because it enables the comparison of various products
and services (Yuguda et al. 2022). In this study, the functional
unit is based on mass and is defined as one ton of rolled steel.
The following processes constitute the system’s boundaries:

Pelletizing plant: for converting iron ore into pellets with
a series of additives; DRI plant: where pellets enter furnaces
and become sponge iron; EAF plant: where sponge irons
and iron scraps supplied from Isfahan scrap iron market
enter the furnace and an electric current is established by
the electrodes and melts them; ladle furnace (LF) plant: to

reach the desired alloy, the required materials are added to
it; continuous casting plant: where the LF output material is
converted into billets; and hot rolling plant: where the billets
are turned into coils by rollers. Figure 1 depicts the system’s
boundaries as a block diagram and the related inputs and
outputs during each stage of production.

2.2 Datainventory

This section is critical in the life cycle assessment process,
as the use of outdated or inaccurate data results in incorrect
conclusions. As a result, the reference year for this study was
2020, and the data were gathered through a field study of
the average performance of the Khuzestan and Natanz steel
plants in the said year.

In the Natanz Steel Plant, each process generates waste-
water, which is sent to a treatment plant and subsequently
used for irrigation. Some of the slag produced is recycled,
while the remainder is exported for concrete production.
Additionally, the factory produces dust for the concentrate
and pellet industries. During the manufacturing process,
production scrap is recycled in the smelting furnace. The
LCA did not include the stages of factory construction and
decommissioning. The inputs and outputs of the processes
are listed in Table 1.

2.3 Life cycle impact assessment method

SimaPro v.9.0.0.48 and OpenLCA v.1.9 software with the
Ecoinvent 3.5 database were used to conduct the LCA.
According to ISO14042, LCA can be performed in four
stages: classification, characterization, normalization, and
weighting, with the first two stages being mandatory and
the remaining stages being optional.

The IMPACT2002 + method was used in this study
because it combines aspects of Eco-Indicator 99 (Goedkoop
and Spriensma 2001), CML (Guinee 2002), IMPACT2002
(Pennington et al. 2005), and IPCC (IPCC 2001). This
method utilizes fifteen intermediate or classification indi-
cators (such as ozone depletion) that are then combined to
create four final indicators (human health, ecosystem qual-
ity, climate change, and resources) (Jolliet et al. 2003).

SimaPro software was used to determine damage fac-
tors for the impact categories of aquatic acidification and
aquatic eutrophication. Characterization values for these
two impact categories were obtained from IMPACT2002 +,
while the normalization value was excluded due to meth-
odology issues. A weighting factor of 1 was used as the
default value as proposed by IMPACT2002 + (Humbert
et al. 2002). SimaPro and OpenLCA software were used
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Fig. 1 System boundaries and process block diagram

with the IMPACT 2002 4 v2.15 and IMPACT 2002 v2.14
methods, respectively.

2.4 Sensitivity analysis

A sensitivity analysis was conducted to determine the effect
of each input parameter on the output variables. The normal-
ized sensitivity coefficient S; is defined as the ratio of the
percentage change in the output variable y; for a 10% change
in the input variables, as shown in Eq. 1 (US EPA 1987).

A

i
5i= | Ax M

X

where x; is the initial input value, Ax; is the set at 0.1, y; is
the initial output value, and Ay, is output changes compared
to the original output after multiplying the initial input by
1.1.

The effect of a parameter on the output is defined as fol-
lows: if §;;<0.25, then that parameter is thought to have an
insignificant effect on the output; if itis 0.25 < S; i< 1, then
the parameter is effective; if 1<S; J-<2, then the parameter
is significantly effective; and if S;;>2, it indicates that the
parameter is extremely significant (Petersen et al. 2002).
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3 Results and discussion
3.1 Outputs of LCA analysis

One of the main findings of the current study is that the
results obtained from the midpoint indicators using the two
different software were similar (refer to Sect. 3.5). To avoid
redundancy, the results provided in this section are limited
to the values yielded by the SimaPro software. However, the
results obtained from OpenLCA software can be found in
the supplementary file attached to the manuscript. Table 2
summarizes the environmental assessment results for the
production of one ton of hot-rolled steel by process share.
To examine the effects of each process on the production
of one ton of final product independently, the input from
preceding processes was omitted; for example, the DRI
process was considered without the input from the pelletiz-
ing process, and the same holds true for other processes.
According to the findings, the total environmental impact
is 0.638 points, with 0.223 points attributed to non-renew-
able energy, 0.187 points attributed to global warming, and
0.141 points attributed to respiratory inorganics; these three
categories of impact account for 86.4% of the total environ-
mental impact.

As illustrated in Fig. 2, 35% of the effects for the pro-
duction of one ton of product are attributable to the EAF
process, primarily due to power consumption (52.7%),
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Table 1 Life cycle inventory of

Inputs and outputs  Unit
the gas-based-DRI-EAF process

Pelletizing DRI EAF LF Continuous Hot rolling

casting
Inputs
Lime kg/FU 11.35 0.56 - - - -
Iron ore ton/FU 1.61 - - - - -
Bentonite kg/FU 12.67 - - - - -
Natural gas m3/FU 37.42 292.75 - 36.45 1.05 51.2
Electricity kWh/FU  86.07 12048 54133 91.39  17.65 152.7
Water, cooling m3/FU 0.27 1.58 1.06 0.25 0.82 0.5
Oxygen kg/FU - 24.77 14.21 - - -
Oxide pellet ton/FU - 1.58 - - - -
Ferromanganese  kg/FU - - 0.17  0.16 - -
Ferrosilicon kg/FU - - 1.33  0.98 - -
Iron Scrap ton/FU - - 0.11 - - -
Dolomite kg/FU - - 4.6 - - -
Quicklime kg/FU - - 101.29  0.05 - -
Electrode kg/FU - - 1236 5.09 - -
Petroleum coke kg/FU - - 0.15  0.085 - -
Transportation tkm/FU - - 717.54 - - -
Aluminum kg/FU - - 0.19  0.011 - -
Refractory kg/FU - - 30.14  11.77 - -
Sponge iron ton/FU - - 1.13 - - —
Crude steel ton/FU - - - 1.1 - -
Calcium carbide kg/FU - - - 0.0089 - -
Nitrogen kg/FU - - - 0.873 - -
Argon kg/FU - - - 0.977 - -
Liquid steel ton/FU - - - - 1.041 -
Billet ton/FU - - - - - 1.02
Outputs
Products and by-products
Oxide pellet ton/FU 1.58 - - - - -
Sponge iron ton/FU - 1.13 - - - -
Crude steel ton/FU - - 1.1 - - -
Liquid steel ton/FU - - - 1.041 - -
Billet ton/FU - - - 1.02 -
Hot rolled coil ton/FU - - - - - 1
Emission
CO, kg/FU 24.35 3299 1585 91.83 - 57.8
(6(0) kg/FU 0.32 1.31 421 071 - 0.013
SO, kg/FU 0.2 0.069  0.005 0.0014 - 0.003
NOy kg/FU 0.49 0.052  0.0005 0.0001 - 0.031
Waste
Refractory waste  kg/FU - - 1126 4.8 - -
Dust kg/FU - - 6.6 5.5 - -
Sludge kg/FU - - 26.5  22.08 - -
Wastewater m3/FU - - 0.1 0.011 0.04 0.05

transportation (11.7%), and direct emissions (9.8%). The
DRI process ranks second in terms of pollution, account-
ing for 28.9% of total environmental impacts, due to gas
consumption (63.8%), direct emissions (18.9%), and power

consumption (14.2%). Pelletizing accounts for 17.1% of
total impacts, which is primarily due to iron ore consump-
tion (78%) and direct emissions (8.47%), as well as elec-
tricity consumption (7.4%).
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Table 2 Characterized and normalized impacts of the gas-based-DRI-EAF process using SimaPro software

Impact category Unit Pelletizing DRI EAF LF Continue casting Hot rolling Total
Carcinogens Char kg C2H3Cleq 7.07 45 34.1 12.4 0.973 14.1 114
Norm Pt 0.00279 0.0178  0.0135  0.0049  3.84E-4 0.00555 0.0449
Non-carcinogens Char kg C2H3Cleq 2.96 7.63 14.2 4.45 0.108 1.93 31.3
Norm Pt 0.00117 0.00301 0.00562 0.00176 4.28E-5 7.62E-4 0.0124
Respiratory inorganics Char kg PM2.5eq  0.654 0.149 0.453 0.0863  0.0078 0.0816 1.43
Norm Pt 0.0646 0.0147  0.0447  0.00851 7.7E-4 0.00805 0.141
Ionizing radiation Char BqC-l4eq 754 1.51E3  3.26E3 502 58.4 537 6.62E3
Norm Pt 2.23E-5 446E-5 9.66E-5 149E-5 1.73E-6 1.59E-5 1.96E-4
Ozone layer depletion ~ Char kg CFC-11eq  1.56E-5 8.02E-5 7.19E-5 1.88E-5 1.72E-6 2.47E-5 2.13E-4
Norm Pt 2.3E-6 1.19E-5 1.06E-5 2.79E-6 2.55E-7 3.66E-6 3.15E-5
Respiratory organics Char kg C2H4 eq 0.0689 0.188 0.181 0.0519  0.00358 0.0549 0.0549
Norm Pt 2.07E-5 5.65E-5 545E-5 1.56E-5 1.08E-6 1.65E-5 1.65E-4
Aquatic ecotoxicity Char kg TEG water  7.68E4 339E4 1.19ES 3.98E4 697 1.02E4 2.81E5
Norm Pt 2.81E-4 1.24E-4 437E-4 146E-4 2.55E-6 3.73E-5 0.00103
Terrestrial ecotoxicity =~ Char kg TEG soil 1.56E4 2.57E3  2.13E4 1.61E3 90.2 1.03E3 4.22E4
Norm Pt 0.00899 0.00149 0.0123  9.28E-4 5.21E-5 5.96E-4 0.0243
Terrestrial acid/nutri Char kg SO2eq 8.37 3.05 8.58 1.47 0.164 1.78 234
Norm Pt 6.35E-4 2.32E-4 651E-4 1.12E-4 1.24E-5 1.35E-4 0.00178
Land occupation Char  m2org.arable 1.08 0.612 6.97 0.415 0.0176 0.184 9.29
Norm Pt 8.62E-5 487E-5 5.55E-4 3.3E-5 1.4E-6 1.46E-5 0.000739
Aquatic acidification Char kg SO2eq 1.46 1.03 2.3 0.432 0.0508 0.537 5.81
Norm Pt - - - - - - -
Aquatic eutrophication Char kg PO4 P-lim  0.0132 0.0148  0.0482  0.00907 5.73E-4 0.00574 0.0916
Norm Pt - - - - - - -
Global warming Char kg CO2eq 133 507 825 198 12.8 179 1.85E3
Norm Pt 0.0134 0.0512  0.0833  0.02 0.00129 0.0181 0.187
Non-renewable energy ~ Char ~ MJ primary 2.54E3 1.45E4  9.44E3  3.13E3 259 4.07E3 3.39E4
Norm Pt 0.0167 0.0954  0.0621  0.0206  0.0017 0.0268 0.223
Mineral extraction Char  MJ surplus 63.9 1.31 7.19 1.09 0.0472 0.526 74.1
Norm Pt 4.21E-4 8.59E-6 4.73E-5 7.18E-6 3.11E-7 3.46E-6 4.87E-4
Total - - - - - - - - -
Norm Pt 0.109 0.184 0.223 0.057 0.00426 0.06 0.638

Figures 3 and 4 show the normalized and single score

results. The total impact of the EAF process is 0.223 pt, of
which 0.083 pt is due to global warming, and the effects
of non-renewable energy and respiratory inorganics are
0.0621 pt and 0.0447 pt, respectively, with a cumulative
impact share of 85.1%. The total effects of the DRI process
are equal to 0.184 pt, of which more than half (0.0951 pt
equal to 51.8%) are attributed to non-renewable energy,
followed by the effects of global warming (0.051 pt). The
pelletizing process approximately accounts for 0.109 pt
of the total impact, from which about 60% (0.064 pt) is
attributed to respiratory inorganics.

As illustrated in Fig. 5 and Table 3, the most significant
environmental impacts associated with the input materials used
to produce 1 ton of hot rolled steel occur as a result of power
consumption, gas consumption, direct emissions, and iron ore.
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Electricity consumption ranks first with 0.214 pt (33.8%),
followed by natural gas consumption at 0.164 pt (25.8%), direct
emissions (13.3%), and iron ore (10.9%), as illustrated in Figs. 6
and 7. Together, the effects of electricity and gas consump-
tion, direct emissions, iron ore, and transportation account for
approximately 88% of the impacts, with the remaining 12% fall-
ing under other categories. Non-renewable energy accounts for
35% of the total impact, from which natural gas consumption
accounts for 52.2% and electricity consumption accounts for
35.1% during the manufacturing process. Global warming also
accounted for 29.4% of the environmental impact, from which
37.7% is attributable to electricity consumption and 36.9%
is attributable to direct emissions during the manufacturing
processes. Respiratory inorganics accounted for 22.1% of the
impact, from which 36.2% is attributable to iron ore usage and
30.1% is attributable to electricity consumption.
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Table 3 Characterized and normalized impacts of the gas-based-DRI-EAF process inputs using SimaPro software
Impact category Unit Electricity Natural gas Direct emissions Ironore Transportation Others
Carcinogens Char kg C2H3Cleq 46.4 54.7 0.0119 0.57 0.365 11.9531
Norm Pt 0.0183 0.0216 4.7E-6 2.25E-4  1.44E-4 0.004626
Non-carcinogens Char kg C2H3Cleq 4.67 9.61 0.735 2.03 1.61 12.645
Norm Pt 0.00184 0.00379 0.00029 0.0008 6.35E-4 0.005045
Respiratory inorganics  Char kg PM2.5 eq 0.421 0.0961 0.106 0.508 0.0742 0.2247
Norm Pt 0.0416 0.00949 0.0105 0.0501 0.00732 0.02199
Ionizing radiation Char BqC-l4eq 3.22E3 308 - 527 502 2.06E3
Norm Pt 9.53E-5 9.12E-6 - 1.56E-5  1.49E-5 6.11E-5
Ozone layer depletion ~ Char kg CFC-11eq  8.25E-5 9.51E-5 - 4.07E-6  1.24E-5 1.89E-5
Norm Pt 1.22E-5 1.41E-5 - 6.06E-7  1.83E-6 2.76E-6
Respiratory organics Char kg C2H4 eq 0.167 0.232 - 0.0429 0.04 0. 0671
Norm Pt SE-5 6.95E-5 - 1.29E-5 1.2E-5 2.06E-5
Aquatic ecotoxicity Char kg TEG water  3.31E4 4.01E4 1.79E3 7.19E4 8.29E3 1.26E5
Norm Pt 1.21E-4 1.47E-4 6.54E-6 2.64E-4  3.04E-5 4.61E-4
Terrestrial ecotoxicity ~ Char kg TEG soil 4.69E3 2.43E3 7.82E3 1.51E4 6.82E3 5.34E3
Norm Pt 0.00271 0.0014 0.00452 0.0087 0.00394 0.00303
Terrestrial acid/nutri Char kg SO2eq 8.86 1.89 4.18 333 1.65 3.49
Norm Pt 6.72E-4 1.44E-4 3.18E-4 2.53E-4 1.25E-4 2.68E-4
Land occupation Char  m2org.arable 0.939 0.306 - 0.945 5.02 2.08
Norm Pt 7.47E-5 2.44E-5 - 7.52E-5  0.0004 1.65E-4
Aquatic acidification Char kg SO2eq 2.73 0.71 0.564 0.514 0.292 1
Norm Pt - - - - - -
Aquatic eutrophication ~Char kg PO4 P-lim  0.0309 0.00761 - 0.0106 0.0072 0.03529
Norm Pt - - - - - -
Global warming Char kg CO2eq 697 104 683 42.6 63.7 259.7
Norm Pt 0.0704 0.0105 0.069 0.00431  0.00643 0.02636
Non-renewable energy ~ Char ~ MJ primary 1.19E4 1.77E4 - 627 1.09E3 2.58E3
Norm Pt 0.0784 0.117 - 0.00413  0.00719 0.01628
Mineral extraction Char  MJ surplus 2.47 1.13 - 63.7 0.737 6.063
Norm Pt 1.63E-5 7.47E-6 - 4.19E-4  4.85E-6 3.94E-5
Total - - - - - - - -
Norm Pt 0.214 0.164 0.0846 0.0693 0.0263 0.0798

Sensitivity analysis was performed on all inputs in this
study, and those with S; ; values less than 0.25 were omit-
ted. As illustrated in Fig. 8, electricity affects ten out
of fifteen categories, the most significant of which are
aquatic acidification and ionizing radiation. With a 10%
reduction in electricity, the effects of aquatic acidification
and ionizing radiation will decrease to the greatest extent.
Then, there’s natural gas, which affects five categories,
the highest of which are non-renewable energy and car-
cinogens. As mentioned, this means that if we want to
reduce the effects of carcinogens and non-renewable
energy, the best measure is to reduce gas consumption. As
can be seen, iron ore has a sizable impact on the category
of mineral extraction. Additionally, refractory substances
have an effect on two other categories of non-carcinogens

and aquatic ecotoxicity. As expected, direct emissions
contribute to global warming through high CO, emis-
sions, while transportation contributes strongly to the
land occupation category (presumably due to roads tak-
ing up land).

3.3 Different scenarios comparing changes
in environmental impacts

As part of the analysis, the effects of various inputs and
processes on the environmental performance of a ton of
hot-rolled steel production were examined. Given that the
EAF process’s primary inputs are scrap iron, coal-based
sponge iron, and gas-based sponge iron, three scenarios
are defined in Table 5, and their impacts are assessed.
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Scenario 1: 90% gas-based sponge iron is used alongside
10% scrap iron (which is the actual modus operandi of
the factory).

Scenario 2: scrap iron is considered as the sole furnace input.
Scenario 3: 90% coal-based sponge iron and 10% scrap
iron are used.

The Ecoinvent database contains information on coal-based
sponge iron inputs. For the purposes of this scenario, it was
assumed that the EAF would remain constant except for the
primary inputs, with all other conditions remaining constant.

The environmental assessment results for various sce-
narios are presented in Table 6 and Figs. 9 and 10. The
three scenarios of 1, 2, and 3 result in a total environmen-
tal impact of 0.638, 0.396, and 0.812 points, respectively.
The life-cycle assessment revealed that scenario 3 has the
highest environmental impact compared to other scenarios,
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with the greatest impact on global warming. Coal-based
sponge iron is prioritized in countries such as India and
China due to their abundant coal resources (Morrow et al.
2014; Wang et al. 2020). Scenario 1 is better but has the
highest proportion of impact coming from non-renewable
energy. Scenario 2 is the best scenario, with a lower total
environmental impact than the previous two. Unlike sponge
iron, scrap iron does not require regeneration; thus, increas-
ing the scrap iron to sponge iron ratio in EAFs contributes
to energy savings.

On the other hand, increasing the amount of scrap iron
will solve problems such as diminishing natural resources
and global warming resulting from CO, emissions. If only
scrap iron is used for steel production, the need for pelletiz-
ing and regeneration, as the largest consumers of energy
in the steel industry, will be eliminated. As evident, the
most desirable option in steel production is the recycling
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Table 4 Characterized and normalized impacts of one ton of product produced by separate processes using SimaPro software
Impact category Unit Pelletizing DRI EAF LF Continue casting Hot rolling
Carcinogens Char kg C2H3Cl eq 4.48 46.2 78.1 94.7 97.6 114
Norm Pt 0.00177 0.0183 0.0308 0.0374 0.0385 0.0449
Non-carcinogens Char kg C2H3Cl eq 1.88 9.41 225 28.1 28.8 31.3
Norm Pt 7.42-4 0.00371 0.00888 0.0111 0.0114 0.0124
Respiratory inorganics Char kg PM2.5 eq 0.415 0.713 1.14 1.29 1.32 1.43
Norm Pt 0.041 0.0704 0.112 0.127 0.131 0.141
Ionizing radiation Char BqC-l4eq 478 2.01E3 SE3 5.78E3 5.96E3 6.62E3
Norm Pt 1.42E-5 5.94E-5 1.48E-4 1.71E-4 1.77E-4 1.96E-4
Ozone layer depletion Char kg CFC-11 eq 9.87E-6 8.5E-5 1.52E-4 1.79E-4 1.84E-4 2.13E-4
Norm Pt 1.46E-6 1.26E-5 2.25E-5 2.65E-5 2.73E-5 3.15E-5
Respiratory organics Char kg C2H4 eq 0.0437 0.228 0.397 0.471 0.484 0.0549
Norm Pt 1.31E-5 6.85E-5 1.19E-4 1.41E-4 1.45E-4 1.65E-4
Aquatic ecotoxicity Char kg TEG water 4.87E4 9.83E4 2.08E5 2.59E5 2.65E5 2.81E5
Norm Pt 1.79E-4 3.6E-4 7.63E-4 9.49E-4 9.72E-4 0.00103
Terrestrial ecotoxicity Char kg TEG soil 9.87E3 1.61E4 3.57E4 3.94E4 4.03E4 4.22E4
Norm Pt 0.0057 0.0093 0.0206 0.0228 0.0233 0.0243
Terrestrial acid/nutri Char kg SO2 eq 5.31 10.1 18.1 20.6 21.2 23.4
Norm Pt 4.03E-4 7.7E-4 0.00138 0.00156  0.00161 0.00178
Land occupation Char mZ2org.arable 0.688 1.51 7.85 8.72 8.92 9.29
Norm Pt 5.47E-5 1.2E-4 6.25E-4 6.94E-4 7.1E-4 7.39E-4
Aquatic acidification Char kg SO2 eq 0.929 2.21 4.34 5.02 5.17 5.81
Norm Pt - - - - - -
Aquatic eutrophication ~ Char kg PO4 P-lim 0.00835 0.0249 0.069 0.0818 0.0841 0.0916
Norm Pt - - - - - -
Global warming Char kg CO2 eq 84.2 568 1.33E3 1.6E3 1.64E3 1.85E3
Norm Pt 0.0085 0.0574 0.134 0.161 0.166 0.187
Non-renewable energy Char MIJ primary 1.61E3 1.51E4 2.4E4 2.84E4 2.93E4 3.39E4
Norm Pt 0.0106 0.0996 0.158 0.187 0.193 0.223
Mineral extraction Char MIJ surplus 40.5 57.9 65.6 70.6 72.1 74.1
Norm Pt 2.67E-4 3.81E-4 4.32E-4 4.64E-4 4.75E-4 4.87E-4
Total - - - - - - - -
Norm Pt 0.0692 0.26 0.468 0.551 0.567 0.638
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Table 5 Details of the considered production scenarios

Materials Scenario 1 Scenario 2 Scenario 3
Iron scrap 10% 100% 10%
Gas-based DRI 90% 0 0
Coal-based DRI 0 0 90%

of metal waste and protection of resources by increasing
the incorporation of scrap iron. However, in Iran, due to the
abundance and cheapness of natural gas and rich iron ore
mines, the first scenario has received more attention. The
unfavorable waste segregation system in Iran is a critical
contributor to this problem leading to only modest amounts
of scrap iron being used, because the use of inferior/con-
taminated scrap iron carries many risks and may disrupt
furnace operation.

3.4 Sustainable production and optimization
of proposed scenarios

The results indicate that the pelletizing, DRI, and EAF pro-
cesses have the greatest shares of the environmental impact,
respectively, and that the three environmental indicators of
non-renewable energy, global warming, and respiratory
inorganics, which together account for 86.4% of the total
environmental impact, are significant influencing factors
for these processes. Although the iron and steel industries
have made significant strides in recent decades, there is still
considerable room to cut energy consumption and CO, emis-
sions by up to nearly 20% (Wang et al. 2020). Global steel
production has been estimated to have an efficiency of only
32.9% due to significant energy waste during the processes
(Gonzalez Hernandez et al. 2018). To minimize environ-
mental impacts, it makes sense to prioritize the processes

Table 6 Comparative result of

. . Impact category Unit Scenario 1 Scenario 2 Scenario 3
the three scenarios according to
SimaPro Carcinogens Char kg C2H3Cl eq 114 70.8 66.4
Norm pt 0.0449 0.028 0.0262
Non-carcinogens Char kg C2H3Cl eq 313 21.7 27.3
Norm pt 0.0124 0.00859 0.0108
Respiratory inorganics Char kg PM2.5 eq 1.43 0.836 2.07
Norm pt 0.141 0.0825 0.205
Ionizing radiation Char Bq C-14 eq 6.62E3 5.47E3 7.82E3
Norm pt 1.96E-4 1.62E-4 2.32E-4
Ozone layer depletion Char kg CFC-11 eq 2.13E-4 1.33E-4 1.52E-4
Norm pt 3.15E-5 1.97E-5 2.25E-5
Respiratory organics Char kg C2H4 eq 0.549 0.385 0.474
Norm pt 1.65E-4 1.16E-4 1.42E-4
Aquatic ecotoxicity Char kg TEG water 2.81ES 1.2E5 3.09ES
Norm pt 1.03E-3 4.39E-4 1.13E-3
Terrestrial ecotoxicity Char kg TEG soil 4.22E4 3.21E4 5.61E4
Norm pt 0.0243 0.0186 0.0324
Terrestrial acid/nutri Char kg SO2 eq 234 15.4 32.7
Norm pt 1.78E-3 1.17E-3 2.48E-3
Land occupation Char m?2org.arable 9.29 14 22.7
Norm pt 7.39E-4 1.11E-3 1.8E-3
Aquatic acidification Char kg SO2 eq 5.81 4.14 8.54
Norm pt - - -
Aquatic eutrophication Char kg PO4 P-lim 0.0916 0.139 0.323
Norm pt - - -
Global warming Char kg CO2 eq 1.85E3 1.31E3 2.99E3
Norm pt 0.187 0.132 0.302
Non-renewable energy Char MIJ primary 3.39E4 1.87E4 3.49E4
Norm pt 0.223 0.123 0.229
Mineral extraction Char MIJ surplus 74.1 37.1 80.7
Norm pt 4.87E-4 2.44E-4 5.31E4
Total - - - - -
Norm pt 0.638 0.396 0.812
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Fig. 9 Comparison of results for three production scenarios based on SimaPro software

that have the greatest impact on the indicators. The effects
of non-renewable energy, global warming, and inorganic res-
piration from the EAF process are primarily due to power
consumption, which can be reduced by altering the furnace
charging system and using scrap with less impurity and
higher quality input materials.

Due to the fact that impurities in low-grade scrap iron
absorb energy, their introduction into the arc furnace results
in an increase in energy consumption and significant envi-
ronmental impacts (Logar and gkrjanc 2021). Preheating
scrap iron removes moisture, volatiles, and hydrocarbons
from the EAF, such as plastics, paints, and oils. Preheat-
ing scrap and sponge iron can significantly reduce melting
time and thus energy consumption, as well as the amount of

Fig. 10 Comparison of single 0.9

score results for three produc-
tion scenarios based on SimaPro
software
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dust produced by this furnace (Zhou et al. 2022). Previous
research has shown that by reducing the discharge time from
90 to 60 min, 50 kWh of electricity can be saved per ton of
molten steel (Hilmawan 2011). According to the impacts of
inputs, transportation was an effective factor; consequently,
locating the two processes of DRI and EAF next to each
other not only eliminates the transportation requirements but
also significantly reduces the EAF’s electricity consumption,
as the output of the DRI process is transferred completely
hot and at a high temperature directly to the sponge iron stor-
age tank on top of the EAF. Since the energy consumed by
the arc furnace’s exhaust gases accounts for approximately
30% of total energy consumption (Zhao et al. 2017), using
thermal energy from the exhaust gases as a source of energy
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for preheating can help reduce electricity consumption in
EAFs (He and Wang 2017; Jouhara et al. 2018). Capaci-
tors and the static VAR compensator (SVC) system, which
improve the power and efficiency of the furnace (Morello
et al. 2017), as well as the use of auxiliary fuels such as
heavy oil and natural gas in the furnace, can also help reduce
electricity consumption. For example, by consuming 5 L/
ton of heavy oil, power consumption can be reduced by 45
KWh/ton during melting. Consuming 7 m® of natural gas
per ton of molten steel can result in a 50 KWh reduction in
electricity consumption per ton of molten steel (Hilmawan
2011). Utilizing a waste heat recovery unit (WHRU) at the
furnace outlet can help reduce energy consumption by utiliz-
ing available wasted energy and reducing emissions associ-
ated with the steelmaking process (Jouhara et al. 2018). The
use and selection of high-quality electrodes, regular furnace
maintenance, and replacement of fire bricks can all help to
reduce energy loss and eliminate dirt load generation.

After electricity consumption, direct emissions are one of
the influential factors (including for global warming) which
can be reduced by developing and utilizing an after-burner
system in the furnace output, reusing CO,, and utilizing an
absorber system and scrubber air purifier (Quader et al. 2015).

Natural gas consumption is the primary factor affecting
the impact of non-renewable energy on the DRI process.
According to technicians at the studied plants, reusing a
significant portion of the melting furnace’s output thermal
energy in the direct reduction unit, using natural adhesives
such as beet molasses instead of chemical adhesives in the
pellet production process, incorporating indirect reduction
technology, and using high-quality concentrate with a low
FeO to Fe ratio (less than 10%) can all help reduce direct
reduction gas consumption.

The pelletizing process produces respiratory inorganics,
which can be controlled through the use of indoor treat-
ment systems and the creation of suitable covers in iron ore
crushing units, as well as through the control of crushing
dust via closed collection methods and dust purification
using bag filtration systems (Coelho and Morales 2013).

3.5 Comparison of output results of SimaPro
and OpenLCA software

There are numerous software tools available for conducting
LCA, and the results may vary depending on the software
selected. To check for possible differences, the inputs were
entered separately in OpenLCA and SimaPro software in this
manuscript, and the derived results were compared. Table 7
illustrates the differences between the two software. As can be
seen, all output results, except for the category of land occu-
pation, were nearly identical and did not differ significantly.
This high level of compliance is expected given the database
type and method used. The OpenL.CA software has some com-
plexity, and the output from it requires precision and skill so
that the wrong output is not taken from it. Also, the normal-
ized results in the OpenLL.CA software seemed to have errors,
and even after correcting the coefficients in the software, the
results had faults. Therefore, the normalized results were cal-
culated manually. One very likely explanation for the small
difference observed in land occupation values is that the use
of two databases and methods that are incompatible with one
another manifested themselves as differences in land occupa-
tion values. While it is possible to visualize all environmen-
tal effects graphically in SimaPro, this is not possible with
OpenL.CA software. SimaPro includes databases and methods,
whereas OpenLCA requires them to be imported.

Table 7 Comparison of

output results of SimaPro and Impact category Unit SimaPro OpenLCA R v axiving

OpenLCA software Carcinogens kg C,H,Cl eq 113.6089670 113.6083374 <0.001%
Non-carcinogens kg C,H;Cl eq 31.31432819 31.26367869 <0.2%
Respiratory inorganics kg PM2.5 eq 1.431736668 1.431996892 <0.02%
Ionizing radiation BqC-l14eq 6620.237445 6619.276170 <0.015%
Ozone layer depletion kg CFC-11 eq 0.000212874 0.000212876 <0.001%
Respiratory organics kg C,H, eq 0.548553405 0.548512939 <0.01%
Aquatic ecotoxicity kg TEG water 280,638.8882 280,915.1004 <0.1%
Terrestrial ecotoxicity kg TEG soil 42,162.32938 42,223.65829 <0.15%
Terrestrial acid/nutri kg SO2 eq 23.41408188 23.41699919 <0.01%
Land occupation m,org.arable 9.285090034 6.049767089 54%
Aquatic acidification kg SO, eq 5.811037731 5.810545794 <0.01%
Aquatic eutrophication kg PO, P-lim 0.091554667 0.091585706 <0.03%
Global warming kg CO, eq 1854.558798 1854.151936 <0.02%
Non-renewable energy MIJ primary 33,947.47819 33,929.33779 <0.05%
Mineral extraction M1 surplus 74.08435772 73.49909063 <0.8%
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Tab!e 8 Comparison of Reference EAF process
environmental effects from
different studies Energy consumption CO, emission (t/  Power
(GJ/FU) FU) consumption
(KWh/FU)
(Burchart-Korol 2013) 8.07 091 416.89
Scrap as only burden in EAF
(Chen et al. 2018) 19.87 1.23 511.9
DRI as only burden in EAF
(Li et al. 2021) 8.25 0.86 470.6
30%DRI and 70% scrap
This study 24 1.3 747

3.6 Comparison with previous studies

Based on the findings of this study, a comparison was made
with previous studies, the summary of which is presented
in Table 8. In this analysis, the energy consumption, CO,
emissions, and electricity consumption of EAF-based steel
production procedures were compared. Since the life cycle
assessment in comparable studies does not include the hot
rolling process, the emissions and energy consumption of
the hot rolling process have been compared to the crude
steel production process. By comparing the production pro-
cesses using the EAF method, it can be concluded that if
only iron scrap is used, the environmental effects will be
greatly reduced because it will no longer be necessary to pel-
letize and regenerate, which consume a great deal of energy.
However, this is not possible to a large extent in Iran due to
the poor quality of the separation system and the limited
availability of scrap.

4 Conclusion

Steel is one of the heaviest industries, and its emissions
contribute significantly to environmental degradation,
including global warming. Conducting a life cycle
assessment enables steelmakers to identify the most
polluting processes and implement the necessary controls
and improvements to ensure sustainability. This article
discusses the environmental impacts of the gas-based-DRI-
EAF steel production process. Seventy-seven percent of
Iran’s steel factories use this process, and to the best of the
authors’ knowledge, this is the first study to evaluate the
LCA of this process in the country. The results indicated
that the input materials’ greatest environmental impacts
are from electricity consumption, gas consumption, direct
emissions, and iron ore effects, in that order. Additionally,
the results demonstrate that the pelletizing, DRI, and EAF
processes have the greatest impact on the environment,
with the three environmental indicators of non-renewable
energy, global warming, and respiratory inorganics

accounting for 86.4% of the total impact. To mitigate
such negative consequences, it is logical to prioritize the
processes that have the greatest impact on those indicators.
For the EAF process, the effects of non-renewable energy,
global warming, and respiratory inorganics are primarily
due to power consumption, which can be reduced through
the use of low-impurity scrap, scrap preheating, the
proximity of DRI and EAF, the use of auxiliary fuels,
and the use of a heat recovery system at the furnace’s
outlet. Direct emissions after energy consumption are
significant contributors to global warming and can be
reduced by utilizing the after-burner system, reusing
CO, emissions in the direct reduction unit, and using
absorber and air purifier scrubber systems. Due to the high
consumption of natural gas, the DRI process also has a
significant impact on non-renewable energy. Utilizing the
majority of the smelting furnace’s waste heat in the direct
reduction unit can help reduce natural gas consumption.
In the oxide pellet process, which has a significant effect
on the respiratory inorganic impact category, providing
a suitable cover for iron ore crushing units, controlling
crushing dust with a closed collection method, and dust
purification using bag filtration systems can all help to
mitigate related impacts.

According to the defined scenarios, it was demonstrated
that by using scrap iron as the sole input to the EAF, envi-
ronmental impacts can be reduced by 38%; while this is a
desirable option for production, recycling of metal waste,
and resource protection, the low price of natural gas and
abundance of iron ore in Iran make the production of gas-
based steel with sponge iron more appealing. As a result,
waste separation methods must be improved to supply
scrap iron for the EAF inlet. Additionally, it was shown
that using sponge iron in the coal-based process results
in high environmental impacts compared to the other
scenarios which can have a significant impact on global
warming. This is particularly important because such a
process is widely used in India and China due to abun-
dant coal resources. Sensitivity analysis of inputs revealed
electricity and natural gas to be two extremely effective
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parameters. Except for the impact of land occupation, the
output results from SimaPro and OpenLCA software were
nearly identical, which is understandable, given that the
same database and method were used.
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