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HIGHLIGHTS

o Impact of China’s iron and steel industry emissions on air quality is simulated.

o Sintering and pelletizing presented the largest emission intensities.

e The largest contributors were mainly concentrated in eastern China.

e SO, made the largest contribution to air quality in iron and steel industry.

e Emission sources presented the greatest contribution to air quality concentration in summer.

ARTICLE INFO ABSTRACT

Keywords: To reduce the emissions from the iron and steel industry, China has imposed a series of strengthened emission
Iron and steel industry standards since 2012. An accurate impact of emission reduction on the air quality is critical for evaluating policy
China

efficiency. This study was the first attempt to explore the contribution of emissions from China’s iron and steel
industry to ambient air quality at national scale, after the implementation of current standards in 2012. First, all
emission sources in production processes were estimated at unit level in China’s iron and steel industry, covering
sulfur dioxide (SO2), nitrogen oxides (NOx) and particulate matter (PMys), etc. Second, the corresponding air
quality impacts were modeled with the Comprehensive Air Quality Model with extensions (CAMx) model. We
find that emission hotspots from China’s iron and steel industry, with following aspects. (1) From a spatial
perspective, the largest emissions and ambient concentration contributors were mainly concentrated in eastern
areas of China, with high crude steel production. (2) Among three main pollutants (i.e., SOz, NOx and PM3 s),
SO, made the largest contribution to ambient concentration in China’s iron and steel industry. (3) As for tem-
poral distribution, emission sources presented the greatest contribution to air quality concentration in summer.
(4) For policy evaluation, under the current standards in 2012, the contribution of iron and steel industry
emissions to air quality decreased by 92.07% and 72.91% for SO, and PM, s, respectively. Therefore, these
results will be essential to reflecting current emission characteristics and underscoring further opportunities for
emission reductions.
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Fig. 1. China’s iron and steel industry locations and distribution of crude steel production.

Table 1
Mass percentage of PM 5 in PM;¢ (%).
Coking Sintering Pelletizing ~ BF BOF EAF Steel Rolling
Quenching 30.46'  Head 56.070  43.372 Casting 62.94'  Hot metal pretreatment ~ 45.06!  74.14>  62.51
Coal preparation 37.78!  Tail 51.11! Oretank  15.27'  Secondary off gas 56.68'
Coal charging& Pushing ~ 40.97'  Raw material preparation ~ 36.62' Others 62.512  Primary off gas 71.43%
Coke oven chimney 40.97'  Size stabilization system 38.63! - - Underground bunker 71.432
17Zhang (2015),%He (2017).
Table 2 Table 3
Emission factors of pollutants in different processes in 2012 (Unit: kg/t for VOCs CAMx model configurations.
- 0,
and CO, ng I-TEQ/t for PCDD/Fs, and % for BC, OC and EC (the percentage of Process Method Reference
PM3 5)).
Horizontal advection PPM Colella and Woodward
Pollution PCDD/ VOCs Cco BC ocC EC F (1984)
Fs Vertical diffusion Standard K ENVIRON (2016)
Coking 324.4% 2.96! 1.6! 30° 356 _ Theory
Sintering 80002 0.25! 226 16 2.28 0.47 0.00282 Dry settlement parameterization WESELY89 Wesely (1989)
Pelletizing 1962 0.25! 0.064 1° 2.27  0.47  0.0009? scheme
Blast 22 ~ 2236  10° 627 08 Chemical mechanism of liquid phase =~ RADM-AQ ENVIRON (2016)
furnace Gas phase chemical mechanism SAPRC99 Colella and Woodward
BOF 690° 0.06'  352° 1.175° 88" 077 0.0065 (1984)
EAF 30002 0.1° 9! 14.196 8.87 0.77 0.00312 Aerosol module CF Scheme ENVIRON (2016)
Hot rolling 0.33 1.28! 1.175° 8.87 0.77 B Thermodynamic equilibrium model ISORROPIA Nenes et al. (1998)
Cold rolling 0.062* _ _ _ _ of aerosol
He (201 7), 20ur field investigation,3MEE (2014), 4Wu et al. (2015), 5Liu et al.
(2018),%Lei (2008), “Wen et al. (2018).
Table 4
. CAMx modelling scenarios.
1. Introduction
Scenario Emissions Year
In recent decades, with the boom in infrastructure construction, the $-0 Background emissions 2012
increases in China’s iron and steel industry emissions have led to S-1 Background emissions + iron and industry emissions 2012

degradation of the ambient air quality and associated human health
problems. China has become the largest steel producer in the world,
accounting for 51.88% of the word’s crude steel production in 2018
(approximately 5.66 times above the figures for 1990) (World Steel
Association, 1990-2019). Though vital to China’s economy, as one of
the most emission-intensive sectors (Zhao et al., 2011; Zheng et al.,
2018), massive amounts of air pollutants have been emitted from the
iron and steel industry (Kim et al., 2016; Li et al., 2017; Tan et al., 2017).

In particular, the industry has contributed 11.15%, 8.83% and 28.98%
to Chinese anthropogenic emissions of sulfur dioxide (SO2), nitrous
oxides (NOx) and particulate matter (PM) in 2015 (MEE, 2016),
respectively, and surpassed 30% of Chinese polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) emis-
sions in 2004 (MEPFECO, 2007). As a result, these emissions have led to
air quality degradation (e.g., atmospheric haze and acid rain) (Dai et al.,



L. Tang et al.

Table 5
Statistical indicators for comparison of simulated and monitoring data for PM, s.
R FB (%) NMB (%) NME (%)
Beijing 0.87 —31.08 —29.80 40.61
Shanghai 0.63 —4.77 —4.43 45.76
Guangzhou 0.27 —52.55 —47.79 60.74
Chengdu 0.68 31.45 7.01 33.86

Table 6
Statistical indictors for comparison of simulated and monitoring data for PM;,
SO, and NOx.

R FB (%) NMB (%) NME (%)
PM;o 0.58 14.74 —13.72 51.78
SO, 0.63 19.06 —17.40 47.75
NOx 0.63 4.64 —4.54 37.61

2016; Huang et al., 2014; Li et al., 2016; Zhao et al., 2012) and human
health problems (e.g., respiratory diseases, cardiovascular diseases,
breast cancer and premature deaths) (Chen et al., 2013; Coudon et al.,
2019; Ho et al., 2016; Shutt et al., 2017; Zheng et al., 2018). To tackle
these problems, it is essential to explore the contribution of China’s iron
and steel industry emissions to the ambient air quality.

To address air pollution in the iron and steel industry, China has
introduced a series of strengthened emission standards in October 1,
2012 (shown in Supplementary Table 1). These compulsory standards
cover all production process of iron and steel industry. In particular, for
the sintering process (i.e., the most important process for emissions), the
current standards are ambitious, with levels of stringency surpassing the
previous standards (i.e., GB 16297-1996) by up to 91% and 60% for SO,
and PM, respectively. To comply with these tightened standards, pene-
trations of highly efficient pollutant control technologies are actively
promoted (e.g., flue gas desulfurization and high-efficiency PM control
facilities) (Guo et al., 2017; Wang et al., 2019). Consequently, pollutant
concentrations are dramatically decreased and effectively controlled
within standard limits (Zhang et al., 2009; Zheng et al., 2018). Under
such a background, the implementation of these standards has greatly
reduced emissions from the iron and steel industry since 2012. To reflect
the impact of the emission standards implemented in 2012, this paper
attempts to explore the contribution of China’s iron and steel industry
emissions to ambient air quality.

However, the research on contributions of China’s iron and steel
industry emissions to the air quality concentration at the national scale
is still lacking. The existing research has mainly focused on three
different scales: local, city and regional (Acciai et al., 2017; Bo et al.,
2017; Di Gilio et al., 2017). For the local scale, the identification and
apportionment of emission sources of airborne PM concentrations in the
vicinity of the integrated steelworks complex has been conducted (Dai
etal., 2016). At the city scale, the contributions of iron and steel industry
emissions to the ambient environment (i.e., PMy 5 or PM;( concentra-
tion) have been explored in different cities; for example, in Beijing (Jia
etal., 2018; Song et al., 2006), Shanghai (Tan et al., 2015), Xi’an (Huang
et al., 2014), Wuhan (Acciai et al., 2017) and Lanzhou (Tan et al., 2017).
At the regional scale, the magnitude of the iron and steel industry
emissions contribution to airborne PMj s concentrations in the Bei-
jing-Tianjin-Hebei region has been simulated (Bo et al., 2017; Duan

Table 7
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et al., 2018). Therefore, this study aims to fill in the literature gap for the
national level and explore the contribution of China’s iron and steel
industry emissions to the air quality nationwide in 2012.

In terms of analytical techniques, source apportionment methods can
be generally divided into source-oriented and receptor-oriented models.
In particular, receptor-oriented models measure mass of source tracers
at both a given site (i.e., receptor) and emission sources, and adopt
statistical analysis method to obtain quantitative contributions of each
emission source (Almeida et al., 2015; Salameh et al., 2016; Taiwo et al.,
2014). Though highly accurate, this method might be somewhat limited
in terms of spatial coverage, with only contribution at the specific given
site (i.e., receptor) obtained (Almeida et al., 2015; Guo et al., 2017). In
comparison, source-oriented models, relying on emission inventory and
meteorological field, account for emission transport at the large scale
and thus effectively solve these problems (Ciarelli et al., 2017). Thus,
source-oriented models have been applied to simulate iron and steel
industry emissions impacts on air quality, such as the Comprehensive
Air Quality Model with extensions (CAMx) (Fann et al., 2012), Com-
munity Multiscale Air Quality model (CMAQ) (Jia et al., 2018) and
California Puff model (CALPUFF) (Abdul-Wahab et al., 2018; Gulia
et al.,, 2015). Among these models, CALPUFF is more suitable for
simulation at city or provincial level (Abdul-Wahab et al., 2018). Both
CMAQ and CAMx show good overall performance, without systematic
superiority over each other at the national scale (Shen et al., 2011;
Tesche et al., 2006). Indeed, our previous studies have verified the good
performance of CAMX in air quality simulation in China (Bo et al., 2017,
2019; Du et al., 2016; Wang et al., 2016a). Specifically, CAMx particu-
larly involves “one-atmosphere” assessment of multi-pollutants impacts
during atmospheric transportation, including physical and chemical
processes (Ciarelli et al., 2017), and thus has widely been employed to
quantify the contributions of iron and steel industry emissions; for
example, in the US (Fann et al., 2012), China (Bo et al., 2017; Duan
et al., 2018) and India (Guttikunda et al., 2019). Therefore, this study
employed the CAMx model to explore air quality impacts.

The CAMx model requires a well-established inventory for China’s
iron and industry emissions. However, existing studies only examined
the emissions of iron and steel industry before 2012 in China (Lei et al.,
2011; Wang et al., 2016b; Zhao et al., 2013). Although some inventories
were established after 2012, they only focused on provincial-level (Wu
et al.,, 2015), annual-frequency (Wu et al., 2015), a certain process
(Zheng et al., 2018) and a certain pollutant (e.g., SOz, NOx and PM)
(Wang et al., 2019). Therefore, this study attempts to fill the literature
gaps by providing an updated and high-resolution (i.e., unit-based,
monthly-frequency, source-level and multi-pollutant) emissions in-
ventory for China’s iron and steel industry in 2012.

To the best of our knowledge, this study is the first attempt to explore
the contribution of China’s iron and steel industry emissions to the
ambient air quality at the national level. The major innovations of this
study can be summarized into the following three aspects: (1) a first
attempt to investigate the impact of China’s iron and steel industry
emissions on air quality at the national scale; (2) based on updated
emission factors, a high-resolution emission inventory of iron and steel
industry at a national scale was constructed for 2012; (3) by introducing
the new emission inventory into the CAMx model, the air quality
improvement of emission standards implementation for China’s iron
and steel industry in 2012 were systematically simulated.

The main aim of this research was to explore overall impact of

Results of linear regression analyses on the relationship of economic level and iron and steel industry environmental impacts.

Variable Model 1 (Y is SOy; Fig. 3(a)) Model 2 (Y is NOyx; Fig. 3(b)) Model 3 (Y is PMy s5; Fig. 3(c))

Coeff. t-stat. p-value Std. Coeff. p-value Std. Coeff. t-stat. p-value Std.
GDP —0.13%** 3.04%** 0.01 0.04 —0.09%** —3.24%** 0.00 0.03 —0.02%** —3.32%%* 0.00 0.01
N 28 28 28
F-stat. 9.28%** 10.53%%* 11.02%**
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China’s iron and steel industry emissions on air quality. The remainder
of the paper is organized as follows. The methods for emission inventory
and air quality simulation are illustrated in Section 2. The contribution
results are thoroughly analyzed, and policy suggestions can be obtained
for iron and industry emission control in Section 3. Section 4 concludes
the paper and outlines the possible directions of future research.

2. Methodology

This study explored the contribution of emissions from China’s iron
and steel industry to air quality, based on the CAMx model version 6.4, a
three-dimensional air quality model (Ciarelli et al., 2017), and provided
a nationwide, unit-based inventory of China’s iron and steel industry
emissions in 2012.

Accordingly, two main steps were involved in this research. First, an
updated emission inventory with high resolutions was constructed for
China’s iron and steel industry, including SO,, NOx, PM;o, PM3 5, carbon
monoxide (CO), black carbon (BC), organic carbon (OC), elemental
carbon (EC), volatile organic carbons (VOCs), PCDD/Fs and fluoride (F),
based on the unit bottom-up method. Second, the corresponding impact
on air quality was simulated with the CAMx model. The two major steps
are presented in Sections 2.1 and 2.2, respectively, with details of the
corresponding analytical techniques.

2.1. Emission estimation

China’s iron and steel industry emission inventory encompasses
1499 iron and steel enterprises in the 26 Chinese provinces and 4 mu-
nicipalities, excluding Hong Kong, Macao, Taiwan and Tibet. These
enterprises consist of 739 long processes (i.e., producing crude steel
from iron ore and coke in the melted and conversion process) and 760
short processes (i.e., employing steel scrap as a raw material to melt steel
directly) (Wu et al., 2017; Zhu et al., 2019). In total, the processes of iron
and steel production involved in this study include emissions from
coking, sintering, pelletizing, iron-making (i.e., blast furnace),
steel-making (i.e., converter furnace and electric furnace), rolled steel (i.
e., hot rolling and cold rolling), with 265 coke ovens, 1088 sintering
machines, 631 pellet-firing machines, 3674 blast furnaces, 791 con-
verter furnaces and 406 electric furnaces, respectively. Incorporated
crude steel production in the analysis reaches 677 million tons, ac-
counting for 92.58% of total national crude steel production. Fig. 1
presents the geographic locations and crude steel productions of iron
and steel enterprises in China.

2.1.1. Unit-based bottom-up methodology

In this study, a unit-based bottom-up approach was adopted to
calculate China’s iron and steel industry emissions. Based on the emis-
sion factor methods, emissions from each iron and steel unit were
calculated separately and then aggregated to obtain city-, provincial-
and regional-level emissions (Wang et al., 2016c¢).

Absolute multi-pollutant emissions (SO2, NOx, PM19, PMy 5, CO, BC,
OC, EC, VOCs, PCDD/Fs and F) of each iron and steel unit were esti-
mated by multiplying the activity level by the associated emission fac-
tors (Liu et al., 2015):

Esipm=AipmEFip, €y

where the subscripts s, i and p indicate the emission pollutant, unit and
process, respectively; m indicates the month; E represents the unit-based
emissions, emitted from iron and steel production (g), and A is the ac-
tivity level, defined as the amount of production for each process (kg for
sintering process, pellet process, steel-making process and rolling pro-
cess), and EF is the emission factor, that is, the mass of emissions per unit
of production (g/kg). In this research, iron and steel industry emissions
were estimated at a monthly scale. The annual activity rates at the unit
level were available, and thus we used the monthly crude steel
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Fig. 3. China’s iron and steel industry emission intensity for SO, (a), NOx (b) and PM, 5 (c¢) with GDP for 28 provinces or municipalities in 2012.

production as a surrogate to allocate the monthly activity rate (A) at the
unit level:

Fy, .,
Ai.y.m = éALyv

)
Z:nzlek,-y-m

where k; indicates the province of unit i and F is the province-level crude
steel production that is available in the statistics (National Bureau of
Statistics, 2013).

2.1.2. Activity level

The updated activity data were obtained from the facility-level sur-
vey data of the Ministry of Ecology and Environment (MEE) (unpub-
lished data). This database contains 1499 integrated iron and steel
enterprises, with detailed information about production, geographical
location, air pollution control measurements and equipment scale in
2012. In particular, productions at specific unit level contain coke pro-
duction, sinter ore production, pellet production, steel-making produc-
tion for converter furnaces and electric furnaces, and rolled steel
production for hot rolling and cold rolling. Furthermore, the
geographical location of each iron and steel enterprise was individually
validated by using Google Earth.

2.1.3. Emission factors

In general, emission factors of SOz, NOx and PM;, were estimated
according to the technology-based method. Emission factors of CO, BC,
OC, EC, VOCs, PCDD/Fs and F were obtained from previous studies
(listed in Table 1 and Table 2).

2.1.3.1. Emission factors of SOz, NOx and PMjo. To improve the accu-
racy of the inventory, all emission sources in production processes were

classified in terms of production, equipment scale and pollution control
technology (shown in Tables S1-56). Different categories are relative to
corresponding concentrations and theoretical flue gas rate (Bo et al.,
2015).

As for classification of emission sources, sinter machine head and
pellet firing were classified in terms of the presence of desulfurization
and denitrification facilities; blast furnace, basic oxygen furnace, elec-
tric arc furnace and other emission sources of sintering were classified in
terms of the equipment scale; coking and other emission sources of
pelletizing were classified in terms of the capacity. The emission sources
with large scales or capacities and high removal efficiency of control
technology were classified as Level 1; the emission sources with small
scale or capacity and low removal efficiency of control technology were
classified as Level 3; and the other emission sources were classified as
Level 2. In particular, the classification of emission sources scale in iron
and steel production was from National Development and Reform
Commission (NDRC, 2013).

For the establishment of emission factor database, the emission
factors (SO2, NOx, PM;() of emission sources of different scales were
calculated by multiplying the corresponding concentration by theoret-
ical flue gas rate (Bo et al., 2015):

EFS.i.p = Cs‘i.p Vy’i‘p, (3)
where C represents the unit-based concentrations, emitted from iron and
steel production (mg/m>), and V means the theoretical flue gas rate,
which is expressed as the volume of flue gas per unit of production (m3/
).

Among them, the concentration values were obtained from the
existing, new and special emission concentration limits in the relevant
current standards (i.e., GB 28662-2012, GB 28663-2012, GB



L. Tang et al. Atmospheric Environment 237 (2020) 117668

Penetration rate (%)

0 T T T T T e T
) = = 0 o ] © @) &} @ =
@ ol & S %
2 S E E O S @A =t 0 &
= =)
@]
Pollutants &
- Steel rolling - Electric arc furnace - Basic oxygen furnace Blast furnace

B coking M pelletizing Sintering

Fig. 4. Contribution of emissions from different processes in China’s iron and steel industry in 2012.

45 —~
— PM,, emission 7500 §
o |
g 40 4 [ INO, emission | g
g [ 150, emission h
o 1 —— Crudel steel production S
g 35 \ : 7000 §
(= n
g ] -
2 301 £
2 5
8 251 1] 6500 <
g T 5
£ 20 g
S 2
7 . 2
£ 15 /\ i 1 6000 &,
A [}
2 104 &l Rt (= 2
}= |7}
£ 3
@ 54 11 5500 £
[aal | @)
O I B I L I 4 I X I % I 5 I % I . I x I & I * I

Month

Fig. 5. Monthly emissions and crude steel production from China’s iron and steel industry in 2012.

28664-2012, GB 28665-2012 and GB 16171-2012; Tables S1-S6). and Environment (MEE, 2017a) (Tables S1-S6).
Level 3 corresponds to the concentration limit for the existing plant;

Level 2 corresponds to the concentration limit for a new plant and Level 2.1.3.2. Emission factors of other pollutants. Other pollutants included
1 corresponds to the special concentration limit. The flue gas rates for PM, 5, BC, OC, EC, PCDD/Fs, VOC, CO and F. The emissions of PM, 5
the different classifications were obtained from the Ministry of Ecology were calculated based on the emissions of PMjy and the mass
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percentages of PMy 5 in PMj in different processes. The mass percent-
ages of PMy 5 in PM;( were obtained from the previous literature, as
shown in Table 1. The pollutant emission factors of BC, OC, EC, PCDD/
Fs, VOC, CO and F for each production process in the iron and steel
industry were obtained from previous literature (Table 2).

2.1.4. Uncertainty analysis

An uncertainty analysis was conducted to verify the reliability of
emission estimation, based on the Monte Carlo approach. First, as an
important input, the activity data should be considered in the uncer-
tainty analysis. Accordingly, the probability of unit-specific production
is assumed to obey a normal distribution with coefficients of variation
(CV, the standard deviation divided by the mean) of 5% (Wang et al.,
2019). Second, the technology, feedstock and other heterogeneities of
individual units might result in the uncertainty for the use of uniform
emission factors. Thus, the probability of emission factors was assumed
to follow a normal distribution with a CV of 20% (Wang et al., 2019). A
Monte Carlo approach was employed to generate random values for
activity data and emission factors for each unit, and a total of 10,000
simulations were performed to estimate the uncertainty ranges of our
estimates (Tang et al., 2019). The analysis results show that even with
random variations, the emission estimation appears quite stable (with
monthly emission factors and absolute emissions all varying within
+28.72%, in terms of 2 standard deviations) (Liu et al., 2015).

2.2. Air quality modelling

The CAMx model, a widely adopted photochemical dispersion
model, was applied to investigate the impact of China’s iron and steel
industry emissions on the air quality in 2012. The CAMx model is a
three-dimensional Eulerian-type regional air quality model, which
simulates based on meteorological field and emission inventory. The
emission inventory includes background emissions and target emissions
(i.e., iron and steel industry emissions). Sections 2.2.1 and 2.2.2 illus-
trate the meteorological field and background emissions, respectively,
and the air quality modelling is discussed in Section 2.2.3.

2.2.1. Meteorological data

In the air quality modelling, the Weather Research and Forecasting
model (WRF 3.6) (Bo et al., 2019; ENVIRON, 2016; Wang et al., 2016a)
was employed to simulate the meteorological field for 2012. There were
20 sigma levels within the planetary boundary layer, with a horizontal
grid resolution of 36 km. The initial and boundary conditions for the
simulation were generated using the final operational global analysis
dataset (horizontal resolution 1° x 1°, 6-h interval) from the US National
Center for Environmental Prediction and National Center for Atmo-
sphere Research (Bo et al., 2019). The land use/cover and topographical
data were derived from default WRF input dataset, at 30-second
resolution.
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Fig. 7. Contribution of air pollutants emitted by China’s iron and steel industry to ambient concentration in 2012 in terms of incremental rates (%).

2.2.2. Background emissions

The background emissions encompassed all anthropogenic and
biogenic emissions, excluding estimated emissions from China’s iron
and steel industry. Anthropogenic emissions were derived from the
Multi-resolution Emission Inventory for China, with a horizontal reso-
lution of 0.25° x 0.25° (MEIC 1.2; http://www.meicmodel.org).
Biogenic emissions were obtained from the Model of Emissions of Gases
and Aerosols from Nature (MEGAN 2.0) (Guenther et al., 2006). All the
emissions mentioned above were remapped as the input for CAMx
model, through Sparse Matrix Operator Kernel Emissions (SMOKE 3.0)
(UNC, 2005).

2.2.3. Simulation

CAMx (version 6.4) (Bo et al, 2019; Wang et al., 2016a) was
employed in this research to quantify the air quality impact of emissions
from China’s iron and steel industry. As a three-dimensional Eulerian air
quality numerical model, the CAMx provides an integrated analysis of
transport of multiple air pollutants at various scales from regional to
continental (Wang et al., 2016a). The domain (143 x 143 grid cells) area
was centered at (110°E, 35°N), covering most areas of East Asia, with a
grid resolution of 36 km. The vertical layer contained 20 sigma levels
within 15-km altitude. Specific parameters of the other model settings
(e.g., physical processes and chemical mechanisms) are presented in
Table 3. A 10-day spin-up period was simulated to generate initial
conditions, and the boundary condition was obtained from MOZART (a
global chemistry transport model) (Bo et al., 2019). CF algorithm was
employed to model aerosol processes, by dividing the size distribution

into two static modes (coarse and fine) (Wang et al., 2016a). Primary
species can be modeled as fine and/or coarse particles, while all sec-
ondary (chemically formed) species can only be modeled as fine parti-
cles. Greatly Reduced Execution and Simplified Dynamics (GREASD)
plume-in-grid (PiG) option was used for the large point sources from
the iron and steel industry in CAMx model (ENVIRON, 2016; Kem-
ball-Cook et al., 2006).

To explore the impact of China’s iron and steel industry emissions on
the air quality, two scenarios were respectively simulated, as shown in
Table 4. In each scenario, the related emission inventory, as well as
meteorological field and environmental conditions, was taken as the
model input file for CAMx. Thus, through the CAMx model, the volume-
average species concentration of each grid were simulated according to
Eulerian continuity equation, in which physical (e.g., transport) and
chemical (e.g., interaction) process of multiple pollutants were consid-
ered simultaneously (Bo et al., 2019). Furthermore, the associated
contribution of iron and steel industry emissions was quantified ac-
cording to incremental concentrations (in pg/mg) and incremental rates
(%) under the scenarios with iron and steel industry emissions (i.e., S-1)
relative to baselines without iron and steel industry emissions (i.e., S-0).

Since SO, and NOx are gas-phase species typically output in units of
ppmV by CAMx model, we converted them from native model units to
pg/m® through equation (4). In particular, the NOx indicates the com-
bination of NO and NO».

C = Cautpul.s x 1000 x Mx/2247 ()]
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Fig. 8. Location for “2 + 267, the Fen-Wei Plain and the Yangtze River Delta in China.

where the subscripts s means the type of pollutant; Cs and Cougpuss
indicate concentrations of each pollutant modeled by CAMx model, with
unit of pg/m® and ppm, respectively; M represents molecular mass.

2.2.4. Model evaluation

For comprehensive evaluation of the WRF-CAMx model perfor-
mance, we compared the observed and simulated values, in terms of
meteorological factors (such as relative humidity, temperature and wind
speed) and pollutant concentrations (e.g., PMg, PM3 5, SO and NOx).
For model evaluation, several statistical analyses were performed, in
terms of the Pearson correlation coefficient (R), fractional bias (FB),
normalized mean bias (NMB) and normalized mean error (NME), as
illustrated in Table S13 in the SI.

Meteorological data were important inputs for the CAMx model.
Based on previous research (Chen et al., 2019), major meteorological
factors (such as temperature, relative humidity and wind speed) were
employed to evaluate the accuracy of the WRF simulation. Therefore, we
conducted a comparison analysis between observed and simulated
meteorological factors at the daily level in 32 cities of China. The daily
average monitoring data in 2012 were derived from the China Meteo-
rological Administration (http://www.cma.gov.cn/). The detailed
evaluations for each city are presented in Table S14, indicating the
validity of the WRF performance.

For performance evaluation of CAMx model, monitoring data were
compared with simulated values. On one hand, we compared daily ob-
servations with simulations for PMj 5. Specifically, observed daily PMs 5
concentrations were derived from the U.S. Department of State Air
Quality Monitoring Program (available at http://www.stateair.net/w
eb/historical), in which values for Beijing, Shanghai, Guangzhou and
Chengdu were obtained for 2012. Table 5 presented comparison of daily
observed concentrations for PM» 5 with those of modelling, in terms of R,
FB, NMB and NME.

On the other hand, we compared annual observations for pollutants
(e.g., PMjg, SOz and NOx) with simulations of 144 cities. In detail, we
obtain annual real air pollutant concentrations for these cities in 2012
from Environmental Statistics Bulletin. Statistical analyses were con-
ducted to compare the annual simulations from the model and the

observations at monitoring stations for four pollutants in the 144 cities
at annual level, with results presented in Table 6.

Analysis of both daily and annual trend for these pollutants (Tables 6
and 7) indicates that simulated values were substantially consistent with
the related observations. However, the simulated mean concentrations
were slightly lower than observations in terms of NMB. The hidden
reason is that not all actual emission sources are included, resulting in
the underestimation of background emissions (Chen et al., 2019; Wang
et al., 2016a). In addition, another potential reason might lie in the
underestimates of secondary PM; 5 concentrations. It could be attributed
to the uncertainty in CAMx model mechanisms (e.g., the heterogeneous
oxidation and wet scavenging processes) and the deficiency of certain
process (e.g., oxidation of sulfur promoted by sea-salt and dust), which
might result in the underestimation of the simulated sulfate (i.e., one of
species of secondary PMys) (Chen et al., 2019; Li et al., 2015; Wang
et al., 2016a; Zhang et al., 2017).

2.3. Historical scenario

To evaluate the mitigation effect of current standards, we conducted
a historical scenario for 1996 to compare the contribution of iron and
industry emissions to ambient concentrations before and after the
implementation of standards in 2012.

Two main steps were involved in this analysis. First, in the historical
scenario for 1996, we estimated iron and steel industry emissions based
on the emission factor method. In particular, the historical emission
factors for different processes were estimated using Eq. (3) and con-
centrations were obtained from the standard GB 16297-1996 (i.e.,
standard implemented before 2012) (shown in Tables S1-S6 in the SI).
In particular, the concentration calculations for pollutants of SO, and
PM;o are based on the emission limit values of the standard GB
16297-1996, while those for NOx are still on the basis of 2012 stan-
dards. The hidden reason is that emission limit values for NOx were first
set in new 2012 standards and at a high level; thus, the iron and steel
industry can achieve compliance with 2012 standards at previous con-
centration levels. Then, the historical emissions were estimated based on
Eq. (1). Notably, to reflect the impact of emission intensity changes (the
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Fig. 9. China’s iron and steel industry emissions for NOx (a), SO, (b) and PM, 5 (c¢) with GDP for “2 + 267, the Fen-Wei Plain and the Yangtze River Delta in 2012.

targets of the current standards), this historical scenario shares the same
activity level with current scenario. Second, we employed the CAMx
model to simulate the contribution of iron and industry historical
emissions to air quality, in which the meteorology data and background
emissions were similar to those of 2012.

3. Results and discussions

Based on the two steps of the methodology described above, iron and
steel industry emissions and contribution to the air quality in China were
explored. In particular, a nationwide, unit-based inventory of China’s
iron and steel industry emissions was first constructed, with the analysis
presented in Section 3.1. The corresponding contribution to the air
quality concentrations was then simulated with the CAMx model, with
the results discussed in Section 3.2. Finally, the air quality improvement
associated with the current standards was revealed, with the discussion
reported in Section 3.3.

3.1. Iron and steel industry emissions

China’s iron and steel industry emissions in 2012 were estimated as

10

follows: 1586.6 Gg SO2, 1842.6 Gg NOx, 682.0 Gg PM; and 338.6 Gg
PM, 5. The estimation results for China’s iron and steel industry emis-
sions are next analyzed from spatial, process and temporal perspectives.

Concerning the spatial distribution, the nationwide and detailed
emissions from China’s iron and steel industry in 2012 are summarized
in Fig. 2 and Fig. S1. Two insightful conclusions can be drawn from the
results. China’s iron and steel industry emissions vary considerably
nationwide, with the highest emissions mainly located in certain areas.
Hebei contributed to the largest shares of the SO, emissions (approxi-
mately 27.08% of total in 2012), closely followed by Liaoning (10.04%)
and Jiangsu (8.91%), respectively. Hebei, Shandong and Jiangsu were
the three largest contributors to NOx emissions, with shares of 28.40%,
9.00% and 8.90%, respectively. Hebei had the largest contribution to
PM;( and PM; 5 emissions, (28.76% and 28.32%), followed by Jiangsu
(8.64% and 9.11%) and Liaoning (8.50% and 8.40%), respectively. For
other pollutants, Hebei contributed the largest portion of emissions
(28.47%, 25.23%, 28.63%, 25.34% for PCDD/Fs, VOCs, CO and F,
respectively), followed by Jiangsu (9.45%, 9.29%, 9.28% and 11.65%,
respectively) and Shandong (9.10%, 8.91%, 9.08% and 8.39%, respec-
tively). This unevenness in the emissions can be mainly attributed to the
clear variations in the iron and steel production yields. Specifically,
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activity level is the main driving factor of emissions (see Eq. (1)) (Zheng
et al., 2018), thus iron and steel industry emissions are generally
consistent with the spatial distribution of crude steel production, with
Pearson correlation coefficients over 0.99 for all of the aforementioned
emission pollutants. In particular, together accounting for nearly 60% of
the output of total nation crude steel, Hebei, Shandong, Jiangsu,
Liaoning and Shanxi rank as the top 5 provincial emitters.

Fig. 3 illustrates the negative impact of economic level (GDP per
capita) on China’s iron and steel industry emission intensity (emission
per crude steel output) at provincial level (detailed province information
in Table S15). A linear regression is introduced, and t and F statistics
both support this negative contribution statistically at a confidence level
of 95% (Table 7). This could be attributed to the application of pollution
control technology (Tong et al., 2018). The installation and operation of
control technology cause an additional economic burden for the enter-
prises, resulting in a reduction of corporate profits (Yang et al., 2018). As
economic level rises, enterprise investments for environmental im-
provements are expanded and thus applications of control technology
are widely promoted, which could substantially reduce emission in-
tensity (Tong et al., 2018). Notably, with developed economic level,
installation rate of desulfurization technologies in Shanghai and Zhe-
jiang were 85.65% and 89.17%, respectively, thus promoting a low-level
emission intensity (0.81 and 1.44 kg/t, respectively). Notably, Tianjin,
as the city with the highest per capita GDP in China in 2012, has the
desulfurization rate and dust removal efficiency of 20.39% and 96.94%,
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Fig. 11. Contribution of air pollutants emitted by China’s iron and steel industry to ambient concentration in historical scenario in terms of incremental concen-
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respectively, making for a relatively low emission-intensity (2.44 and
0.82 kg/t for SOy and PM; 5). These areas of high emissions and emission
intensity represent opportunities to conduct targeted air pollutant
emission mitigation through the optimization and adjustment of
regional iron and steel industrial structure and layout.

From a process perspective, Fig. 4 illustrates the contribution of
multiple pollutant emissions divided by each iron and steel production
processes for 2012. Overall, sintering and pelleting were the largest
contributors for most pollutants, with more than 50% contribution on
average. In contrast, contributions from electric furnace and rolled steel
were less than 4% for all pollutants on average. In particular, sintering
was the largest emitter of all of China’s iron and steel production pro-
cesses, contributing 69.52% of the total SO, emissions and 75.48%,
45.81%, 47.99% and 91.75% of NOx, PM;o, PM3 5 and PCDD/Fg emis-
sions, respectively. Following sintering, coking was the largest contrib-
utor for VOC emissions (41.81% of total) and converter furnace yields
the highest proportion for CO (37.79%) and fluoride (58.60%) emis-
sions. Massive amounts of flue gas volume and high concentrations are
produced during the thermal metallurgical process, leading to huge
emissions being mainly discharged from sintering tail (Ren et al., 2014;
Wang et al., 2019). Thus, a series of technological improvements can be
applied to the sintering process, such as decreasing coke powder and
introducing sintering additives (Ren et al., 2014). Against this back-
ground, targeting high-emission processes, particularly sintering and
pelleting, is strongly recommended in emissions reduction, such as
measurements of strengthening process emission standards, upgrading
control technologies efficiency and improving feed material quality.

Concerning temporal evolution, Fig. 5 demonstrates the temporal
trend of monthly emissions from China’s iron and steel industry in 2012
by pollutants. Different pollutants generally show similar monthly
emission patterns, indicating that monthly emission profiles of each are
dominated by monthly variations in activity rates. In particular, the
maximum value of annual total emissions of pollutants occurred in
January (1586.6 Gg SO, 1842.6 Gg NOy, 682.0 Gg PM;o and 338.6 Gg
PMs 5), while the minimum emissions occurred in February. The ratios
of monthly multi-pollutant emissions between maxima and minima
were within the range of 1.26-1.28. Moreover, the monthly variations in
iron and steel emissions were generally consistent with those in indus-
trial GDP in 2012 (r = 0.62). This suggests that economic levels are the
main driving factor for production activity and thus dominate pollution
behaviors (see Eq. (1)).

3.2. Air quality contribution

The contribution of emissions from China’s iron and steel industry to
air quality concentrations was explored with the CAMx model, and is
presented by incremental concentrations (in pg/m®) and incremental
rates (%) from spatial, pollutants and temporal perspectives.

From the spatial distribution perspective, the contributions of
China’s iron and steel industry to air quality concentrations of major air
pollutants in 2012 were analyzed (shown in Fig. 6 and Fig. 7). In terms of
the contribution to air quality concentration in provincial level, China’s
iron and steel industry emissions mainly affected Hebei, Tianjin and
Liaoning. The larger contributions of SO emissions from iron and steel
facilities to air quality concentrations were found in Hebei, Tianjin and
Liaoning (33.42%, 29.84% and 29.68%, respectively) for regional air
pollution. The larger contributions of NOx emissions to air quality
concentrations were found in Hebei, Yunnan and Hubei (23.59%,
22.21% and 19.91%, respectively). The larger contributions of PMj 5
emissions to air quality concentrations were found in Hebei, Tianjin and
Liaoning, accounting for 9.93%, 8.59% and 7.70%, respectively. The
spatial distribution of emissions is dominated by the comprehensive
impact of crude steel production (Wang et al., 2019) and air pollution
control measurements coverage (Wu et al., 2015). In this study, the
simulation results show that Hebei, Tianjin and Liaoning contributed the
most greatly of the studied areas, because of their relatively large
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production of crude steel (18269.071, 1337.603 and 4893.868 million
tons, respectively) and relatively low air pollution control measure-
ments coverages (57.04%, 20.39% and 31.36%, respectively).

In particular, the contributions to air quality concentrations in the
key areas, such as cities of “2 + 26" (Beijing-Tianjin-Hebei and sur-
rounding areas) (MEE, 2017b), the Fen-Wei Plain and the Yangtze River
Delta (with detailed information in Table S16 and Fig. 8), were espe-
cially concerned in the fight against air pollution in China. The contri-
bution of China’s iron and steel industry to the ambient environment in
these areas in 2012 was analyzed. In “2 + 26 cities, China’s iron and
steel industry contributed greatly to the major air pollutant concentra-
tion of Tangshan (58.08%, 46.44% and 23.60% for SO, NOx and PM3 5,
respectively), Handan (46.54%, 39.40% and 14.70%, respectively) and
Anyang (34.38%, 25.97% and 9.03%, respectively). In the Fen-Wei
Plain, emissions from the iron and steel industry contributed greatly
to air quality in Linfen (58.08%, 46.44% and 23.60% for SO3, NOx and
PM,5, respectively) and Lvliang (58.08%, 46.44% and 23.60%,
respectively). In the Yangtze River Delta, Quzhou was the largest
contributor (44.87%, 23.42% and 11.50% for SO3, NOx and PMj s,
respectively), followed by Nantong (41.26%, 19.55% and 8.09%,
respectively) and Nanjing (34.36%, 16.12% and 7.54%, respectively).
Furthermore, Fig. 9 shows the contributions of the iron and steel in-
dustry emission to air quality, and shows a positive correlation with GDP
in these key areas. This indicates that the iron and steel industry ac-
celerates the economic level, but simultaneously leads to a great burden
for environmental pollution.

From the pollutant perspective, this research mainly explored the
contribution of SOy, NOx and PMjy5 to air quality concentrations
(Fig. 10). China’s iron and steel industry contributed 13.73%, 9.50%
and 4.13% to the annual mean concentration of SOy, NOx and PMs s,
respectively. This indicates that among the three main pollutants, SO,
made the main contribution to the regional air quality concentration.
Against this background, there is still much room for improvement of
SO, control and thus annual amount of SO, emission reductions are set
for compulsory targets during 2010-2015 (MEE, 2010). Therefore, the
installation of flue gas desulfurization for sintering increased from 20%
in 2012 to 50% in 2015 and associated removal efficiencies increased by
about 1.8-fold during 2012-2015 (Wang et al., 2019).

From the temporal perspective, the contribution of China’s iron and
steel industry to the air quality concentrations of major air pollutants
was explored in different seasons, where January, April, July and
October were selected to represent winter, spring, summer and autumn
(Wang et al., 2016a) (Fig. 10). The simulation results show that the
greatest contributions occurred in spring (14.55%, 9.30% and 5.32% for
SO2, NOx and PMy s, respectively), whereas the lowest contributions
were found in winter (12.0%, 9.65% and 2.22% for SO,, NOx and PM s,
respectively). This is first because heating is an important contributor to
air pollution during winter, leading to considerable increases in emis-
sions (Zhang et al., 2009). However, iron and steel industry emissions of
pollutant change only slightly and thus, the contribution of China’s iron
and steel industry decreases. Second, the boundary layer is higher in
summer, and the turbulent mixing effect causes better vertical mixing of
the pollutants in summer, thus lowering concentrations at the surface
(Duan et al., 2018).

3.3. Scenario analysis

For the historical scenario for 1996, the contribution of China’s iron
and steel industry to the annual mean concentration of major air pol-
lutants is displayed in Fig. 11. Compared with the historical scenario, the
current scenario reveals a striking downtrend for the contribution con-
centrations averaged across mainland China, with decreases of 92.07%,
72.91% and —14.38% for SO, PM3 5, and NOx, respectively.

Such a substantial reduction in contributions is closely related to
stricter limit values of the current standards, with levels of stringency
surpassing the previous standards by up to 91% and 60% for SOy and
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PM, 5, respectively, across all processes. However, the limit values for
NOx in iron and steel industries were implemented until 2012, and at a
high level. Thus, it might be large potential improvement for NOx
control for iron and steel industry in the future.

4. Conclusions

In general, this paper is the first attempt to simulate the contribution
of China’s iron and steel industry to air quality at the national scale. A
high-resolution (i.e., unit-based, monthly-frequency, source-level and
multi-pollutants) emissions inventory for iron and steel industry in 2012
was established, covering 1499 enterprises in China. This high-
resolution emissions inventory was then introduced into the CAMx
model, to systematically explore the contribution of these pollutant
emissions to air quality. The simulation results indicated that: (1) from
the spatial perspective, the air quality contributions were highly
concentrated in eastern areas with high crude steel production; (2)
among the pollutants, SO, made the largest contribution to air quality;
(3) from the temporal perspective, the largest contribution to air quality
concentrations occurred in summer, whereas the smallest contribution
was found in winter; (4) from policy evaluation, the analysis results
verified the efficacy of the current standards implemented in 2012,
which resulted in a substantial reduction in contribution to air quality by
73%-92%.

Many topics require further investigation in future research. The
empirical study can be further improved from the following perspec-
tives. To explore systematic air quality improvement, the latest contin-
uous emission monitoring systems (CEMS) data can be applied to further
verify the validity of standards implication. In addition, the contribution
of PCDD/Fs and F emissions to ambient concentration could be simu-
lated by the CAMx model, which is an insightful extension to this study.
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