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The steel industry is facing problems such as serious environmental pollution and high resource consumption. At the same time, it
lacks effective methods to quantify potential environmental impacts. The purpose of this work is to conduct a specific envi-
ronmental analysis of steelmaking production in steel plants. The ultimate goal is to discover the main pollution of steelmaking
and identify potential options for improving the environment. This paper uses life cycle assessment method to carry out inventory
and quantitative analysis on the environmental impact of steelmaking system. Through analysis, the hazards are divided into four
major categories, which are human health, climate change, ecosystem quality, and resources. The results show that molten iron has
the greatest impact on human health, followed by the greatest impact on resources. The impact of scrap steel on human health
ranks third. Molten iron is a key process that affects human health, climate change, ecosystems quality, and resources. In addition,
processes such as fuels, working fluids, and auxiliary materials also cause certain environmental damage, accounting for a
relatively small proportion. Optimizing the utilization of scrap steel and molten iron resources and improving the utilization

efficiency of resources and energy are helpful to reduce the environmental hazards of steelmaking system.

1. Introduction

The iron and steel industry is a pillar industry of the national
economy and an energy-intensive industry. Energy con-
sumption accounts for an increasing proportion, accounting
for about 15% of the country’s total industrial consumption.
In the past three decades, crude steel production has more
than doubled, reaching 84.26 million tons in 2019. This
productivity inevitably imposes an environmental burden
on the steelmaking sector. For example, in a country like
China, the industry accounts for 12% of the national CO,
emissions [1].Therefore, the steelmaking process must be
analysed in order to have a clear understanding of the main
environmental impacts and may involve the implementation
of circular economy solution.

At present, there are many researches on the environ-
mental impact assessment of China’s steel industry, such as
greenhouse gas emission reduction, air pollutant emission
reduction, steel wastewater footprint and production

capacity, resource and energy emissions, etc. However, the
studies mentioned above fail to elucidate the upstream and
downstream impacts, whereas life cycle assessment (LCA) is
a method of summarizing and evaluating the potential
environmental impacts of all inputs and outputs of a system
of products (or services) throughout its life cycle. LCA is
evaluated based on the contribution of the production
process to the environment, including categories such as
global warming potential (GWP), land acidification, land
occupation, respirable organic, and human toxicity.
Therefore, LCA can identify the unit processes with the
greatest impact on the environment for targeted improve-
ments [2].

Some studies have also been conducted on life cycle
assessment of the steel industry worldwide. Reference [3]
also carried out an LCA analysis of the production, selected
1 kg of metal as a functional unit, and evaluated the envi-
ronmental impact of steel and stainless steel based on global
warming potential, solid waste burden, and total energy
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demand. In a comprehensive study, [4] compared the effects
of different steels (slabs, hot-rolled, cold-rolled, hot-dip
galvanized, and electrogalvanized steel) on fossil fuels, global
warming potential, ecotoxicity, minerals, carcinogens, and
respiratory inorganics; the results show that the hot-dip
galvanized steel sheet has the greatest impact. In a recent
study, [5] has developed a water footprint calculation model
and calculated the water footprint of steel from the per-
spective of life cycle assessment. These data show that the
steel plant poses a serious hazard to the water environment.
Bieda conducted an inventory analysis on the blast furnace
of an integrated steel plant in Krakow, Poland, and collected
and sorted out the input and output list of the blast furnace
[6]. Including sinter, limestone, etc., energy consumption
and fuel include pulverized coal, natural gas, and blast
furnace gas. The operating parameters, air pollutant dis-
charge, and heavy metal discharge are given. Bieda per-
formed an analysis of the continuous casting process at the
Krakow comprehensive steel plant in Poland, which in-
cluded not only energy consumption, fuel, materials, and
waste but also operational data such as dust, iron, PM,,, and
waste [7]. This is the basis of life cycle assessment analysis.
Korol [8] conducted a life cycle assessment of Polish steel
production by integrating steel production. The study
pointed out that in the integrated steel production routes the
production of pig iron in blast furnaces has the greatest
impact on greenhouse gas emissions and fossil fuel con-
sumption, and the sintering process of iron ore is the biggest
cause of dust. The substitution of raw materials in the iron
making process can effectively reduce the impact of the steel
industry on the environment. Manfred comprehensively
studies the current evaluation methods impact on resources
and points out that it needs to be improved [9]. The three key
issues in resource sustainability assessment are renewability,
recyclability, and criticality. The model in this study has
different representations of the impact on resource depletion
and points out the differences in different resource types and
scales. Liu used the life cycle assessment method to analyse
12 major iron ore mines and major steel producers, cal-
culated the production intensity per unit of GDP, and finally
proposed the problem of pollution distribution among in-
ternational trade participants [10]. He pointed out that
ecotoxicity is the most serious consequence in the steel
production chain, which is not negligible compared with the
impact of carbon emissions; he also pointed out that
importing countries benefiting from pollution-free materials
should share the environmental pollution caused by steel
processing by trading partners.

In the above studies, the idea of life cycle assessment
method is used, but due to different basis, the results are still
not comparable. In addition, the impact categories con-
sidered in these studies cannot be compared with each other.
Therefore, this study aims to make an accurate environ-
mental analysis of a steel production in Shandong, China,
and find out the improvement process. It uses specific scene
data on-site to conduct LCA assessment of steel production
in steel plants. The organization of this article is as follows:
the next section explains the main LCA methods and in-
ventories. Section 3 explains the results of the environmental
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impact assessment. In the last part, the results are discussed
and some conclusions are drawn.

2. Materials and Methods

2.1. System Boundaries. The complete life cycle of a product
is usually divided into the following stages [11]: (1) cradle to
entry (raw material extraction and refining); (2) factory
door to factory door (product manufacturing); and (3)
factory door to grave (product use, recycling, and disposal).
Due to the many uncertain factors caused by the LCA
evaluation of product use, recycling, and disposal, in order
to reduce the complexity of LCA evaluation and improve its
operability, the selected boundary definition is “from cradle
to factory door.” According to the ingredients require-
ments, first put scrap steel into the furnace, then pour
molten iron, and add appropriate slagging materials (such
as quicklime, etc.). After feeding, insert the oxygen spray
gun into the furnace from the top of the furnace and blow
in oxygen to make it directly oxidize with the hot molten
iron to remove impurities. When the composition and
temperature of the molten steel meet the requirements, the
steel can be tapped. All the materials and energy consumed
by the production equipment involved in the process of
steelmaking from the molten iron entering the steelmaking
station, smelting into molten steel through the converter,
and leaving the converter are taken into account. A ton of
crude steel is used as the functional unit of the present
study, in order to provide life cycle inventory (LCI) and all
the results of quantitative standards [11]. The boundary
definition of the steelmaking system in this study is shown
in Figure 1. Scrap steel, molten iron, and waste treatment
are involved (i.e., wastewater treatment, solid waste
treatment in landfills, hazardous waste incineration, and air
emission control). Each process considers the input of raw
materials, transportation, energy generation, and con-
sumption (for example, coal-based electricity, coal, and
coke), direct waste emissions (for example, dust, nickel,
SO,, and NO,), and land occupation.

2.2. Data Source and Life Cycle Inventory. Inventory analysis
uses a survey model to collect and classify the raw materials,
transportation, energy, infrastructure, direct discharge, and
waste disposal in different steps of each process. In this
study, most of the analysis data of energy resource con-
sumption and pollutant emission inventory of the steel-
making system (obtained 1t molten steel products) was
collected from a group company in Shandong Province, and
part of the data was derived from literature [12] and the
cleaner production (HJ/T294-2006, HJ/T426-2008, HJ/T
1262003, HJ/T 427-2008, HJ/T 428-2008, and HJ/T 318-
2006) secondary indicators [13]. The life cycle list of molten
steel products is shown in Table 1.

2.3. Life Cycle Impact Assessment Methodology. The steps of
life cycle impact assessment are characterization, damage
assessment, normalization, and single scoring. In the impact
method, damage is divided into fifteen midpoint categories
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Figure 1: Simplified scheme of iron and steel production routes and processes.

TaBLE 1: Life cycle inventories of molten steel. Value are presented per ton.

Inputs and outputs Categories Normal production Clean production Unit
Molten iron 1008 947 kg
Scrap steel 70.43 78 kg
Electricity 26.65 25s kWh
Quicklime 50 50 kg
Ingredients Fe 20 20 kg
Dolomite 20 20 kg
F Coke oven gas 0.16 0.16 m’
uel 3
BOF gas 12.15 12.15 m
Oxygen 37.28 37.28 m’
Nitrogen 45.12 45.12 m’
Working medium Argon 75.2 75.2 m’
Air 15.38 15.38 m’
Pure water 2.7 2.7 m’
CO, 28.28 28.28 kg
SO, 5.75 5.75 g
NO, 3.84 3.84 g
Co 4.6 46 kg
Waste water 1.07 1.07 m’
Emission Dust 135 135 kg
Cd 50 50 mg
Cr 120 120 mg
Cu 3090 3090 mg
Ni 280 280 mg
Pb 930 930 mg
Zn 7500 7500 mg

[14] (carcinogens, noncarcinogens, respiratory inorganics,
ionizing radiation, ozone layer depletion, respiratory or-
ganics, aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial
acid/nutrition, land occupation, aquatic acidification,
aquatic eutrophication, global warming, nonrenewable en-
ergy, and mineral extraction), and for the convenience of
explanation, the 15 midpoints are classified into four end-
point categories (human health, ecosystem quality, climate
change, and resources). In this way, you can not only see the
impact value of the midpoint category, but also intuitively

see the final impact on the environment [15]. In this paper,
the software SimaPro is used for calculation and the Impact
2002+ method is adopted.

3. Results and Discussion

Table 2 lists the life cycle inventory assessment (LCIA) midpoint
results based on functional units. According to climate change,
the midpoint of LCIA for the production of 1 ton of molten steel
is 358.84 kg CO, equivalent, for aquatic acidification is 1.96 kg
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TaBLE 2: Life cycle assessment midpoint results of molten steel.
Categories Unit Total Electricity Scrap steel Ingredients Fuel Molten iron Working medium
Carcinogens kg C,H;Cl eq 16.93 0.05 7.22 3.43 0.70 5.01 0.52
Noncarcinogens kg C;H;Cleq 15818 0.75 73.35 16.97 0.03 66.43 0.65
Respiratory inorganics kg PM, 5 eq 0.42 0.01 0.04 0.05 0.01 0.27 0.05
Ionizing radiation Bq C-14eq  11990.73 77.76 0.00 425.30 19.96 5479.27 5988.44
Ozone layer depletion kg CFC-11 eq 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Respiratory organics kg C,H, eq 0.21 0.00 0.03 0.01 0.02 0.14 0.01
Aquatic ecotoxicity kg TEG water 8102543.87 84954.23  38796.06 55164.71 244.41 7865355.15 58029.32
Terrestrial ecotoxicity kg TEG soil ~ 21450.23 68.07 16273.15 555.35 60.84 4089.03 403.79
Terrestrial acid/nitrification kg SO, eq 7.12 0.23 0.58 1.28 0.09 4.07 0.87
Land occupation m’a 10.68 0.13 0.98 1.51 0.04 6.98 1.05
Aquatic acidification kg SO, eq 1.96 0.08 0.16 0.38 0.02 0.95 0.37
Aquatic eutrophication kg PO,> eq 0.13 0.00 0.00 0.00 0.00 0.13 0.00
Global warming kg CO, eq 358.54 25.68 56.22 91.71 5.30 120.63 59.01
Nonrenewable energy M] primary  27914.93 293.34 543.59 794.31 96.03  24870.01 1317.65
Mineral extraction MJ surplus 3.25 0.02 0.24 2.09 0.01 0.58 0.30

SO,, and for respiratory inorganics 0.42 kg PM, s equivalent; the
detailed values of 15 midpoints are shown in Table 2.

In order to compare the different impact categories of each
midpoint and analyse the impact of each midpoint type on the
overall situation, this study conducted a normalized analysis.
The normalized midpoint results of each functional unit are
shown in Figure 2. Two situations are considered: normal
production and clean production. The difference is the ratio of
scrap steel and molten iron in the production process. The
cleaner production scene uses more steel scrap and less molten
iron. It is worth noting that in both cases, the waste disposal
method is assumed to be the same. In the environmental
impact category, especially nonrenewable resources, respira-
tory inorganics, toxicity of aquatic organisms, and terrestrial
ecotoxicity, the scene of normal production is significantly
higher than the scene of cleaner production. These findings
may be attributed to the fact that normal production requires
more molten iron, which requires more fuel and ore, which will
inevitably produce more waste water, waste gas, and slag
during the treatment process. It also shows that recycling of
scrap steel is a more scientific production method.

Table 3 and Figure 3 show the life cycle evaluation endpoint
of the steelmaking system, which is obtained by classifying and
weighing all intermediate damage types. It can be seen from
Figure 3 that molten iron, scrap steel, and auxiliary materials
have a greater impact on the environment. Among them,
molten iron has a greater damage value to natural resources,
human health, and the ecological environment. The damage
value of scrap steel to human health is greater. It can be seen
from Figure 3 that steel scrap and molten iron still have the
greatest impact, which is basically consistent with the results
[16]. In Figure 3, molten iron is the most harmful to natural
resources, accounting for about 60%. Scrap steel is the most
harmful to human health, which is about 60%. The impact of
auxiliary materials and working fluids on the environment is
second, and the impact of electricity and fuel is negligible.

3.1. Main Process. According to the results of normalization
evaluation, the most important potential environmental
impacts during the entire life cycle of molten steel products

are noncarcinogens, nonrenewable energy, terrestrial eco-
toxicity, global warming, respiratory organics, carcinogens,
and aquatic ecotoxicity. Therefore, it is necessary to identify
and analyse the key processes that cause the above envi-
ronmental impacts, so as to put forward relevant recom-
mendations. On the basis of the evaluation results of the
midpoint in the life cycle, the key processes are identified,
and the results are shown in Figure 4. It can be seen from
Figure 4 that for the abovementioned impact categories,
scrap steel and electricity are the most important environ-
mental contributing factors, and their impact on most en-
vironmental categories accounts for more than 50%. Scrap
steel has a particularly significant impact on noncarcinogens,
terrestrial ecotoxicity, and carcinogens, and its contribution
can reach more than 85% of its total environmental impact.
It also has a significant impact on global warming and
breathing organic matter. At the same time, the contribution
of electricity to nonrenewable energy and aquatic ecotoxicity
cannot be ignored.

3.2. Main Contributors. Based on the identification of main
processes, this study also identifies the main substances in
each main influence category, so as to put forward relevant
opinions on the consumption of certain substance or pol-
lutant discharge. This study identified the four key sub-
stances of environmental impact types in the endpoint
evaluation, and the results are shown in Figure 5. Figure 5
shows the specific substances that contribute significantly to
each major environmental category and their contribution
rates. For the environmental impact of human health, coke
accounts for 23%, iron ore for 22%, and residue for 17%,
which is consistent with the serious pollution impact of
molten iron. Coke and coal are the two substances that have
the greatest impact on the ecosystem. It can be seen that the
two are not clean production methods, and the proportion of
clean energy should be increased. The key material in the
potential environmental impact of climate change is scrap
steel, which accounted for 28%, followed by coke and ore.
Coke ore produces a large amount of carbon oxides, sulfur
oxides, and nitrogen oxides during the smelting process,
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FIGURE 2: Normalized midpoint results.

TasLE 3: Life cycle assessment endpoint results of molten steel.

Categories Unit Total Electricity ~ Scrap steel  Ingredients Fuel Molten iron ~ Working medium
Total Pt  374E-01 6.25E-03 548E-02 2.78E-02 240E-03  2.63E-01 2.04E — 02
Human health Pt 111E-01 1.35E - 03 3.59E-02 125E-02 1.18E - 03 5.48E — 02 5.22E - 03
Ecosystem quality Pt 435E - 02 3.79E - 04 9.66E-03 740E — 04 4.57E - 05 3.20E - 02 5.95E - 04
Climate change bt 3.62E - 02 2.59E - 03 5.68E-03 9.26E — 03  5.35E - 04 1.22E - 02 5.96E — 03
Resources Pt 1.84E — 01 1.93E - 03 3.58E-03 524E - 03  6.32E - 04 1.64E - 01 8.67E — 03
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FIGURE 3: Single score result for 1t molten steel.

which has a greater adverse impact on the climate. Among
the potential environmental impacts of natural resource
damage, coke accounts for 52% and coal accounts for 37%,
indicating that they not only have a greater impact on the
above mentioned types, but also have a greater impact on
natural resources. The development of clean energy is of
great significance for the reduction of environmental impact
in the steelmaking process.

3.3. Sensitivity and Uncertainty Analysis. Sensitivity analysis
is a key part of LCA testing the sensitivity of LCI input data,
which can be calculated [17] based on the percentage ad-
justment rule of input and output parameters (ISO 14044,
2006; ISO 14040, 2006). A sensitivity analysis was performed
by changing 5% of the material input at a time [18].

Table 4 lists the results of the sensitivity analysis of the
main contributors, aiming to determine the main impact on
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TABLE 4: Sensitivity analysis.

Categories Unit Molten iron 5% Scrap steel 5% Electricity 5%
Carcinogens kg C,H;Cl eq 2.51E - 01 3.61E — 01 2.67E - 03
Noncarcinogens kg C,H;Cl eq 3.32E + 00 3.67E + 00 3.75E - 02
Respiratory inorganics kg PM, 5 eq 1.34E — 02 2.05E - 03 5.26E — 04
Ionizing radiation Bq C-14 eq 2.74E + 02 0.00E + 00 3.91E + 00
Ozone layer depletion kg CFC-11 eq 2.03E - 06 2.06E — 06 1.21E - 07
Respiratory organics kg C,Hy eq 6.90E — 03 1.52E - 03 1.85E - 04
Aquatic ecotoxicity kg TEG water 3.93E + 05 1.94E + 03 4.27E + 03
Terrestrial ecotoxicity kg TEG soil 2.05E + 02 8.14E + 02 3.42E + 00
Terrestrial acid/nutrition kg SO, eq 2.04E - 01 2.91E - 02 1.18E - 02
Land occupation m’a 3.49E - 01 4.90E - 02 6.77E — 03
Aquatic acidification kg SO, eq 4.74E - 02 8.06E — 03 3.81E - 03
Aquatic eutrophication kg PO, eq 6.38E-03 4.79E - 05 6.92E - 05
Global warming kg CO, eq 6.03E + 00 2.81E + 00 1.29E + 00
Nonrenewable energy M] primary 1.24E + 03 2.72E + 01 1.47E + 01
Mineral extraction M] surplus 2.89E - 02 1.22E - 02 1.13E - 03

the LCIA results obtained in this study. The comparison of
LCIA results in the steelmaking process shows that a 5%
reduction in power consumption will result in a reduction of
carbon dioxide emissions by about 1.29 kg CO, equivalent,
and the nonrenewable energy is 1.47 M] equivalent. For
other scenarios and categories, similar analysis can be made
using the sensitivity results shown in Table 4. The three main
processes have the greatest impact on nonrenewable energy,
global warming effect, and soil acidification. Among them,
changes in molten iron have the greatest overall impact on
the environment, followed by scrap steel and electricity. It

can be seen that reducing the use of molten iron and de-
veloping cleaner steel production can effectively reduce
environmental pollution.

Table 5 shows the probability comparison of different
scenes performed using Monte Carlo simulation. The
probability that cleaner production scenario has a higher
global warming effect score than normal production is 43%,
which means that the impact of cleaner production on global
warming is lower than normal production. A similar situ-
ation can be observed from the uncertainty analysis results
shown in Table 5. In general, except for carcinogens and land
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TaBLE 5: Uncertainty analysis.
Categories Clean production 20 normal production
(%)
Aquatic acidification 20
Aquatic ecotoxicity 2
Aquatic eutrophication 2
Carcinogens 65
Global warming 43
Ionizing radiation 29
Land occupation 13
Mineral extraction 53
Noncarcinogens 54
Nonrenewable energy 3
Ozone layer depletion 44
Respiratory inorganics 12
Respiratory organics 9
Terrestrial acid/ 15
nutrition
Terrestrial ecotoxicity 98

eutrophication, in most categories, cleaner production
scenarios have the lowest environmental burden. Among the
15 impact categories, eleven categories are less than 50%,
which means that the environmental impact of cleaner
production is much lower than that of normal production.

4. Conclusions

According to the analysis and comparison of the above-
mentioned molten steel production process, it can be found
that molten iron has the most significant impact on the
environment, accounting for 70% of the overall impact, of
which the harm to resources can reach 89%, and its envi-
ronmental load mainly comes from noncarcinogenic sub-
stances, terrestrial ecotoxicity, and global warming.
Secondly, the impact of scrap steel on the environment
accounts for 15%, and the damage to human health is about
32%. Its environmental load mainly comes from nonre-
newable energy, respirable inorganic substances, and aquatic
ecotoxicity. In contrast, the impact of auxiliary materials and
working fluids is small, and the environmental impact of
electricity and fuel is the smallest.

In the entire life cycle of molten steel products, the most
important categories are as follows: nonrenewable energy,
accounting for 49%, and 17% are noncarcinogens, 11% are
respiratory organics, then terrestrial ecotoxicity, global
warming, carcinogens, and aquatic ecotoxicity.

The IMPACT 2002+ method classifies the complex
environmental impacts into four types of damage and ap-
plies the assessment results to the development and utili-
zation of iron ore resources and ecological environment
planning, which is conducive to the decision makers to make
correct judgments. Comparing the environmental loads of
different processes can also provide a scientific basis for
decision makers and lay a foundation for product ecological
design and cleaner production.

Of course, since the current research history of life cycle
environmental impact assessment is not long, its method-
ology system is not perfect, there are many differences in the
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research of scholars in various countries, and there are few
application fields in China, so there must be some limita-
tions, such as the variability of the source of the life cycle
inventory (different production processes of the same
product); the uncertainty of the model used (such as the
migration and transformation of pollutants in the envi-
ronment is simplified through the multimedia model); the
uncertainty of the selection in the life cycle analysis (for
example, which allocation method and system boundary are
used), etc. However, the life cycle environmental impact
assessment (LCEA) provides a preliminary analysis of the
energy and environmental problems in steel production and
provides a good scientific basis for optimizing the devel-
opment of the industry. Therefore, it is necessary to learn
from the experience of international application of life cycle
assessment method, accelerate its promotion and applica-
tion, and truly realize the service for sustainable
development.
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