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Decarbonization and decontamination of the iron and steel industry (ISI), which contributes up to 15% to
anthropogenic CO2 emissions (or carbon emissions) and significant proportions of air and water pollutant
emissions in China, are challenged by the huge demand for steel. Carbon and pollutants often share com-
mon emission sources, indicating that emission reduction could be achieved synergistically. Here, we
explored the inherent potential of measures to adjust feedstock composition and technological structure
and to control the size of the ISI to achieve carbon emission reduction (CER) and pollution emission
reduction (PER). We investigated five typical pollutants in this study, namely, petroleum hydrocarbon
pollutants and chemical oxygen demand in wastewater, particulate matter, SO2, and NOx in off gases,
and examined synergies between CER and PER by employing cross elasticity for the period between
2022 and 2035. The results suggest that a reduction of 8.7%–11.7% in carbon emissions and 20%–31%
in pollution emissions (except for particulate matter emissions) could be achieved by 2025 under a high
steel scrap ratio (SSR) scenario. Here, the SSR and electric arc furnace (EAF) ratio serve critical roles in
enhancing synergies between CER and PER (which vary with the type of pollutant). However, subject
to a limited volume of steel scrap, a focused increase in the EAF ratio with neglection of the available sup-
ply of steel scrap to EAF facilities would lead to an increase carbon and pollution emissions. Although CER
can be achieved through SSR and EAF ratio optimization, only when the crude steel production growth
rate remains below 2.2% can these optimization measures maintain the emissions in 2030 at a similar
level to that in 2021. Therefore, the synergistic effects between PER and CER should be considered when
formulating a development route for the ISI in the future.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction approximately 7% of the global anthropogenic CO emissions
Climate change, biodiversity loss, and pollution are three inter-
connected planetary crises that humanity faces [1]. Currently,
approximately 140 countries have committed to carbon neutrality
and endeavor to meet carbon neutrality targets under the Paris
Agreement [2]. Meanwhile, the international community is negoti-
ating to establish an autonomous body dedicated to pollution pre-
vention and control as one of its core functions [3]. Effective
decarbonization and pollution prevention and control of the indus-
trial sector are key factors for achieving climate targets and a clean
planet [1,4]. As one of the largest industrial emitters, the iron and
steel industry (ISI) accounts for approximately 25% of direct green-
house gas (GHG) emissions [5] from industrial sectors and
2

[6–8]. The ISI can be the most essential sector of a nation’s indus-
trial economic infrastructure [9], and its continuous long-term
growth can pose a serious challenge to achieving global emission
targets. In particular, the ISI has contributed up to 15% to the
Chinese anthropogenic CO2 emissions (or carbon emission)
[10,11] and 16.5%, 22.3%, and 14.5% to China’s SO2, NOx, and particu-
late matter (PM) emissions in 2020, respectively [12].

To address climate change, the Chinese government has made
commitments in 2020 and released schedule and relevant targets
in 2021 [13]. To reach these goals while simultaneously improving
environmental quality, the Chinese government put forward a
development concept in 2020 to reduce both overall pollution
and carbon emissions [14]. Subsequently, in 2022, China released
a national implementation plan for the synergistic reduction of
carbon and pollution emissions to enhance the multi-objective
governance of the environment. The realization of these goals
has put enormous pressure on the ISI to reduce emissions.
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In recent decades, many studies have focused on eliminating
bottlenecks in both technologies and equipment for smelting
[15,16], waste heat utilization [17,18], ultra-low emissions [19],
and carbon capture and storage [20], leading to significant reduc-
tions in energy consumption and emission levels in the ISI. Concur-
rently, an increasing number of studies have explored and assessed
low-carbon development paths in the ISI [21]. Assessment of the
carbon emission-reduction potential of energy-saving technologies
at the plant level [22] provides basic data that can then be
extended to a comprehensive evaluation of the whole industry
[23,24]. Some studies have determined the correlations among
environmental regulation, carbon emission intensity (CEI), and
economic growth [25,26]. Some studies have focused on the
construction of high-resolution emission inventories for the ISI to
better asses and monitor the total emissions of the industry
[20,27–29]. Ren et al. [5] and Wang et al. [21] simulated pathways
toward carbon neutrality for China’s ISI, based on a systematic
review of various low-carbon technologies. However, most studies
attempted to achieve an overall optimization of the ISI based on
the single-sided focus on carbon emissions. Such studies have
highlighted the need to evaluate synergies between carbon emis-
sion reduction (CER) and pollution emission reduction (PER) to
support the creation of an integrated development path with mul-
tiple governance objectives. The cross-elasticity method derived
from economic studies [30] has been increasingly applied in quan-
titative analyses of the co-benefits of CER measures in the
transport sector [31–33] and in different regions [34,35].

In this work, we quantify the potentials of synergistic benefits
between CER and PER under various low-carbon development
paths for the ISI. Based on a thorough review of China’s actions
to promote the high-quality development of the ISI [36–38], we
summarize five categories of requirements proposed in national
and sectoral plans and identify end-of-pipe measures. The signifi-
cance and degree of synergies between different types of measures
were assessed via tests of between-subjects effects and the cross-
elasticity index. We further constructed pathways for the period
between 2021 and 2035 based on industrial development goals,
technological structure, technology level, and Chinese and global
historical practices. Differences and trends in synergies in different
contexts were further analyzed for paths that are consistent with
policy goals. We find that the benefit of PER was 4.0- to 5.6-fold
that of CER, except for reductions in PM emissions, which were
1.1–2.3 times of CER. Coordination between measures is critical
to enable the industry to move toward synergistic reductions in
both carbon and pollution emissions.
2. Methods

2.1. Estimation of potential carbon and pollution emissions in various
pathways

(1) Formulas. To estimate the potential carbon and pollution

emissions of the ISI in different pathways for the period between
2021 and 2035, we first predicted the production of crude steel.
The crude steel production (CSP) under an inertia growth pathway
was predicted by employing the autoregressive integrated moving
average model, while the production under the policy-control
pathway remained unchanged at 1 Gt as declared in policies. The
mean value of these two pathways was selected as the moderate
pathway. Steel scrap is an important raw material for CSP and
includes self-produced scrap (Sa), processing scrap (Sb), and depre-
ciated scrap (Sc) [39], and its overall generation (Ssc) was estimated
by summing up the generations of these three individual types of
scrap, as shown in Eq. (1).
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Ssc ¼
X

m¼a;b;c
Sm ð1Þ

Self-produced scrap refers to slag steel, intermediate ladle-
casting residue, cut-offs, trimmings, or rejects produced by steel
mills. The yield of self-produced scrap depends on the technologi-
cal level of the steel mill. The yield ratio has decreased to 5% in
recent years, with slight fluctuations. Therefore, we adopted the
average value of 4.9% for the last ten decades in China’s ISI as the
yield ratio (ya) for the period between 2022 and 2035. Processing
scrap refers to scrap generated by the equipment manufacturing
industry during the mechanical processing of steel, and the yield
ratio (yb) is also approximately 5%. Depreciated scrap is generated
by the scrapping of various products when their service life ends.
Its generation is predicted via the social steel accumulation
method for countries with stable steel production and via the steel
product life cycle method for developing countries that still expe-
rience growth in steel production. Since China is in the transition
between these two modes, with a rapid growth in production in
the last decade, and expected to experience strict control in the
future, we adopted the mean value of these two methods.

We used 1 t of crude steel as the functional unit, and the system
boundary was set from mineral mining to crude steel. The product
of each process was calculated by a coefficient equivalent to crude
steel. Subsequently, carbon and pollution emissions originating
from CSP activities were estimated by multiplying production data
for each process by the corresponding emission factors (Eqs. (2)
and (3)). Apart from the generation of wastewater, off gas, and
solid waste (SW), the final discharge of typical pollutants such as
petroleum hydrocarbon pollutants (PHPs) and chemical oxygen
demand (COD) in wastewater, and PM, SO2, and NOx in off gases,
was estimated based on corresponding generation factors and
removal rates of end-of-pipe treatment technologies in the manual
(see data sources). We selected pollutants for which data were
available for all processes of CSP.

Ei ¼
X
j

Fi;j � Pj ð2Þ

where Ei denotes carbon emissions when i = 1, generation of
wastewater when i = 2, off gas when i = 3, SW when i = 4, discharges
of PHPs and COD in wastewater when i = 5 and 6, PMwhen i = 7, SO2

when i = 8, and NOx when i = 9. Fi,j refers to the emission factors of
carbon and/or pollution from process j (as presented in Table S1 in
Appendix A). Pj refers to the volume of product outputs from
process j. The emission factor for the typical pollutants (i = 5, 6, 7,
8, and 9) was determined using Eq. (3):

Fi;j ¼ Gi;j � ð1� Ri;jÞ ði ¼ 5; 6; 7; 8; and 9Þ ð3Þ
where Gi,j denotes the yield ratio of pollutants from process j, and
Ri,j refers to the respective removal rate.

(2) Data sources. The average value of carbon emission factors

(Table S1) summarized in the China Products Carbon Footprint Fac-
tors Database were extracted and adopted in Eq. (2) [40,41]. Adop-
tion of an average value helps minimize the uncertainty of the
results because carbon emission data sources can include large
uncertainties [42]. The pollution emission factors (Table S2 in
Appendix A) were directly extracted from or calculated according
to the generation intensity and relevant removal rate provided in
the manual of accounting methods and coefficients of the genera-
tion of and emissions for industrial sources in China, which was
issued by the Ministry of Ecology and Environment of the People’s
Republic of China based on investigations on both key emission
and non-key emission enterprises [43]. Details about the carbon
emission accounting methods and pollution emission factors
investigation can be found in the notes to the Tables S1 and S2.
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2.2. Synergy analysis of various scenarios

To quantify the synergistic linkage between CER (DCE) and PER
(DPE), the synergy index (ECE

PEðtÞ) based on the cross-elasticity of
emission reductions in the year t was defined as in Eq. (4):

ECE
PEðtÞ ¼

DCEðtÞ
CEðt � 1Þ

� �
=

DPEðtÞ
PEðt � 1Þ

� �

¼ CEðt � 1Þ � CEðtÞ
CEðt � 1Þ

� �
=

PEðt � 1Þ � PEðtÞ
PEðt � 1Þ

� �
ð4Þ

where CE(t) denotes the carbon emissions in year t and PE(t) refers
to a specific category of pollution and/or emissions in year t. ECE

PEðtÞ
indicates that the measures in the analyzed scenario could lead to
CO2 and pollution emission changes with the same trend, that is,
emissions decrease or increase simultaneously. When both emis-
sions decrease and ECE

PEðtÞ is higher than 1, the reduction in carbon
emissions is more rapid than the reduction in pollution emissions,
and vice versa. However, if the value is negative, there is no
synergistic reduction with respect to the two types of emissions.

2.3. Identification of co-beneficial measures and establishment of
scenarios

We compiled a detailed explanation of measures that may
achieve a synergistic reduction in carbon and pollution emissions
by identifying and summarizing five synergetic measures based
on policies. The measures and targets are presented in Table S3
in Appendix A. At present, most of the policies and plans have
targets for the end of the 14th Five-Year Plan period, namely, the
year 2025. Approaches for scenario analysis are introduced below.
Feedstock composition is to be structurally adjusted such that the
total volume of steel scrap consumed increases to more than 300
Mt by 2025, from the volume of 226 Mt in 2021. Given that the
steel scrap ratio (SSR) is a generally used indicator for the industry,
it is proposed in the specific plan for the steel scrap sector that it
should reach 30% by 2025; we thus adopted this as the standard
SSR scenario. Then, a controlled SSR scenario (with a fixed SSR of
21.9% in 2021), a moderate SSR scenario (with a target of 25%),
and two optimistic SSR scenarios (with targets of 35% and 40%)
were established. We chose these scenarios given that the SSR is
unlikely to increase indefinitely; for example, the second largest
CSP region—the European Union—has maintained an SSR of
approximately 55% for most of the last decade. Likewise, the SSR
of other Asian countries such as Republic of Korea and Russia are
currently at approximately 40% [44]. We thus assumed that the
SSR will maintain the same growth trend after 2025 and eventually
reach a ceiling of 50%.

Policies propose adjustments to the technological structure by
increasing the electric arc furnace (EAF) ratio so that it exceeds
15%, up from the 10.7% in 2021. Similarly, four additional develop-
ment scenarios were established based on this target, with a fixed
ratio of 10.7%, a moderate ratio of 12.5%, and two optimistic ratios
of 17.5% and 20.0%. During the 14th Five-Year Plan period, China is
pushing the transformation of ultra-low emissions for off gas
pollution control facilities of iron and steel enterprises to advance
technology on pollutant emissions; moreover, for SW manage-
ment, the ‘‘zero-waste city” strategy is being implemented in
prefecture-level cities, in which the reduction of SW at sources is
an important task. However, none of the relevant policies have
proposed targets on generation/emission factors. As presented in
Table S3, China has set a quantitative target (reduction by more
than 10%) for reducing the water resource consumption intensity
during the 14th Five-Year Plan period. Therefore, we assumed
the impact of technological advancement based on the require-
ment of reducing the water consumption intensity, in which a
113
reduction of 10% by 2025 should be achieved as moderate expecta-
tion. The scenarios for CSP were established as described in the
section on production prediction. A summary of the design of the
scenarios is presented in Table S4 in Appendix A. No target require-
ments for the SSR of EAF have been imposed in policies.
The scenarios were thus established based on an SSR ratio of
68.14% in 2021, and the SSR for blast furnace (BF)–basic oxygen
furnace (BOF) was calculated using Eq. (5):

rb ¼ rt � pt � re � pe

pb
¼ rt � pe þ pbð Þ � re � pe

pb
ð5Þ

where rt, re, and rb refer to the SSRs of the ISI, the EAF, and the
BF–BOF approach, respectively; similarly, pt, pe, and pb refer to
the CSPs of the ISI, the EAF, and BF–BOF approaches,
respectively.
3. Results

3.1. Carbon and pollution emissions

According to the historical production of crude steel in China
and the production-weighted intensities of carbon and typical
pollutant emissions, the future production of crude steel and the
relevant annual emissions of carbon and pollutants are predicted
(Fig. 1(a) and Fig. S1 in Appendix A). Analysis of between-subject
effects (Table S5 in Appendix A) indicated that the increase in
industry size (CSP) was the most critical factor in increasing carbon
emissions and those of water and air pollutants from the ISI. In
2030, for example, when CSP is strictly controlled in accordance
with policy requirements, total carbon emissions would be
(1.81 ± 0.20) Gt in the controlled scenario (Sc; maintenance of
CSP at 1 Gt). This result is comparable to the 1.7 Gt estimated by
Pan et al. [45] under a low carbon pathway and is expected to be
13.68%–17.08% of China’s peak carbon emissions as predicted by
existing studies [46]. However, when CSP increases at its historical
growth rate (as-usual scenario (Sa)), namely, from 1.04 Gt in 2021
to 1.53 Gt in 2030, carbon emissions would reach (2.78 ± 0.30) Gt,
which is 1.53 times the projected emissions in 2021 and 21.07%–
26.17% of China’s projected carbon emissions in 2030. The carbon
emissions in 2035 could be as high as (3.17 ± 0.35) Gt if CSP con-
tinues to grow. The corresponding emissions in 2030 and 2035
were estimated to be (2.30 ± 0.25) and (2.50 ± 0.28) Gt, respec-
tively, if CSP increases by only 50% of the inertial growth rate
(moderate scenario (Sm)).

Although CER can be achieved through SSR and EAF ratio opti-
mization, only when the CSP growth rate remains below 2.2% will
the corresponding optimization measures be able to maintain car-
bon emissions of the industry in 2030 at a level similar to that in
2021. In this case, the SSR and EAF ratio, and the SSR of EAF, would
be 50.0%, 14.8%, and 84.0%, respectively.

The industrial wastewater generation from CSP was estimated
to reach (8.87 ± 1.54) � 109 and (13.57 ± 2.35) � 109 m3 in 2030
under the Sc and Sa scenarios, respectively. Accordingly, emission
of PHPs would be (1.43 ± 0.56) and (2.19 ± 1.08) kt, and emissions
of COD would be (599.7 ± 235.5) and (917.3 ± 360.2) kt, respec-
tively, among which COD emissions amount to 2.4% ± 0.9% and
3.6% ± 1.4% of China’s statistical COD emissions in 2021 [47]. The
generation of off gases in both scenarios could be up to (9.98 ±
1.63) � 109 and (15.1 ± 2.31) � 109 m3, respectively, and be accom-
panied by PM, SO2, and NOx emissions of (231.2 ± 46.5) and
(345.1 ± 63.2) kt, (386.7 ± 152.0) and (591.5 ± 232.5) kt, and
(185.1 ± 72.8) and (283.2 ± 111.3) kt, respectively. SW slags mainly
include dust removal ash and slag from BF, converters and EAF, as
well as residues from steel scrap pretreatment, amounting to
(360.3 ± 24.9) and (551.1 ± 38.1) Mt, respectively.



Fig. 1. (a) Carbon emissions of the ISI with CSP increase at different growth rates, (b) carbon emissions, and (c) technological and feedstock composition of crude steel under
different SSRs in the controlled scenario (Sc) scenario. L indicates adoption of a low growth in the EAF ratio (ratio of crude steel by EAF to all crude steels), while H indicates
adoption of a high growth in the EAF ratio. Sa and Sm represent as-usual and moderate scenario, respectively. Sc-1–Sc-4 were defined below.
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The results demonstrated that when CSP is strictly controlled,
the growth in the SSR will determine the reduction rate of sectoral
carbon emissions (Figs. 1(b) and (c)). As indicated in Fig. 1(c) and
Table S4, the four different pathways of the Sc scenario mainly dif-
fered in the growth rates of the SSR. In particular, the SSR in 2025
was estimated to increase from scenarios Sc-1–Sc-4 in the order
25%, 30%, 35%, and 40%, respectively. Considering the impact of
the EAF ratio on carbon and pollution emissions, the maximum
or minimum values of the EAF ratio were set as the upper and
lower bounds for the corresponding pathways. The results indicate
that the carbon emission volume will decrease with an increase in
the SSR in the predicted time interval (2022–2035), while changes
in pollutant emissions will vary. For example, the carbon emissions
in 2025 would be (1.96 ± 0.03) Gt in scenario Sc-1, with an SSR of
25%, and the average emission volume would be slightly lower
than that of the baseline scenario. For the same year, when the
SSR increases to 35% (scenario Sc-3) and 40% (scenario Sc-4),
carbon emissions would be (1.83 ± 0.03) and (1.76 ± 0.03) Gt,
respectively, so that a reduction of 5.6%–8.2% and 8.7%–11.7% could
be achieved compared to the baseline. For these two scenarios, the
SSR is expected to reach the ceiling set at 50% in 2030 and 2028,
114
respectively. The relevant carbon emissions were estimated to be
85.5% and 84.5% of those in the baseline scenario of the same year.
Thereafter, carbon emissions will be mainly influenced by the tech-
nological structure—the ratio of crude steel by EAF/BOF to all crude
steels, and by the scrap flow—the SSR of EAF. These two factors
would lead to a similar fluctuation of 2.76%–3.50% in carbon
emissions.

Following a similar trend to that of carbon emissions, pollution
generation and emissions were estimated to decrease gradually
with an increasing SSR. As presented in Fig. S1, in 2025, when
the SSR increases from 25% in scenario Sc-1 to 40% in scenario
Sc-4, the volume of wastewater generated will decrease from
1.096 � 1010 to 8.79 � 109 m3, while the amount of COD emissions,
with treated wastewater, will decrease from 893 to 715 kt. Mean-
while, the volume of off gases generated in scenario Sc-4 will be
reduced by 18% from 1.19 � 1014 m3 in scenario Sc-1, while the
emissions of SO2 and NOx in scenario Sc-4 will be reduced by
20%, from the volumes of 576 and 276 kt, respectively, in scenario
Sc-1. However, emissions of PM were estimated to have the oppo-
site trend, with an 8% increase. This is attributed to the fact that PM
is mainly generated in the steel scrap pretreatment process, and
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PM emissions will significantly increase with a growing SSR. SW
generation would be reduced from 385 Mt in scenario Sc-1 to
356 Mt in scenario Sc-4.

3.2. Synergy of PER and CER

Based on the preceding analysis of various Sc scenarios, CER is
achieved through CSP control and SSR adjustment. The synergies
between reductions in carbon and pollution emissions of the ISI
under different development paths are presented in Fig. 2. Based
on Figs. 2(a)–(c) and Fig. S2 in Appendix A, the CER rate would
range between 0.38% and 6.23% if both the SSR and the EAF ratio
increased. Moreover, although PHPs and COD in wastewater and
SO2 and NOx in off gases are generated in and discharged from dif-
ferent processes, their reduction rates were estimated to be fairly
similar, with median values of 5.33%, 5.43%, 5.44%, and 5.44%,
respectively. However, the reduction rate of PM was estimated to
be significantly lower than that of the four aforementioned
pollutants, with a median value of 2.40%. The reduction rates of
wastewater, off gases, and SW generation were 0.99%–9.00%,
0.87%–8.44%, and 0.35%–5.55%, respectively. Detailed rates of CER
and PER under other development paths are presented in Fig. S1.

We further determined variations in the degree of synergistic
reductions with different pollutants and under different scenarios
(Figs. 2(d)–(i) and Fig. S3 in Appendix A). In scenario Sc-2, for
Fig. 2. (a–c) Distribution of CER and PER: (a) COD, (b) PM, and (c) SO2, under the four scen
in 2025 for: (d) COD, (e) PM, (f) SO2, (g) wastewater (WW), (h) off gases (OG), and (i) S
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example, the coefficients of PHP and COD were approximately
the same, ranging from 0.18–0.25, because their generation proce-
dures are consistent and allow for similar reduction rates. This
indicates that enhancing steel scrap utilization and optimizing its
allocation in converter and EAF facilities can not only reduce car-
bon emissions, but also produce more drastic emission reduction
effects for PHPs and COD. These emission reduction benefits can
be 4.0–5.6 times those for carbon emissions. There were similar
synergistic reduction benefits for SO2 and NOx emissions. However,
differing from these four pollutants, the coefficient of PM was esti-
mated to gradually reduce from 0.88 in 2022 to 0.44 in 2035, indi-
cating that the synergy between CER and PM emission reduction is
more consistent than that for the reduction of emissions for the
other four pollutants (COD, PHP, SO2, and NOx), when the industry
follows the scenarios. However, the reduction rate in PM emissions
was estimated to be still higher than that of carbon emissions, and
a higher synergistic reduction can be achieved with technological
advances in pollution control.

The impacts of the SSR growth rate on the synergistic benefits
of CER and PER were further explored for the year 2025
(Figs. 2(d)–(i) and Fig. S3). The results show that all coefficients
increased, but with varying intensity. Among them, the coefficient
of carbon/particulate matter (C-PM) increased from 0.17 to 9.92—
more significantly than the others. The results indicate that sce-
nario Sc-3 could be the best pathway among all four options to
arios. (d–i) Synergistic reduction degrees of carbon emissions to pollution emissions
W.
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achieve high synergies in reducing carbon and pollution emis-
sions. The changes in the coefficients for the same pollutant also
suggested that, with the same SSR, an increase in the EAF ratio
would further strengthen the benefits of PER. In particular, the
PHP coefficient was estimated to decline from 0.234 to 0.102,
while the SO2 coefficient was estimated to decline from 0.229
to 0.100. This shows a larger reduction in PHP and SO2 emissions
than in PM emissions, whose coefficient was estimated to decline
from 0.811 to 0.472.

3.3. Impacts of raw material composition and technological structure

When many countries are striving to reduce the CEI of the ISI,
the total supply of steel scrap in international trade may be
insufficient to sustain the expected growth in CSP. Therefore, it is
essential to further regulate the flow of steel scrap/waste to enable
the sector to move into a decarbonizing direction. As indicated by
the blue dotted line in Fig. 1(b), a continuous increase in the EAF
ratio at an SSR maintained at 50% would lead to a reduction in
the SSR of the BF–BOF approach to ensure that EAF facilities are
supplied with sufficient scrap feedstock. However, such a
re-allocation would increase both industrial carbon and pollutant
emissions.

The results indicate that when the EAF ratio continuously
increases, as in scenario Sc-3 (to 43.25% in 2035), the total carbon
emissions would increase to 1.82 Gt, an increase of 81 Mt as com-
pared to a constant EAF ratio. This increase would be as high as 113
Mt in scenario Sc-4, primarily because the molten iron produced in
the BF–BOF approach provides some of the heat for the melting of
the steel scrap fed into the converter, which achieves energy
Fig. 3. Carbon and pollutant emissions from CSP processes in scenario Sc-3 in 2035: (a)
(e) SW generation, (f) off gases generation, (g) PM emissions, (h) SO2 emissions, and (i) NO
recycled steel, refers to crude steel originating from steel scrap. The slope lines in column
corresponding procedure.
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savings and CER to some extent. Therefore, given that the iron
ore-based BF–BOF approach remains essential, optimizing the allo-
cation of steel scrap to the converter and EAF is important to
ensure a sustainable reduction in the industry’s carbon emissions.
In general, the SSR of the BF–BOF approach is approximately 20%
[48] due to limitations in residual heat available in the molten iron
and the content of alloying elements in the steel scrap. At present,
enterprises are working to increase the SSR to 30% [49], or even
35% [50,51], by increasing the molten iron temperature, preheating
the steel scrap, and adding coke powder to the converter. Although
these practices can increase heat consumption to a certain extent
as compared with the conventional BOF steelmaking process,
utilization of residual heat in molten iron contributes to overall
energy savings.

The results shown in Fig. 3 indicate that for carbon emissions,
the BF iron making process (P3) accounted for up to 58.1% of the
industry’s overall carbon emissions, even when the SSR reaches
50%. In contrast, the share of mineral processing (P1) and raw
material preparation (P2) processes were small, at 1.3% and 3.9%,
respectively. The sum of these three processes, which are all
directly related to the production of pig iron, was 63.3%. This fur-
ther demonstrates the significance of the utilization of steel scrap
to reduce carbon emissions. The next highest carbon emission pro-
cesses were steel scrap pretreatment (P4) and steelmaking (P5),
accounting for 23.9% and 12.9% of total emissions, respectively.
For the latter, the percentages of carbon emissions originating from
primary pig iron smelting in a converter and steel scrap smelting
were 1.5% and 1.0% respectively, while the percentage of carbon
emissions from primary pig iron smelting and steel scrap smelting
in an EAF was 1.7% and 8.7%, respectively.
carbon emissions, (b) wastewater generation, (c) PHP emissions, (d) COD emissions,
x emissions. VS: virgin steel, refers to crude steel originating from raw minerals; RS:
s of P1 and P2 of (a) indicate that the data is the total amount of all processes in the



Q. Tan, F. Liu and J. Li Engineering 40 (2024) 111–121
The vast majority of industrial wastewater and pollutants
within—PHPs and COD—are generated in the mineral processing
process (P1), mainly during mining and mineral flotation proce-
dures. The proportions of wastewater and COD generated in P1
exceeded 99% of their total generation from all five processes. For
PHPs, this percentage of P1 was slightly lower, 94.7%, while the rest
is generated during steelmaking. Off gases and the PM therein are
generated in all processes. Off gases are mainly generated during
mineral processing, accounting for 73.1% of the total volume,
followed by steelmaking at 13.0%. PM is mainly generated in the
steel scrap pretreatment process, with a percentage of 53.9%,
followed by raw material preparation, with a percentage of
14.2%. The processes by which SO2 and NOx are generated are very
similar, including mineral processing, raw material preparation,
and iron making. The generation of SO2 in these processes was
33.1%, 65.8%, and 1.2% respectively, while that of NOx was 28.4%,
66.5%, and 5.1%, respectively. The results show that SW is gener-
ated mainly in iron making, steel scrap pretreatment, and steel
making, in which the iron and steel making generate the highest
proportions, 43.6% and 41.7%, respectively. The remaining propor-
tion is generated in steel scrap pretreatment. It is worth noting that
we did not include tailings because their generation is closely
related to the grade of the ore, which varies greatly with ore type.
For example, the generation of tailings from iron production using
the most commonly used iron ore concentrate, magnetite concen-
trate, with a total ferric content of 60% (the lowest grade concen-
trate, C60), is theoretically more than 1.4 times the amount
generated when using the best grade concentrate—C68 (total ferric
content of 68%).
Fig. 4. Distribution of carbon and pollution emissions in different technological approa
emissions, (e) off gases, (f) PM emissions, (g) SO2, (h) NOx, and (i) SW generation.
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3.4. Impact of CSP and the gap between steel scrap supply and demand

An increase in CSP will exacerbate the gap between the demand
and supply of steel scrap because a reduction in the CEI increases
the demand for steel scrap. As presented in Fig. 4, the BF–BOF
approach greatly dominates the industry’s carbon and pollutant
emissions in terms of production technology. In the case of sce-
nario Sc, in which CSP is maintained at 1.0 Gt, the BF–BOF approach
accounted for 78.3% of total carbon emissions by the ISI in the
projection for 2030. Compared to the BF–BOF approach, the EAF
approach is key to reducing carbon emissions in the ISI in many
countries as it can consume and utilize a higher percentage of
waste and steel scrap and has only a CEI of approximately
30%–50% of that of the BF–BOF approach [52,53]. With respect to
pollution generation and emissions, the BF-BOF approach
accounted for 96.5%, 91.8%, and 81.0% of the industrial wastewater,
off gas, and SW generation of the ISI, respectively; among the cor-
responding pollutants, the highest percentage of BF–BOF-approach
emissions were observed for COD, accounting for 96.9% of the total
emissions of the industry. The percentages of all pollutants
exceeded 95.0%, except for PM, which accounted for 64.8%.

CSP also significantly influences the supply and demand balance
of steel scrap. As shown in Fig. 5, under different CSP growth
scenarios, depreciated scrap, with 61.9%–80.5%, accounted for the
dominant portion of steel scrap feedstock, followed by
self-produced scrap and processing scrap, which accounted for
9.8%–18.8% and 9.7%–19.3%, respectively. Since self-produced and
processing scrap are generated during crude steel production and
steel product processing, respectively, their total amount is
ches: (a) carbon emissions, (b) wastewater generation, (c) PHP emissions, (d) COD



Fig. 5. (a) Composition of waste steel/steel scrap generation in China; (b) demand for, and (c) gap between, waste steel and steel scrap in China, under different scenarios.
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directly affected by changes in CSP in the same year. Depreciated
scrap, on the other hand, originates from obsolescence of the steel
from its social stock after consumption. Therefore, unlike the other
two types of scrap, changes in the generation of depreciated scrap
have a significant lag time. Most of the depreciated scrap originates
from steel consumption in the early 21st century, and the contin-
ued growth in consumption during this period has increased the
sources of depreciated scrap, which resulted in a continued
increase in the SSR. In the Sc scenarios, the amount of depreciated
scrap will grow to 238.2 and 336.6 Mt in 2025 and 2030, respec-
tively. In the Sa scenario, the increase in production and consump-
tion of crude steel will also lead to a continuous increase in the
amount of depreciated scrap and total scrap resources; the total
volume of steel scrap will reach 371.3 Mt in 2025 and 510.5 Mt
in 2030, within which the amounts of depreciated steel scrap will
be 252.8 and 367.5 Mt, respectively. These values are slightly
higher than those predicted for the total volume of steel scrap by
Zhang et al. [54], which is approximately 330 Mt in 2025 and
420 Mt in 2030. This difference is mainly due to the fact that Zhang
et al. [54] adopted a decreased CSP (880 Mt until 2030), which
results in a lower amount of self-produced scrap originating from
the production process. By 2035, total steel scrap will reach
592.8 Mt and depreciated scrap 431.7 Mt.

As the Chinese ISI raises the SSR and the EAF ratio, the demand
for steel scrap increases accordingly. The change in the supply and
demand gap for steel scrap was evaluated by examining the total
demand for steel scrap for both BF–BOF and EAF approaches and
the steel scrap potential under the different scenarios (Fig. 5). In
the baseline scenario in which CSP and the SSR remain constant,
the steel scrap potential will exceed the industry’s demand from
2020 onward, and the amount of surplus steel scrap will gradually
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increase. The surplus will be 112.60 Mt by 2025 and increase to
211.05 Mt by 2030. However, when the SSR gradually rises, the
amount of surplus steel scrap will gradually shrink and a shortage
will develop. In the low-SSR-growth scenario, in which the SSR is
25% in 2025 (Sc-1), the amount of surplus steel scrap will be
81.66 Mt in 2025. The surplus will narrow to 25.17 Mt if the SSR
in 2025 rises to 30% (Sc-2). A steel scrap deficit would develop if
the SSR growth continues to increase. In scenarios Sc-3 and Sc-4,
in which the target SSR is 35% and 40% in 2025, respectively, the
deficit will further increase to 18.3 and 69.9 Mt, respectively, for
the same year. In the Sa scenario, the simultaneous growth in
CSP and SSR would exacerbate the steel scrap shortage, which
could reach 136.2 Mt in 2025.
4. Discussion

4.1. Reinforcement of structural adjustment in feedstock composition

To meet its carbon peak and carbon neutrality commitments,
China is strongly pushing to reduce the CEI in many industries.
For the ISI, measures include increasing the utilization of steel
scrap, raising the capacity and production of EAF facilities, or
limiting the growth of CSP. Restructuring the composition of raw
materials will significantly increase the industry’s demand for steel
scrap. Self-produced and processing scrap together account for
61.9%–80.5% of domestic steel scrap [55], while the remained is
depreciated scrap collected after the steel stock in products, equip-
ment, and constructions reaches its end of life.

Although China’s crude steel consumption has grown rapidly in
the last decade, it will take 20–25 years before that steel can be
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recycled, making it difficult to support a continued CSP growth in
the future. To achieve greater CERs and PERs, on the one hand,
scrap collection needs to be enhanced from the current collection
rate of 24% [56], while on the other hand, suppliers abroad and
domestic importers are still having a wait-and-see attitude
towards China’s steel scrap standard released in 2020. In 2021,
the import volume of recycled iron/steel materials was only
552.8 kt [56]. Further clarification of the specific implementation
requirements of the standard is needed to promote the import of
recycled iron/steel materials and alleviate the gap. For other devel-
oping countries with increased urbanization and industrialization,
the dual pressures of a growing demand for steel products and the
control of carbon emissions present an even greater challenge to
steel waste/scrap collection and import policies and enforcement.
4.2. Optimization of technological structure to achieve emission
reduction

China’s action plan for achieving the carbon peak in the ISI pro-
poses simultaneous adjustments to the SSR and EAF ratio. How-
ever, the energy consumption intensity of the BF–BOF approach
will significantly decrease if the SSR increases. This intensity is
comparable to the EAF approach at an SSR of approximately 40%
in the BOF–BF approach [57,58]. The results suggest that, subject
to a limited volume of steel scrap, an obsessive increase in the
EAF ratio while neglecting the available supply of steel scrap to
EAF facilities will lead to increases in both carbon and pollution
emissions. Therefore, during policy implementation, the long-
term supply potential of steel scrap needs to be systematically con-
sidered at the regional level, combined with the allocation of scrap
in converters and EAF facilities to optimize implementation of
structural technological measures to achieve emission reduction.
Moreover, requirements for the composition of feedstock for differ-
ent types of facilities should be proposed so that emission reduc-
tion effects can be achieved more efficiently. We focused on steel
production and pollution control in terms of emission reductions
by technological advances without insights into the role of energy
greening, which is a limitation of this study. However, there have
been other, more specialized studies on reductions in energy sys-
tem emissions. We further did not consider the impact of technolo-
gies that are not ready for use from a technical and commercial
perspective, such as hydrogen-technologies. Thus, we may have
overestimated future carbon and pollution emissions, which is
another limitation of this study.
4.3. Controlling the scale of industrial production

The results suggest that limiting the volume of CSP plays a fun-
damental role in reducing carbon and pollution emissions of the
ISI. Measures of raw material composition and technological struc-
tural adjustment have complementary roles if the limiting targets
are to be achieved. At an annual CSP growth rate of approximately
2%, the carbon emissions in 2030 will only be comparable to those
in 2021 through the extensive use of steel scrap and EAF facilities.
Moreover, CSP growth will also cause a continuous increase in the
emission of various pollutants such as PHPs, PM, and SO2. While
China issued a legal obligation in 2021 to tightly control CSP, the
actual production of that year still exceeded the control target by
35 Mt. The production also reached 0.81 Gt in the first three quar-
ters of 2022, which is 81% of the annual control target and still too
high. Therefore, stricter enforcement is essential to control CSP.
This can also obviate the new demand for steel scrap, especially
for countries and regions with low urbanization rates that do not
have enough historical stock to provide the needed volume of
depreciated steel scrap.
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4.4. Synergistic reduction of emissions to achieve multiple
environmental benefits

The results illustrate variability in the synergy between CER and
PER via various low-carbon emission measures due to differences
in CEI and pollution emission intensity (PEI) in various processes.
PM emissions, in particular, may change contrarily to those of
the other four pollutants (COD, PHP, SO2, and NOx). On the one
hand, in terms of CER and PER, it is necessary to optimize the
development path of the industry in an integrated manner with
multiple objectives due to differences in environmental capacity
in different regions.

On the other hand, ore types and steel scrap sources are diverse.
Heavy metals and harmful compounds contained in ores or added
during steel production, as well as the pollutants attached during
steel scrap collection, can significantly change the industry’s pollu-
tion emissions, especially those of contaminants of high concern.
For example, waste iron drums that contain solvents, paints, and
lacquers, should be disposed of as hazardous waste but are increas-
ingly recycled in furnaces of the ISI to take advantage of the high
temperature and completely decompose organic pollutants. How-
ever, common environmental protection facilities for waste gases
and wastewater are inadequate for the control of volatile organic
pollutants such as benzene, toluene, or formaldehyde and haz-
ardous residual liquids generated in the storage and pretreatment
stages. Heavy metals such as cadmium, chromium, and vanadium
are used to enhance the function of steel products. The content
of heavy metals in SWmay also change with higher SSRs, thus pos-
ing challenges to the management of SW. Studies on pollutant
analysis have rarely paid attention to high-risk heavy metals and
compounds or to the corresponding hazardous wastes. Investiga-
tions on their content in ores and steel wastes and their transport
and fate during processing are required to identify priorities in dif-
ferent regions and achieve synergistic goals toward climate mitiga-
tion, clean water, a blue sky, and unpolluted land.

China’s experience with promoting the synergistic reduction of
carbon and pollution emissions has broad implications for other
developing countries, such as India, Brazil, or South Africa, which
have high carbon emissions while suffering from severe health
impacts from various types of pollution [59]. The urbanization rate
is expected to further increase for these countries [60], while the
per capita consumption of iron and steel is still at a relatively
low level [44,61]. This leads to an increasing consumption demand.
For similar countries with a growing consumption, the prevention
of an excessive growth in CSP is key to controlling total carbon and
pollutant emissions. Furthermore, it is essential to identify key
sources that can enhance the supply of scrap, specifically if the
SSR is to be increased. Restructuring of facilities to EAF production
in large proportions is a rational path only if an adequate supply
with steel scrap is secured.

The ISI is a major contributor to both carbon and pollution
emissions [6], specifically in the air. China’s measures toward syn-
ergistic reductions in various emissions may provide feasible opti-
mization pathways for other developing countries in the near
future. Such reference pathways may assist those countries to bet-
ter cope with the coordination of reduction approaches via raw
material composition control, technological structural adjustment,
technological advances, and production-scale limitations to transi-
tion to a low-carbon and low-emission development model.

4.5. Uncertainty analysis

An uncertainty analysis was conducted by employing the Monte
Carlo framework to verify the reliability of carbon and pollution
emission estimations. Random values were generated according
to the ranges of the CSP, SSR, EAF ratio, and emission factors of
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pollutants in each scenario. A total of 10 000 simulations were run
to assess the ranges of uncertainty. The results suggested that the
estimations are stable (Fig. S4 in Appendix A), with a slightly larger
uncertainty range for CO2 emissions in the Sa scenario, ± 0.84 for
twice the standard deviation (2SD), than in the other scenarios
(± 0.52 for both Sc and Sm scenarios), and similar results for pollu-
tion emissions among the scenarios. The COD in the Sa-H scenario
had the largest uncertainty range among all the estimated pollu-
tion emissions with a 2SD of ± 578.17, followed by SO2, SW genera-
tion, and PM with 2SD values of ± 374.57, ± 193.77, and ± 188.03,
respectively. This is primarily due to the influence of key model
inputs for emission estimation, which included activity level data,
namely, CSP and correlation coefficients (SSR, EAF ratio, and PEI).
The results show that the SSR had the largest impact among the
correlation coefficients on carbon emissions in the Sa-H scenario,
with a contribution of 68.13%. On the other hand, the PEI was
the most influential parameter on SO2 and SW generation with a
contribution of 88.66% and 87.04%, respectively. In addition, the
use of stable emission factor values may increase uncertainty due
to the heterogeneity of technologies, raw materials, operations,
and other conditions of production facilities. We assumed that a
5% change in carbon emission factors for each production step
resulted in a 0.06%–2.86% change in model-estimated carbon
emissions.
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