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Abstract: Although central to the promotion of regional economic development, industrial parks
discharge large quantities of air pollutants and CO,, counter to the goals of air quality improvement
and CO; reductions in China. In this study, 13 industrial parks in seven cities in Henan Province
were chosen to evaluate their emission of air pollutants and CO, in 2017, their reduction potential
under different green measures, and their air quality improvements under a Green Upgrade scenario.
The results show that: (1) The total emissions of SO,, NOy, CO, PM;,, PM, 5, VOCs and CO; in the
13 industrial parks were 43, 39, 351, 19, 7, 18, 2 kt and 36 Mt, and would decrease by 72, 56, 19, 30,
26, 77 and 30%, respectively, under the Green Upgrade scenario. (2) The industrial process was the
major source of CO, PM; 5, VOCs and NHj, whereas power plants were the largest source of SO,
and NOy, and they would be reduced by 93, 59, 94, 91, 23 and 28%, respectively, under the Green
Upgrade scenario. (3) The terminal energy use sector (including industrial boilers and industrial
process sources) was the main source of CO,, accounting for 75% of total CO, emissions, and would
be reduced by 76% under the Green Upgrade scenario. (4) WRF-CMAQ simulation results show that,
under the Green Upgrade scenario, the concentration of PM; 5 in a transmission channel city would
be improved by 1-36 pg/m3, with an annual average value of 9 ug/m?3. Our results demonstrate
the significant effect of the synergistic reduction in air pollutants and CO, emissions using Green
Technologies in industrial parks and the subsequent improvement in regional air quality.

Keywords: industrial parks; emission characteristics; synergistic reductions; PM; 5

1. Introduction

Since the introduction of industrial parks in China in 1984 [1], more than 2500 national
and provincial industrial parks have been established, and the output value of these
industrial parks accounts for more than 50% of the country’s total industrial output [2].
However, the extensive development of these parks has consumed a large amount of energy
and resources, leading to serious environmental drawbacks, including a large number of
pollutants and CO; emissions. There is an urgent need for the authorities to boost the
speed of transforming industrial parks to become eco-friendly and low carbon.

The CO, emissions increased at an average rate of 452 million/year from 2000 to 2012,
indicating the rapid growth tendency of CO; [3]. Industrial parks are important contribu-
tors to CO,, and a growing number studies have concerned the emission characteristic of
industrial parks. The total CO; emissions of industrial parks varies significantly among
different cities due to the different characteristics of the industrial structure [4-6]. In ad-
dition, studies have also investigated strategies to reduce the CO, emissions of industrial
parks [7,8], and show the huge reduction potential of CO,.
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Because the level of air pollution in China is still undesirable, the investigation of pol-
lutants has a large benefit in terms of air quality improvement. Tang et al. [9] demonstrate
that the PM; 5 concentration of China declined by 19% between 2015 and 2020 under the
air pollution control plan proposed by the “Thirteenth Five-Year Plan”, and the emissions
of SO,, NOy and PM reduced by 4.2, 4.0 and 4.4m Mt respectively. Although pollutant
emissions have been widely studied [10], the evaluation of pollutant emissions in indus-
trial parks is quite scarce due to the limited data of clustered parks. Therefore, analyzing
emissions and the reduction potential of industrial parks is important for accelerating the
Green Upgrade of industrial parks and improving regional air quality.

Most greenhouse gases (e.g., CO;) and air pollutants originate from the same source [11,12].
To date, research has discussed the simultaneous reduction in both pollutants and CO5.
Yang et al. [13] developed a pattern to evaluate the reduction in CO, and the enhancement
of air quality in the city of Shenzhen. The result shows that the goals of PM;5 and
SO; reduction from 2014 to 2019 are expected to be achieved if the relevant atmospheric
environment policies are implemented. Furthermore, the goal of achieving a CO, emission
peak by 2025 in Shenzhen may be achieved. Using a series of low carbon measures, Huang
et al. [14] took an industrial park located in Shanghai as a case area to evaluate the emission
reduction potential of greenhouse gases (GHGs). It was found that the optimization of the
energy structure and the transformation of infrastructure is the key step in reducing GHGs.
Ji et al. [15] quantified the emission reduction in air pollutants and CO, under different
emission reduction scenarios in industrial parks. The result showed that SO,, NOy, PM; 5
and CO; emission reductions were 0.4, 0.8, 0.1, and 719 kt, respectively, in a scenario of
utilizing a cascade of energy.

The Weather Research and Forecasting—Community Multiscale Air Quality (WRF-
CMAQ) model has been widely used to simulate the influence of variations in pollutant
emissions on air quality [16]. Zheng et al. [10] simulated the distributions of pollutants in
urban and suburban areas using the CMAQ model. The results show that the unit-based
emission inventory has the largest influence on PM, 5. Cheng et al. [17] simulated the
one-year PM; 5 using the WRF-CMAQ model and developed a bias-correction method
to improve the accuracy of the PM; 5 forecasts. Yang et al. [18] built an air quality model
based on the WRF-SMOKE-CMAQ model, providing a more reliable method for evaluating
winter air quality, with improved accuracy. Although research has concentrated on using
the WRF-CMAQ model to simulate the concentration and reduction potential of PM; 5 [19],
the benefits of reduction at the industry level need to be further quantified.

The investigation of industrial parks is important for China’s air quality improvement
and carbon neutrality goals. Henan Province is one of the most polluted provinces in
China [20], in which seven cities are located in the transmission channel [21] of Beijing—
Tianjin—-Hebei (BTH) [22]. Although the Chinese government and the Henan provincial
government have introduced a series of policies to reduce air pollutants and CO, emissions
from industrial parks, aimed at improving regional air quality and achieving a carbon peak
and carbon neutrality ahead of schedule, there is still a lack of research on the potential
for emission reduction and air quality improvement. Thus, there is an urgent need to
simulate the emission reduction potential of the Green Upgrade of industrial parks and
its impact on urban air quality. This study selected 13 industrial parks in seven cities
located in the transmission channel of the BTH region as the research object. Based on the
energy consumption and industry structure of the study area, the emission inventory of
pollutants and CO, in 2017 was established and used to identify the industrial parks and
sectors having high emissions. These results are helpful for authorities to prioritize these
high-emission parks and sectors when carrying out pollution and GHG prevention control
efforts. Then, the Green Upgrade scenario, including shutting down small generating units,
adjustment of the energy structure, improvement in energy efficiency, and application of
end treatment measures, was applied to analyze pollutants and CO, reduction potential
after the implement of these green measures. This helps the authorities to prioritize the
green measures that are more efficient in reducing emissions when making decisions.
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Furthermore, given PM; 5 is the dominant pollutant in China, the WRF-CMAQ model
was applied to simulate the concentration of PM; 5 between the base year and the Green
Upgrade scenario. The impact of the series green measures on the air quality of seven cities
can be quantified to provide theoretical support for the promotion of air quality, especially
for the most polluted cities in China.

2. Materials and Methods
2.1. Regional Overview

Seven cities, namely, Zhengzhou, Kaifeng, Anyang, Hebi, Xinxiang, Jiaozuo and
Puyang in Henan Province were selected, the specific geographical locations of which are
shown in Figure 1. According to the leading industries of different parks, 13 industrial parks
in seven cities were divided into three types (Table S1): (1) energy-intensive industrial Park
(including traditional heavy industries such as chemical and equipment manufacturing
industry, cement and ferrous metal manufacturing): Puyang Park, Honggiqu Park, Xinxiang
ET Park, Jiaozuo Park, Huanglong Park and Anyang Steel Park; (2) emerging IP (including
emerging and high-tech industries such as auto parts and agricultural by-products): Kaifeng
ET Park and Hebi Park; (3) mixed IP (including both heavy and high-tech industries):
Zhengzhou ET Park, Zhengzhou HA Park, Anyang HA Park, Xinxiang HA Park and
Zhengzhou AP Park.
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Figure 1. Geographical distribution of the industrial parks in seven cities.

2.2. Estimation of Emission Inventory

Based on the bottom-up emission factor method, the emission inventory of pollutants
(50O,, NOy, PM1g, PM; 5, CO, VOCs and NH3z) and CO, in 13 industrial parks was estimated.
Firstly, the emission sources involved in the study area were divided into power plants,
industry boilers, and industry process sources. Using the method of classification of
emission sources mentioned by Zheng et al. [23] and the “Industrial classification for
national economic activities” [24], the emission sources were divided into power plants,
boilers, and industry processes, as shown in Table 1.

Table 1. Classification of emission sources.

Source Category Sub-Category

Pulverized coal stove
Power plant Raw coal Fluidized-bed furnace
Garbage/biomass
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Table 1. Cont.

Source Category Sub-Category

Natural gas

Layer burning stove
Raw coal Pulverized coal stove
Fluidized-bed furnace

Industry Boiler Coke
Natural gas

Diesel

Cement

Non-metallic mineral Crick and tile
roducts industry Refractory
P Ceramic
Glass

Electrolytic aluminum

Non-ferrous metal . .
Aluminum oxide

Fertilizers
Printing and dyeing
Synthetic rubber
Polypropylene
Viscose fiber
Paint
Ammonia synthesis

Industry Process

Chemical industry

Electric steelmaking

Black metal Converter steelmaking
Hot rolled steel
Paper industry
Textile

Then, according to the basic activity level information of different emission sources,
combined with the emission factors, the emissions of pollutants and CO, were esti-
mated [25]. SO, and PM; 5,19 emission factors of power plants and industry boiler sources
were estimated by the mass balance method [26] (Equations (1) and (2)). Other emission
factors of power plants and industry boilers are shown in Table S2. The emission factors of
industry processes are displayed in Table S3.

EFsop = CxSx (1 — ST’) (1)

EFpy = Aar x (1 —ar) x fpp x 1073 ()

where the unit of EF is kg/t. C represents the coefficient of different fuels. The C value
was specified as 16, 20 and 0.02 for coal, oil and natural gas, respectively, according to
a previous study [24]; S is the sulfur content of coal (%); Sr is the ratio of sulfur and the
bottom ash; Aar is the average value of coal-based ash; ar is the proportion of ash to the
bottom ash; and fpy is the proportion of particulate matter (such as PM, 5 and PMjp) in
total suspended particulates. The specific parameters are shown in Table S4.

The emissions of pollutants are estimated [26] as follows:

Ei,j,k = Zi,k Aij X EFi,j,k X (l — Ui,j,k) X 1073 (3)

In Equation (3), i, j and k represent industrial parks, emission sources, and types of
pollutants, respectively; E; ; x represents the emissions of pollutant k from the source j in the
industrial park i; A;; and EF;jx represent the activity level (fuel consumption or product
output) and emission factor, respectively. # is the pollutant removal efficiency.



Atmosphere 2022, 13, 383

50f17

The method of estimating CO, emissions was proposed by the Intergovernmental
Panel on Climate Change [27] as follows:

ECco, =Y _ECun =) _ ADyy x NCVy x CCy X Op X % 4)
mn mn

In Equation (4), EC is the total emission of CO;, for which the unit is t. m represents the
sector; n means the fuel type; AD is the energy consumption; NCV means the net calorific
value of fuel; CC is the carbon content of the energy type; O is the carbon oxidation factor
of the energy type. The detailed parameters are shown in Table S5.

The company name, latitude and longitude, boiler type, unit capacity, combustion
method, fuel consumption, product output and sulfur content contained in 13 industrial
parks were obtained from “the second national pollution source survey” in China [28] and
the China Energy Statistical Yearbook [29].

2.3. Emission Reduction Scenario Setting

The base year was chosen as 2017 for the estimation of the emissions of pollutants
and CO,, and the Green Upgrade scenario was chosen as a typical scenario to simulate the
reduction potential of pollutants and CO,. The production output and the added value of
products in industrial parks were assumed to remain unchanged.

Under the Green Upgrade scenario, small generating units were shut down under the
policy provisions of “closing conventional small thermal power units with a single unit
of 50 MW and below” [30]. On this basis, the energy structure is adjusted and the energy
efficiency is improved. It is assumed that renewable energy power generation accounts
for 11% of the power generation structure under the Green Upgrade scenario in terms of
energy structure adjustment [31,32]. Eleven energy-saving technologies (Table S6) were
selected in power plants, according to the National Key Energy-Saving and Low-carbon
Technology Promotion Catalogue (2017) to improve the energy efficiency of coal-fired
power plants. At the same time, supercritical and ultra-supercritical units have been
widely used in 13 industrial parks. The power generation efficiency of conventional coal-
fired units has been greatly improved, and the coal consumption of power supply has
been further reduced to 280 gce/kWh. For industry boilers and industry process sources,
end treatment measures were applied to reduce the emissions of pollutants. The end
treatment technologies for different types of pollutants selected with the best removal
efficiency, and for CO, Carbon Capture, Utilization and Storage (CCUS) technology, have
been adopted to reduce emissions. The specific measures and efficiency are shown in
Table S7. In addition to the above-mentioned end treatment measures, other measures
were applied in Huanglong Park and Anyang Steel Park. For Huanglong Park, energy
efficiency improvement and energy structure adjustment were used as measures during
the production process of synthetic ammonia. In terms of energy efficiency improvement,
the unit consumption of synthetic ammonia per unit in Huanglong Industrial Park was
1441 kgce/t in 2017, which was reduced to 1150 kgce/t in this study based on the “Energy
Consumption Limit of Synthetic Ammonia Unit Product (GB-21344)” [33]. In terms of
energy restructuring, in this study, 10% of the original ammonia production was replaced
with natural gas and 10% with hydrogen made from renewable energy electrolysis. This was
mainly due to the fact that hydrogen energy from renewable energy electrolysis does not
cause secondary pollution and natural gas also has the advantage of being clean and
efficient. The proportion of electric arc furnace steelmaking was enhanced from 1% to 25%,
and energy efficiency during the steel production process was improved by 34% in Anyang
Steel Park.

2.4. Air Quality Model

The WRF model is a unified mesoscale weather forecast model developed by the US
National Centers for Environmental Prediction and the National Center for Atmospheric
Research [34]. WRF was used as the weather model in this study, and the specific parameter
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settings are shown in Table S8. CMAQ [35] is an open-source project developed by the U.S.
Environmental Protection Agency to simulate air quality calculations [36]. The CMAQ air
quality model was used as the chemical and transportation model in this study, and the spe-
cific parameter settings are shown in Table S9. Based on the air pollutant emission inventory
of the 13 industrial parks, the local meteorological characteristics and the emission situation
of Henan Province, this research used the parameter-optimized WRF-CMAQ model to
simulate the impact of pollutant emissions on the air quality of 7 transport channel cities.
The WRF simulation and CMAQ simulation use the same Lambert projection coordinate
system, and both use three-layer nested grid simulation. The first layer is China and its
surrounding areas, with grid spacing of 36 km. The second layer is central and eastern
China, with grid spacing of 12 km. The third layer is Henan Province and its surrounding
areas, with grid spacing of 4 km. The range of the WRF simulation grid is slightly larger
than that of the CMAQ simulation grid. In addition to the air pollutant emission inventory
data of the 13 industrial parks, for the internal emission inventory of Henan Province, the
inventory compiled by the Institute of Environmental Science of Zhengzhou University [37]
was used, and for the other anthropogenic emission inventory data outside Henan Province,
the China Multiresolution compiled by Tsinghua University [38] was used. Natural source
inventory data were calculated by combining meteorological data using the MEGAN model
(a natural source of emissions) [39].

In this study, for the daily PM; 5 concentrations, the observed values in the state-
controlled monitoring stations in Henan Province in 2017 [40] and the simulated results
were compared to verify the reliability of the simulated results. The good correlation be-
tween the simulated and the observed values further proves the reliability of our simulated
results. The main verification indicators used in this research include standardized mean
deviation (Normalized Mean Bias, NMB), standardized mean error (Normalized Mean
Error, NME), mean fraction deviation (Mean Fractional Bias, MFB) and mean fraction error
(Mean Fractional Error, MFE) [41]. The specific equation for each index is as follows:

N -
NMB = w x 100% )
21‘:1 CO
_ 1 N (Cm B CO) o,
MFB = =} (Co 1 Co)/2 100% (6)
_ l N |Cm — C0| o
MEFE = N Yo CoiCo)/2 x 100% )

In Equations (5)—(7), Cy, is the simulated daily average concentration of PM, 5 on day
i, ug/ m3; C is the observed daily average concentration of PM, 5 on day i, ug/ m3; C,y, is
the average of the daily mean of simulated concentration in the evaluation period, pg/m?;
Cy is the average value of the daily average value of the observed concentration in the
evaluation period, jtg/m3; N is the total number of days in the evaluation period. Among
these, NMB reflects the average deviation between the simulated value and the observed
value, and NME reflects the average error between the simulated value and the observed
value. If the values of NMB and NME are both less than 50%, the simulation result is
good [42]. If MFB and MFE are used as evaluation criteria, when MFB reaches a reasonable
range of —60% < MFB < 60%, then MFE < 75%; if MFB reaches a desirable level range of
—30% < MFB < 30%, then MFE < 50%, which means that the model has a good simulation
performance for PM; 5 emissions [41].

3. Results and Discussion
3.1. Emissions of Industrial Parks

The total emissions of SO,, NOy, CO, PMyy, PM, 5, VOCs, NH3 and CO; in the 13 in-
dustrial parks were 43, 39, 352,19, 7, 18, 2 kt and 36 Mt, respectively (Tables S10 and S11).
The specific emissions of each park are shown in Figure 2. It can be seen that Anyang Steel
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Emission of pollutants and CO, (kt)

Park is the major contributor of SO,, NOy, CO, PM; 5, VOCs and CO,, with emissions of
17,13, 306, 2, 10 kt and 11 Mt, respectively. Anyang Steel Park is one of the most important
steel production bases in Henan Province, and the main fuel types of industry boilers are
blast furnace gas and coke oven gas [43]. Furthermore, there are a lack of dust removal
measures and desulphurization processes in Anyang Park. In addition, the denitration
device only uses low nitrogen combustion technology having an efficiency of 20% [44],
and the incomplete combustion of coke with no terminal treatment technology also leads
to large quantity of CO emissions in the process of steel making. Huanglong Park has
the largest PM;g and NHj3 emissions, with values of 8 and 1 kt, respectively, contributing
42 and 51% of total PM1p and NHj. The use of raw coal in the combustion process of indus-
try boilers leads to the emission of PMj, and the leading industry in this park is ammonia
synthesis, which is the biggest contribution source of NH3. Apart from Huanglong Park,
the emission of NHj in Puyang Park is also high, with a value of 1 kt, accounting for 41%
of total NHjz. The fertilizer production enterprises in Puyang Park are the main reason for
the phenomenon above [45]. The burning of washed coal results in a massive emission
of CO, in Anyang Steel Park. In addition, the terminal energy use (4350 kt) is the major
reason for the high CO, emission in Puyang Park (6638 kt).
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Figure 2. Emissions of air pollutants and CO, in industrial parks.

The emission sources of SO, NOy, CO, PM;y, PM; 5, VOCs, NH3 and CO, are shown
in Figure 3. Power plants are the major source of SO, and NOy, accounting for 41 and 49%
of the total emissions, respectively. The use of coal-fired boilers and the large installed
capacity of power generation may be the main reason for the large emission of power
plants [46]. A share of 75% of CO, emissions was contributed by the terminal energy
use sector.
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Figure 3. Emissions of air pollutants and CO, in industrial parks and sector contribution rates in 2017
(Note: For CO,, Industry Process and Industry Boiler are collectively called Terminal Energy Use).

Industry processes are the main sources of CO, PM;g, PM; 5, VOCs and NH3, account-
ing for 93, 42, 59, 94 and 92% of the total emissions, respectively. The contribution of
each sub-sector in industry process sources is shown in Figure 4. Black metal is the most
significant contributor of CO, accounting for 93% of the total emissions in industry process
sources. Regarding PMjg and PMj 5, the non-metallic mineral products industry, including
cement, refractory material, ceramics and glass, emits 4 kt (56%) and 2 kt (40%) respec-
tively. In terms of VOCs, black metal emits the largest amount at 10 kt (59%), followed
by the chemical industry at 5 kt (27%) and the non-metallic mineral products industry
ranking third, emitting 2 kt (59%). NH3 emissions in industry process sources are entirely
contributed by the chemical industry.

VOCs CcO

PMZ 5 PM 10

Non-metallic mineral products industry
Non-ferrous metal Chemical industry
Black metal Paper industry

—— Ink printing Textile

Figure 4. The contribution of each sector in industry process sources.

Since the leading industry in each industrial park is different, different industrial parks
have different emission characteristics (Tables S10 and S11) according to the classification
method of the emitting sector. The emissions of SO,, NOy, CO, PM;g, PM; 5 and CO; in
Hebi Park and Xinxiang ET Park are mainly from the power plant, accounting for more
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than 90%. However, for VOC emissions, the chemical industry is the main contributor,
accounting for 0.4 kt (57%) and 0.05 kt (78%), respectively. In terms of Zhengzhou ET
Park and Kaifeng ET Park, the emissions of SO, CO, PMjy and PM, 5 are mainly from
the non-metallic mineral products industry (above 70%) and emission of NOy are from
the industry boiler (above 80%). The VOCs emitted by the non-metallic mineral products
industry in Zhengzhou ET Park is 0.2 kt (56%); however, for Kaifeng ET park, VOCs come
mainly from the chemical industry, at 1.5 kt (86%). The emissions of CO; in these two
industrial parks are from terminal energy use. The emission characteristic of Puyang Park
and Jiaozuo Park indicates that SO, and NOy are mainly from the power plant (above
60%). The emissions of PM, 5 caused by the production process of non-metallic mineral
products in these two parks account for 53% and 96%, respectively. For Anyang Steel Park,
almost all of the pollutants come from black metal production, with only a small percentage
of emissions coming from industrial boilers. This is related to the fact that the leading
industry in Anyang Steel Park is steel production, and the boilers are also used as heating
facilities for steel production. In terms of Huanglong Park, the leading industry is the
chemical industry, and almost all VOCs and NHj are emitted by the production process of
ammonia synthesis.

Energy-intensive IPs, including Puyang Park, Hongqi Park, Xinxiang ET Park, Jiaozuo
Park, Huanglong Park and Anyang Steel Park, are the main contributors of pollutants and
CO,. The total emissions of SO,, NOy, CO, PM;,, PM, 5, VOCs, NH3 and CO,, are 34, 28,
335, 14, 5, 14, 2 kt and 30 Mt, respectively, in energy-intensive IPs (Table 2), accounting for
more than 70% of total emissions. Thus, more attention should be paid to the emissions of
energy-intensive IPs.

Table 2. Emissions of three type of IP.

Industrial Park

Type Unit SO, NOy CO PM;y PM,5 VOCs NH; CO,
. . Emissions (kt) 34 28 335 14 5 14 2 29,455
Energy-intensive Percent of total
1P .. 80% 71% 95% 73% 70% 78% 97% 83%
emissions
Emissions (kt) 4 9 9 3 1 2 0 4274
Mixed IP Percentoftotal =150 200, 99, 18%  18% 9% 2%  11%
emissions
E . Emissions (kt) 4 3 7 2 1 2 0 1917
merging IP Percent of total
Average .. 10% 7% 2% 9% 12% 13% 1% 5%
emissions

3.2. The Emission Reduction Potential under the Green Upgrade Scenario

The emission reduction potential under the Green Upgrade scenario is shown in
Figure 5. The total emissions of SO,, NOy, CO, PM;j, PM; 5 and VOCs decrease by 72, 56,
19, 30, 26 and 77%, respectively. Anyang Steel Park, Puyang Park and Huanglong Park have
the most significant emission reduction potential for pollutants under the Green Upgrade
scenario. Anyang Steel Park has the largest emission reduction potential for SO, NOy, CO
and VOCs, with values of 17, 12, 64 and 8 kt, respectively, which accounts for 99, 95, 21 and
74% of the total emissions. Most of these are contributed by industry process sources. Thus,
stringent measures of electric furnace steelmaking, constant energy efficiency improvement
and strengthened terminal treatment can effectively reduce the emission of air pollutants
in the process of steel production. Puyang Park has a significant effect on PM; 5, SO, and
NOy reductions, which are reduced by 65% (0.5 kt), 60% (5 kt) and 43% (3 kt), respectively.
Among these, the reduction in PMj 5 is mainly contributed by industry process sources,
which account for 89% of the total emissions in Puyang Park, while the reduction in SO,
and NOy are mainly from boilers, accounting for 50 and 59%. Huanglong Park has obvious
reduction potential for PM;g, CO and VOCs, which decrease by 27% (2 kt), 22% (2 kt) and
86% (2 kt), respectively. The reductions in PM;g and CO are mainly contributed by industry
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Emission redction of pollutants and CO, (kt)

boilers, and the reduction in VOCs is mainly from industry process sources. Therefore, the
implementation of energy efficiency improvement, energy structure adjustment and end
treatment technologies would be effective for pollutant reduction.
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Figure 5. Emission reductions in air pollutants and CO, under the Green Upgrade scenario (Note:
for CO,, Industry Process and Industry Boiler are collectively called Terminal Energy Use).

As the main contributors of CO;, energy-intensive IPs were selected to estimate
the CO, reduction potential. Anyang Steel Park and Huanglong Park have significant
CO, reduction potential, and the emission reductions are 5 Mt (45%) and 2 Mt (34%);
the reductions in the two parks are mostly from terminal energy use. The reduction
potential in Puyang Park ranks third, with emission reduction of 863 kt (13%); 82% of this
reduction is from power plants. Since coal is still the main energy type of power plants
in Hongqiqu Park, the adjustment of the energy structure, including clean energy and
alternative energy, would result in significant reduction effects. In summary, the reductions
in terminal energy use and power plants contribute 82 and 18%, respectively, for CO, under
the Green Upgrade scenario.

In total, the emission reductions of SO,, NOy, CO, PM;y, PM,5, VOCs, NH3 and
CO; account for 87, 87,99, 67, 65, 76 and 99% (Table 3), respectively, of the total emission
reduction, showing that energy-intensive IPs have great potential for emission reduc-
tion. Therefore, Henan Province should focus on the reduction in energy-intensive IPs in
the future.
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Table 3. Emission reduction potential of energy-intensive IPs.

Industrial Park

Type Unit SOZ NOx CcO PMl() PM2.5 VOCs COZ

. Emission 26 17 67 4 1 11 9273
Energy-intensive  reductions (kt)
P Percent of total

. 8%  87%  99%  67% 65% 76% 99%
emission

3.3. The Effects of Industrial Park Emissions on PM, 5 Concentrations in Seven Cities

As the dominant pollutant in most Chinese cities [47], PM, 5 was used to evaluate
the emissions of industrial parks on air quality. The WRF-CMAQ model was applied to
simulate the annual average concentration of PM; 5 in 2017 based on the Air Pollutant
Emissions Inventory in Henan Province [37]. The comparison between the values of
the simulated annual average PM, 5 concentrations (67 ug/ m?) and the observed annual
average (65 1g/m?) of the national-level monitoring stations indicated a credible simulation
of PM; 5 concentration [40]. NMB, NME, MFB, and MFE values were calculated according
to the evaluation method of the above model verification index, and these values were
in line with the standard evaluation range of the above parameters. The specific data are
shown in Table 4.

Table 4. Evaluation results of simulated effects.

Simulation Observed
Value (ug/m®)  Value (ug/m3)

PM; 5 67.34 65.02 5.73% 31.10% 3.11% 30.15%

Pollutant NMB NME MFB MFE

In this study, January, April, July and October were chosen to represent four seasons
of one year, and the PM; 5 concentration in the four seasons was simulated. Due to the
influence of the meteorological conditions, PM; 5 concentrations are significantly different
during the four seasons. The ranking of the months in terms of PM, 5 concentrations was in
the descending order of January, April, October and July (Table 5). Winter (January) is the
most polluted season, having an average PM; 5 concentration of 153 ug/m3. As January
is a representative month of the winter season, the study area faces heating needs, and
therefore the release intensity is much greater in January. Additionally, the temperature
inversion in winter causes the slow diffusion of pollutants, and this accumulation leads to
high concentrations of the pollutants [48]. Summer (July) has the lowest PM; 5 concentration
(24 ug/m?3). The lower emission intensity and good diffusion of pollutants in summer
results in the lowest PM; 5 concentrations. The annual average PM; 5 concentrations of
Anyang, Hebi, Jiaozuo, Kaifeng, Puyang, Xinxiang and Zhengzhou were 99, 65, 50, 66,
57,61 and 73 pug/m?, respectively, in the base year of 2017. The PM, 5 concentrations of
the seven cities are all higher than the Chinese National Ambient Air Quality Standard
(35 pg/m?) [49], among which Anyang and Zhengzhou were the most polluted cities.

Table 5. PM,; 5 concentrations in the 2017 base year.

2017 Base Year
PM, 5 Concentrations of Different Months and Annual Average
City (ug/m?)

Janua April Jul October Annual
y P y Average

Anyang 255 69 30 42 99

Hebi 150 45 22 42 65

Jiaozuo 98 38 27 39 50

Kaifeng 158 48 19 41 66
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Table 5. Cont.

2017 Base Year
PM, 5 Concentrations of Different Months and Annual Average
City (ug/m?)

Janua April Jul October Annual
y P y Average

Puyang 133 40 15 38 57

Xinxiang 132 48 24 40 61

Zhengzhou 145 63 33 51 73

Average 153 50 24 42 67

Under the Green Upgrade scenario, the effects of different months on PM; 5 concen-
trations are similar to those of 2017. The annual average PM; 5 concentrations of Anyang,
Hebi, Jiaozuo, Kaifeng, Puyang, Xinxiang and Zhengzhou were 64, 55, 49, 57, 55, 58 and
71 pg/m?3, respectively (Table 6). The reduction potential of PM; 5 concentrations is shown
in Table 7. The annual average concentration of Anyang, Hebi, Jiaozuo, Kaifeng, Puyang,
Xinxiang and Zhengzhou decreased by 36, 15, 2, 15, 2, 6 and 3%, respectively, with an
annual average value of 9 ug/m?>. In addition, January has the most significant reduction
potential compared to the other months. PM, 5 reductions are most significant in Anyang
and Hebi (10 g /m?); this result coincides with the larger emission reductions in pollutants
in Anyang Steel Park (located in Anyang) and Huanglong Park (located in Hebi) men-
tioned above. The obvious improvement in PM; 5 concentrations was largely due to the
dense distribution of industrial parks and the high energy consumption in these two cities.
In addition, because Anyang is the most polluted city in China [50], the Green Upgrade
scenario in this study is essential to effectively mitigate the serious air pollution situation.

Table 6. PM; 5 concentrations under the Green Upgrade scenario.

PM; 5 Concentration (ug/m3)

City . Annual

January April July October Average
Anyang 145 49 24 37 64
Hebi 119 42 21 38 55
Jiaozuo 95 37 26 38 49
Kaifeng 132 42 16 36 57
Puyang 129 40 15 38 55
Xinxiang 121 47 24 38 58
Zhengzhou 138 63 33 50 71
Average 125 46 23 39 58

Table 7. Reduction potential of PM; 5 concentrations.

PM; 5 Concentration (pg/m3)

City . Annual

January April July October Average
Anyang 110 21 6 5 36
Hebi 32 3 0 4 10
Jiaozuo 3 0 0 1 1
Kaifeng 26 6 3 4 10
Puyang 4 1 0 0 1
Xinxiang 11 1 0 2 4
Zhengzhou 7 0 0 1 2
Average 28 5 1 3 9
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3.4. Uncertainty Analysis

Uncertainties in the emission estimations of the 13 industrial parks in this study arise
due to the following reasons. Firstly, the activity level data were taken mainly from the
statistical yearbook of Henan Province, the statistical yearbook of each city, site surveys,
“the second national pollution source survey”, and the information published by the
government. However, the statistical yearbook only provides statistics on enterprises above
a designated size and does not reflect the activity levels of some small enterprises. Secondly,
due to the lack of corresponding localization emission factors of each emission sector, some
previous research results of domestic and foreign scholars were used for the compilation of
emission factors in this study, which may lead to discrepancies between the final result and
the actual value. Thirdly, most of the atmospheric chemical reaction mechanisms used in
the domestic numerical air quality prediction models were derived from previous research
results in Europe and the United States. These atmospheric chemical reaction mechanisms
have some differences from the current atmospheric pollution situation in Henan Province,
which may lead to bias in the model forecasts.

4. Conclusions

The emission inventory of pollutants and CO, was established based on the bottom-up
emission factor method. The total emissions of SO,, NOy, CO, PM;o, PM; 5, VOCs, NH3
and CO,, in the 13 industrial parks in 2017 were 43, 40, 351, 19, 7, 18, 2 kt and 36 Mt,
respectively. SO, and NOx mainly come from power plants, accounting for 41 and 49% of
the total emissions, respectively, which may be due mainly to the coal-fired boilers and
large installed capacity of power generation. CO, PM;j, PM;5, VOCs and NHj3 mainly
come from industry process sources, accounting for 93, 42, 59, 94 and 92% of the total
emissions, respectively. A share of 75% of CO, emissions comes from the terminal energy
use sector, and Anyang Steel Park is the major emission park, accounting for 74%. In terms
of the industry process sector, the production of black metal is the main contributor of
50;, NOy, CO, PM; 5 and VOSs, and the production of the non-metallic mineral industry
contributes a large quantity of PM;( emissions. The emissions of various pollutants and
CO; in the energy-intensive IPs account for over 70% of the total emissions, indicating the
large emissions of energy-intensive IPs.

The Green Upgrade scenario was applied to evaluate the reduction effect of pollutants
and CO,. The emissions of SO,, NOy, CO, PM;,, PM; 5, VOCs and CO, would decrease
by 72,56, 19, 30, 26, 77 and 30%, respectively, under the Green Upgrade scenario, which
demonstrates the significant reduction effect achieved by implementing a series of green
measures in industrial parks. Anyang Steel Park has the largest emission reduction potential
for SO,, NOy, CO and VOCs, accounting for 99, 95, 21 and 74% of the total emissions,
respectively. Puyang Park has a significant effect on PM;5, SO, and NOy reductions,
which would be reduced by 65, 60 and 43%, respectively. Huanglong Park has obvious
reduction potential for PMjy, CO and VOCs, which would be decreased by 27, 22 and
86%, respectively. For CO,, Anyang Steel Park and Huanglong Park have significant
CO, reduction potential, and the emission reduction ratios are 45 and 34%, respectively.
The emission reductions in SO,, NOy, CO, PM;g, PM; 5, VOCs, NH3 and CO, in energy-
intensive IP accounts for 87, 87, 99, 67, 65, 76 and 99% of the total emission reductions,
respectively. This means that the reduction in energy-intensive IPs should be the focus of
emission reduction in Henan Province in the future.

Finally, the WRF-CMAQ model was applied to simulate the PM; 5 concentration varia-
tion between the 2017 base year and the Green Upgrade scenario. The PM; 5 concentrations
of Anyang, Hebi, Jiaozuo, Kaifeng, Puyang, Xinxiang and Zhengzhou were 99, 65, 50, 66,
57,61 and 73 pg/m3, respectively, in the base year of 2017. The concentration of PM, 5
would decline by 36, 15, 2, 15, 2, 6 and 3%, respectively, under the Green Upgrade scenario.
The annual average concentration of PM; 5 in the seven cities would decline by 9 ug/ m3.
The PMj; 5 concentration reduction potential of Anyang and Kaifeng is more obvious than
that of other cities. This is mainly due to the prominent emission reduction potential of
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Anyang Steel Park in Anyang and Huanglong Park in Kaifeng. Thus, the Green Upgrade
measures of industrial parks would be quite effective to mitigate the serious air pollution
situation in China, especially in cities such as Anyang and Kaifeng.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13030383/s1, Table S1: The information of leading in-
dustry in 13 industrial parks. Table S2: Emission factors of power plants and industry boilers.
Table S3: Industry process emission factors (g/kg-product or raw material). Table S4: Related pa-
rameters of PMy emission factors for coal-fired boilers. Table S5: CO, emission factors and related
parameters. Table S6: Energy saving of 11 energy efficiency technologies in coal-fired power plants.
Table S7: The removal efficiency under different end treatment and CCS technologies. Table S8: Spe-
cific parameter setting of WRF simulation. Table S9: Specific parameter setting of CMAQ simulation.
Table S10: Emission inventory of air pollutants (t). Table S11: Emission inventory of CO, (10% t).
All information is mentioned in [51-71] here in the text and Supplementary Materials file.
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