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Abstract

Since 2018, the Blue Sky Protection Campaign (BSR@E been implemented
at unprecedented levels to combat air pollutiorthi@ Beijing-Tianjin-Hebei JJJ)
region. In this study, the GAINS IV Asia (Greenheu&as and Air Pollution
Interactions and Synergies) model is used to agbespotential for air pollution
abatement, air quality improvement and associatetsof the BSPC in the JJJ region.
The key findings are: 1) The total energy consuamptinder BSPC will decrease by
3%, 2%, and 6% for Beijing, Tianjin, and Hebei,pestively, by 2020 compared with
the baseline scenario and Hebei is projected teerexpce the greatest changes in
energy consumption both in absolute terms and apgtion. 2) Hebei would have
the largest air pollution abatement. Compared tth2@missions of NQ PM, s, SO,
and NH under 2020 will be decrease by 31.3% 44.8%, 40.3%g 10.7%,
respectively. Residential and industrial combustigiay vital contributions for
pollution abatement, accounting for 52.3% togetifdrebei’s total. 3) Emissions of
NOy, PMy s, and SQ of Beijing will decrease by 21.2%, 58.7%, and 56.4y 2020,
compared to 2015. Transportation and residentieose have key contributions to
reductions. 4) The population-weighted annuabR&bncentration would decrease to
41.4pg/m3, 49.4pg/m3, and 53.8ug/m3 by 2020 in ifgij Tianjin, and Hebei,
respectively. Finally, we recommend that actiongofeasing nitrogen use efficiency
of agricultural sector, super low emission standarohdustrial sector, and switching
off coal power plants are most cost-effective in quality improvement during
2020-2025.
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1 Introduction

One of the side effects of China’s rapid indusizetion and urbanization was
severe ambient air pollutiorA total of 83% of the Chinese population lives neas
exceeding the World Health Organization’s (WHO’®vEl 1 interim target annual
average of 3ng/m® PM, 5 (fine particulate mattet 2.5um in aerodynamic diameter),
leading to serious health concerns (Brauer eR@ll2; Ma et al., 2016; Brauer et al.,
2016;Liu et al., 2016). As shown in Fig. 1, air pollutibas become a common issue
for urban areas in China, especially for the Bgjinanjin-Hebei {ing-Jin-Ji
hereinafterJJJ) region. Ambient air pollution ranks fifth amongpgal mortality risk
factors, having caused 4.2 million deaths and auooy for 7.6% of total global
deaths in 2015, 52% of which occurred in China ladth (Cohen et al., 2017).

The JJJ region
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Fig. 1. Annual mean ambient PM centration in 2016 (unitug/m3; figure from the
WHO,; see http://maps.who.int/airpollution/).

China’s government has implemented several stradicips to control air
pollution (Feng and Liao, 2016; Yang et al., 20(®e Fig. 2). The JJJ region is the
key region experiencing the most severe air paltugproblems (Fig. 1). In 2017,
annual average PM concentrations in the JJJ region ranged from 587tag/m3,
much higher than the limit of 1Qig/m® recommended by the WHO Air Quality
Guidelines (CNEMC, 2018). In 2012, the China St&euncil issued the Air
Pollution Prevention and Control Action Plan 2013+2 (APPCAP). Meanwhile, the
JJJ region has undertaken intensive air pollutmmtrol policies, putting tremendous
effort toward controlling centralized fossil fuesaiin power plants, central heating,
and industry and aiming to reduce the annual aeeaagpient PMs by 25%. The JJJ
region was the first to implement this policy oaege scale. Taking Beijing as an
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example, over 400,000 households implementedaaéto-electricitypolicy in 2017
(Dally, 2017). In 2018, the Chinese governmenteblbut a three-year plan called the
Blue Sky Protection Campaign (BSPC) to eliminateehand reduce air pollution and
finally achieve the dream of a Chinese blue skye Tdrget of this policy was for
emissions of Sg) NO,, and PM 5 to decrease by 15%, 15%, and 18%, respectively,
between 2015 and 2020 in the most heavily polloégibns of China (city clusters in
the JJJ region and Yangtze River Delta (YRD)). éudjethis policy has made
significant improvements in terms of energy efficg and the relocation or closure
of selected pollution-heavy industries. Neverth&ldsw studies have examined the
effectiveness of these plans for a blue China.

Apr. o
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ed Discharge Permit System
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May. Dec. Blue Sky Protection
feb Measures for Assess £ . . : o
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Fig. 2. Implemented events and policies to control aifytian in recent years.

It is expected that the implementation of activeadl air policies can achieve
remarkable improvements in air quality (Cai et 2017; Wang et al., 2020; Wan et
al., 2020; Yang et al., 2020), so understanding dffectiveness of air pollution
control policies is important for future air polloh control in China. Several studies
have examined historical air pollution control p@s and their associations with the
emission trends of SONQy, and PMp (Bernard et al., 2001; Clark et al., 2010; Li
and Patifio-Echeverri, 2017; Wang et al., 2010; Zeh@l., 2019). Recent studies
have reported significant P air quality improvements and associated health
benefits from 2013 to 2017 in China under the APPGHuang et al., 2018j et al.,
2019;Wang et al., 2019; Xue et al., 2019). Meanwhile telative contributions of
emission control and interannual meteorologicaliatams to reductions in PM
concentrations have also been identified ((Dinglet2019). The majority of recent
studies have focused on the impacts of the APPG#Rch was issued in 2013.
Huang et al. (2018) analyzed national air qualitgnitoring and mortality data to
estimate the health impacts of the APPCAP from 2@13017 in 74 key cities in
China using hierarchical Bayesian models. Theiultesshowed that between 2013
and 2017, annual average concentrations of ftcreased by 33.3%, those ;SO
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decreased by 54.1%, and those of CO decreased 2% 28nd no significant changes
were seen in annual average concentrations aof (90% reduction) or ©(20.4%
increase) (Huang et al., 2018). In addition, theeze 47,240 fewer deaths in 2017
than in 2013 (Huang et al., 2018). Using arithmatiean and percentile methods,
Zhang et al. (2018) indicated that the annual mie&h s concentration in China
decreased by more than 30% since the implementafitme APPCAP. However, to
the best of our knowledge, no prior research haslwed a systematic analysis of the
impacts of BSPC on air quality. Therefore, a corhpnsive evaluation of the
effectiveness of BSPC is urgently needed.

In the present study, the Greenhouse Gas and Aiut®a Interactions and
Synergies East Asia (GAINS IV Asfamodel was used to examine the air quality
and health effects of BSPC in the JJJ region oh&hWe attempted to address five
guestions: (1) What is the air pollutant emissioventory for 2015 in the JJJ region?
(2) How much have air pollutant emissions in thé ddgion reduced since the
implementation of BSPC? (3) How much do the contn@asures involved in this
policy cost? (4) How much has this policy improwadquality? (5) How many years
of life lost are affected by this policy? The methaand insights of this study can
further contribute to similar assessments of allugion control policymaking in other
parts of China and the world.

This paper is organized as follows. Section 2 dlessrthe model configuration,
protocols, and evaluation database. Section 3 mieshe modeling results and
discussion, including emission estimates and aialityu evaluations. Section 4
summarizes the conclusions and policy recommenaafithis work.

2 Methodology

The GAINS IV Asia model, which was developed by theernational Institute
of Applied Systems Analysis (IIASA), is an integrdtassessment model intended to
assess the interactions and effectiveness of difteair pollution control and
greenhouse gas policies. This model considersigcpathways (power and heating
plants, industry, domestic, transportation, etad air pollution control measures for
key pollutants in key emission sectors at five-y@éervalsiAmann et al., 2011). In
the present study, we used the GAINS IV Asia medaimulate the effects of BSPC
on energy structure, pollutant emissions, and w@lity. The workflow of the GAINS
IV Asia model used in this study can be found ig. Bi.

As shown in Fig. 3, the first step of the presamlgsis involved simulating an
actual emission scenario. We integrated origingh diaam 2015 from the emissions
inventory of each province into the GAINS IV Asiaodel and updated the
parameters of the default baseline scenario of VZBTB-CPS. Various air pollution
sources (e.g., power, industry, transportationideggial buildings, and agriculture)
and associated activities were considered. Spaliificparameters such as energy

® GAINS-IV Asia is the sub model of GAINS.
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consumption by fuel types and sectors, industGtliies, the utilization rate of air
pollution control technology, and other values aasbumptions were calibrated.
Second, we considered scenario-specific implicatiand requirements for reaching
universal access to the emission control strategpesidered in the examined policy
packages. Analytically, we approached this steprumning the GAINS IV Asia
model over the implications for air pollutant enigs that would arise from the
achievement (or absence) of the strategies outlinethe policy packages. For
instance, in the policy scenario, measures wepztal for each province individually.
Third, the GAINS IV Asia model calculated the imgmmf primary PM and
precursors to secondary PM (i.e., S®O, NHs, and volatile organic compounds)
emissions on ambient P concentrations.

, .
s . 1
i Social development and - :
! i . Emission contrel measures |
1 economic activities X
Y L
Updating parameters Control policy packages
ldefault Baseline scenario l default Policy scenario

GAINS IV Asia model

____________________________________________________________________________________

I
Energy consumption NO, /PM,5/50, / NH, Air quality indicators :
Primary emissions !

1

e

___________________________________________________________________________________

Policy benefits

Fig. 3. The workflow of the GAINS IV Asia model in thisusty.
2.1 GAINSIV Asiamode
2.1.1 Emission calculations
For each of the pollutants, the GAINS IV Asia modalculated emissions based
on activity data, uncontrolled emission factorss temoval efficiency of emission
control measures, and the extent to which such unesgare applied.

Eip= Z Z Aiefijemp X kmp @
k m

where:

i, kK, m and p = region, activity type, abatement measure, andufawit,
respectively.

Ei, = emissions of pollutand in regioni.

Aik = activity level of typek (e.g., coal consumption in power plants) in region

efxmp= emission factor of pollutamt for activity k in regioni after application
of control measuren.



Xikm,p = Share of total activity typk in regioni to which a control measurais
applied for pollutanp.
2.1.2 Emission control measures and their costs

The GAINS IV Asia model estimated emission contadsts from the
perspective of a social planner, with a focus @ouece costs of emission controls to
societies. Emission control costs are influencedheyallocation of emission control
measures, which were calculated based on the asisantpat, in a free market for
emission control technologies, the same technolaifybe available to all regions at
the same cost. Technological progress was alsom&ssuwith respect to the
performance and cost data, based on literaturen&sts. For each of the 3,500
emission control options, this model estimated twests of local application
considering annualized investmerif&)(as well as fixed@M™) and variable @M"®")
operating costs, and how they depend upon techyomgountryi, and activity type
k (Cofala and Syr, 199&limont and Brink, 2006; Ho6glund-Isaksson et aD09).
Unit costs of abatementd), related to one unit of activityf, were calculated as:

an fix
Ctjm = IS OMYET, @
The cost per unit of abated emissian)(of a pollutanp was calculated as:

Caikm
on: = “vkm = 3
i,km,p efi,k_o,p—efi,k,m.p ( )

where ef ko IS the uncontrolled emission factor in the abseateany emission
control measure (m = 0).
2.1.3 Air quality impacts of P4

The Unified European Monitoring and Evaluation Remgme (EMEP) Eulerian
model was used with the GAINS IV Asia model to limiarginal changes in emission
precursors of various sources to changes in imgetant air quality (Fagerli and
Aas, 2008). For the GAINS IV Asia model, it has thdeund that the almost linear
response in annual mean PMoward changes in annual emissions of;REhd SQ,
as well as changes in seasonalyN@d NH emissions, can be represented as follow
(Amann et al., 2011).

PM; = ko + Z pm; PP/} + Z siSj + Co <Z a;Aj; + Z niNg.) + (1-Cp)
i i

i i

X min {max {0, kij+cy Z aiA'{'J( —Cy Z SiSl-V]'-/}, ky;+ cs Z n; Ni‘;!/} 4)

l l l
where:
PM, = annual mean concentration of Pkt receptor point
S, N, &, andpm = emissions of S& NOy, NH3, and primary PMls in countryi.
A%, N, S, and PP = matrices with coefficients for reducedl) (and oxidized
(N) nitrogen, sulfur §, and primary PMs (PP) for seasonX, whereX = W
(winter), S (summe), andA (annua)
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Co, C1, G2, andcs = model parameters derived by regression analyses.

ko,j, kij, andky; = constants to take background concentrationsaiotount.

Furthermore, a simpler formulation has been useétlenGAINS IV Asia model
to perform reasonably well when only marginal clesgn emissions around a
reference point are considered (Equation 5). Wasth noting that the GAINS model
includes PM; concentration from natural sources, primary PM] #me associated
precursor pollutants (SONO, NHs, etc.) via air pollution dispersion model.

i i i i

2.2 Scenario descriptions

The base year used in the present study was 261BeaAINS IV Asia model
simulates emission scenarios at five-year intervetie year 2020 was selected as the
main target year because BSPC will be implementdil 2020; thus, this choice of
target year enabled consideration of policy beselihe year 2025 was also included
as a secondary target year to show the long-temusrof improvement.

Two scenarios were developed in the present studintulate policy effects: the
baseline scenario and the policy scenario. Thelibasscenario (i.e., the no-policy
scenario) assumed there was no BSPC for air qualippyovement in the JJJ region.
For this scenario, we projected the activities 0érgy, agricultural, and industrial
processes in 2020 based on the goals of the-h&-Year Plan (FYP) announced by
the governments of the JJJ region and China'’s rebkeweport. The demands in 2025
in the baseline scenario were evaluated based eogrbwth rate of demands in the
scenarios from 2020 to 2025 of the WEO-2018-CP$epted by the GAINS IV Asia
model.

Meanwhile, the policy scenario assumed that theegidn implemented BSPC
so that this scenario could project the effecttha control policy from 2015-2020.
Key sub policy package of BSPC can be found in @&ilin supporting information.
Within this step, various air pollution sourcesg(epower, industry, transportation,
residential building, and agriculture) and the assged activities would be considered.
More specifically, parameters (e.g., energy congignpby fuel types and sectors,
activities of the industrial process, and the zdilion rate of air pollution control
technology, and other values and assumptions) exdigeed for 2020 using the
consumption trends from yearbooks from each pravirfeor example, the coal
consumption in residential urban sector and comi@ercombustion sector is
decreased by: a) in the urban residential heatotps we assumed that 80% of heat
demand is from district heating system (Li, 2016;e5 al., 2018; Xiong et al., 2015);
b) hard coal grade 2 is used instead of hard caaleg3 and increasing usage of
natural gas and electricity. From 2020-2025, it wassumed that the three
provinces/municipalities of the JJJ region wouldinte@n the same levels of policy
strictness, in that the governments would contibmemplement specific policy
measures at the same rate. The policy packagds gidlicy scenario are shown in
Table SI 1 in supporting information.



2.3 Data sour ces

Data for this study was obtained from the Chinad8book for Air Pollution
Emission Inventory (MEEC, 2015), the Provincial Bomic YearbooksBSB, 2016;
HSB, 2016; TSB, 2016), the China Statistical Yealkb(\NBS, 2016), the 13th FYP
of Energy Development (NEA, 2017a), the Clean Hgpflan for Winter in North
China (2017-2021) (NEA, 2017bjhe 13th FYP of Renewable Energy Development
(NDRC, 2016), the 13th FYP of Industrial Transfotima and Upgrading (GOHB,
2016), the 13th FYP for the Comprehensive Develagmé Transportation Systems
(GOTJ, 2016; GOHB, 2017; GOBJ, 2016), the 13th F®P Power Sector
Development (PGC, 2016), and several state-ofthstadies (Hu et al., 2016j,
2016;Su et al., 2018iong et al., 20157hang et al., 2015).

3 Results and discussion
3.1 Current emission status

Fig. 4 shows the primary emissions of N®M, 5, SO, and NH in 2015 in the
updated baseline scenario, which totaled 2875 k671kt, 1712 kt, and 1963 kt,
respectively. Hebei was the biggest contributoeach type of pollutant emission,
followed by Tianjin and Beijing, respectively.

Table 1 compares the present results concerningsens with the findings of
other studies. Our calculated N@missions (2875 kt) in the JJJ region were higher
than those calculated by the Multi-resolution emissnventory for China (MEIC),
which estimated NQemissions to be 2621 kt in 2014. These resulieated an
increasing trend. For one, polluting activity levéé.g., vehicle population and fuel
consumption) increased significantly. On the otlemd, the use of different
estimation methods and different data sources nisg axplain the difference
between the present results and previous estingation

With respect to PMs emissions, our estimate (1167 kt) did not sigafiitty
differ from those of the MEIC (951 kt in 2014) afu et al. (2017) who estimated
PM, s emissions to be 1090 kt in 2013 in the JJJ redtas.worth noting that Hebei
accounted for 80% of total P\ emissions (940 kt), followed by Tianjin (115 kt)ch
Beijing (110 kt).

Our estimate of 1712 kt of S@missions (147 kt, 255 kt, and 1311 kt for Beijing
Tianjin, and Hebei, respectively) was almost thmeas that of the MEIC (1713 kt)
for 2014 and was lower than that of Qi et al. (Q0®B05 kt) for 2013. The observed
fluctuations in annual S@missions were consistent with official data. Acitog to
the Ministry of Environmental Protection, becaudetlte installation of flue-gas
desulfurization devices, S@missions in China decreased for the first tim@007
after rapidly increasing from 2002 to 2006 (Xu let 2009).

Our calculated Nklemissions (1963 kt) in the JJJ region were higihan those
of other studies, as shown in Table 1. Non-indaltsources considered in our
estimations were the main reason for this diffeeertic the present study, we mainly
estimated NH emissions from livestock and fertilizer applicato which are the
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largest emission sources for BlBther sources, including ammonia-related chemical
industries, on-road mobile sources, waste treatnaemd fuel combustion, were also
considered. For example, it is estimated that 1Z%Nld; emissions are due to
vehicles in Shanghai (Chang et al., 2016) and bssniaurning may contribute up to
12% of the global NEl emissions flux (Bari et al., 2003; Lamarque et a010).
Therefore, the estimation of NHh this study is significantly higher than the MEI
One reason is that GAINS covers emissions souessall sectors. In addition, our
results are comparable to the study of Cheng €2@1.8), which showed that the total
NH3 emissions from agricultural sources in the JJibregrere 1751 kt in 2014 based
on the emission factor method.

Specifically, in our study, we estimated that trensportation sector accounted
for the largest share for N@missions (over 50%) in 2015 in the JJJ regiodigvied
by industry (30%) and power (18%). More than half emergy-related Pl
emissions originated from the residential sectdre Energy sector was responsible
for over 1546 kt of S@emissions, with over 48% originating from indusanyd 48%
originating from the power sector. The agricultusalctor contributed significantly
(over 95%) to NH emissions.

NO, PM, 5 SO, NH;
(28&RKt/yr) (1367 ktlyn) (1742 tiyn) (1963 ktlyr)
i 25 a5 E

] A At
[E 2 7 2
] (3] k]
Tianjin Hebei Beijing

Fig. 4. Estimated anthropogenic emissions of the maipdlutants by regions, 2015.
Table 1 Comparison of emissions estimates for the JJémegi

Year NOy(kt) PMjs(kt) SO,(kt)  NHz(kt)

Xu et al. (2015) 2010 1574
Qi et al., (2017) 2013 2686 1090 2138
MEIC 2014 2621 951 1713 611
This study 2015 2875 1167 1712 1963

3.2 Energy consumption up to 2025
3.2.1 Energy consumption by key sectors

Fig. 5 shows energy emission trends in the basaludepolicy scenarios.

In the baseline scenario, we projected that thal &hergy consumption in all
three provinces/municipalities of the JJJ regionll wncrease without the
implementation of BSPC. If the policy goals of BSR€& achieved by 2020, the
growth rate of energy consumption in the JJJ regemslowed and we projected that
energy consumption will have decreased by 70 PJialgnt to a 3% reduction of
consumption in the baseline scenario), 53 PJ (2%, 563 PJ (6%) in Beijing,

9



Tianjin, and Hebei, respectively. Projected oveeslergy consumption was still on
the rise in both scenarios.

The impacts of air pollution control policies oneegy consumption were mainly
reflected in the industrial, residential, and tg@orgation sectors. Specifically, the
energy consumption of the industrial sector in jirmand Hebei was projected to be
lower or basically the same in 2020 as in 2015cting closely related to improving
the industrial structure and related layout of Isteement, coke, and other industries
under BSPC. The projected residential energy copsaomof each of the JJJ regions
in 2020 under the policy scenario was lower tha045, regardless of population
growth, mainly due to the replacement of heatind lose coal and the closure of
small boilers. Although the energy consumptionigit duty vehicles in each of the
JJJ region is still growing rapidly, the growtheaditas slowed down under the policy
scenario. Overall, Hebei was projected to expegehe greatest changes in energy
consumption both in absolute terms and in proportio

Beijing Tianjin Hebei
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Fig. 5. Energy consumption by key sectors under diffeseenarios.
3.2.2 Energy consumption by key fuels
Fig. 6 shows the projected energy consumption by keels in different

scenarios. Compared with the baseline scenarwast projected that the percentage
of coal and liquid fuel consumption (out of totaleegy consumption) would be
significantly reduced in each region under the @okcenario. In terms of absolute
guantity, the consumption of coal in the policyrsmo in each of the JJJ region in
2020 is obviously lower than that in 2015, and dbesumption growth rate of liquid
fuels such as petroleum has also slowed down. dheutnption of natural gas and
electricity will increase significantly, most of wan will be used for residential
heating sectors and light duty vehicles. Hebei wagected to reduce the greatest
amount of energy consumption of coal and liquid faebsolute terms (equivalent to
a 12% reduction of the consumption in the basedoenario). This indicates that the
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structure of energy consumption under BSPC woutdipece a transformation from
conventional to cleaner energy sources, eliminasimgpollutant emissions (Li and
Patifio-Echeverri, 2017). In addition, it's worthtimg that the energy consumption in
Tianjin in the 2025 baseline scenario is almostsdmae as in the 2025 policy scenario,
which is mainly due to the fact that natural gasstomption in Tianjin is increasing at
a faster rate than in Beijing and Hebei. This iaststent with data drawn from the
2018 statistical yearbook of the three provincesjctv indicating that Tianjin's
natural gas consumption grew at nearly twice the s&Beijing and Hebei from 2015
to 2017, indicating the faster increase in the r@igas consumption in Tianjin.

Beljing Tianjin Hebei
3000 3000 12000
- — 10000 -
2500 2500 -
2000 52000 8000
2 el 2 = l
01500 1500 26000
1000 I 1000 4000
500 . 500 2000
0 0 0
\e) ¢ . 5 @ J
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QQ’W o a‘y o ‘b@ q,Qg Q?p? ‘v’Q Q"b% Q‘Z Q;f (,},0
IR\ DN Q’ & 3% > 1
AP &GP &GS
14
m Coal mLiquid fuels Natural gas (incl. other gases) Biomass

m Renewables (excl. biomass) m Other energy (non-renewable waste) m Electricity m Heat (steam, hot water)

Fig. 6. Energy consumption by key fuels under differe@marios.

3.3 Air pollutant emission reduction

Efforts included in BSPC to reduce air pollutioraspll key sectors in the policy
scenario. With this policy’s focus on energy conption and with additional policies
to increase air pollution control and monitoringnissions of all pollutants were
predicted to fall. We present our results conceymiach pollutant by sectors below.
3.3.1 Projection for NQby key sectors

Projected N@ emissions in the JJJ region are shown by key iertd=ig. 7. In
2015, the NQ@ emissions in Hebei were much higher than in Bgijand Tianjin
(approximately 2309 kt, 250 kt, and 315 kt, respeby). Fig. 7 also shows the
primary emission tendencies in the baseline andcydcenarios. The total NO
emissions in all three provinces/municipalities evprojected to decrease without the
implementation of BSPC in the baseline scenalfithe policy goals are achieved by
2020 in the JJJ region, N@missions were projected to reduce by 22 kt (edent to
a 10% reduction of the emissions in the baselim@ago), 11kt (4.1%), and 213 kt
(12%), respectively, in Beijing, Tianjin, and Heb&btal emissions in the JJJ region
were projected to reduce by 246 kt (equivalent 1d% reduction of the emissions in
the baseline scenario), with Hebei accounting fi7% of the total emissions. Hebei
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emits eight times as much N@s Beijing and Tianjin. The main reason for this
difference is that Hebei hosts the most of indakprocesses and heavy-duty diesel
vehicles in the JJJ region.

The contribution of the policy to the above redowt mainly comes from the
transportation sector, in which, in 2020, the ,Némnissions of heavy-duty diesel
vehicles under the policy scenario in the JJJ regull be reduced by 105 kt
compared to the baseline scenario, while the eamsf light duty vehicles will also
be reduced by 28 kt. Fully implementation of thesentrol policies on the
transportation sector was projected to reduce Bi@issions by 54% of the total NO
emissions reductions in the JJJ region. In additike policy has also reduced
emissions from the residential combustion sectmoanting for 26% of the total NO
emissions reductions.

Further, BSPC has reduced emissions from industoatbustion, power and
heating, and agricultural sectors to a certainrgxtend the contributions of policy
measures in these sectors were relatively even. edeny the focus of future
reductions in NQ emissions in the JJJ region is on the transportasiector,
especially heavy-duty diesel vehicles.
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Fig. 7. NOy emissions by key sectors.

3.3.2 Projections for Pl by key sectors

Nearly all air-related emission control policiesvbatreated the reduction of
PM, s as the main target. PMemissions in the JJJ region are shown by key ecto
in Fig. 8. In 2015, the Ppk emissions in Hebei were much higher than those in
Beijing and Tianjin (approximately 941 kt, 111 kand 116 kt, respectively).
Emissions of PMs in Beijing, Tianjin, and Hebei are expected to stantly decrease
between 2015 and 2025 without the implementatioBRPC. In the baseline scenario,
emissions of PMs were projected to reach 1063.1 kt by 2020 in thkerdgion (96.1
kt in Beijing, 98.8 kt in Tianjin, and 868.2 kt iHebei). If only the JJJ region
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implements BSPC, a significant reduction of RMmissions (422 kt; 39.7%) was
projected to occur by the end of 2020. In addititne projected reduction of P
emissions in Hebei was much higher than that inimgeor Tianjin in each scenario,
implying that BSPC will play a major role in thedretion of PM s emissions in
Hebei. With the continued implementation of thidipg emission reductions in the
JJJ region show the potential for improvement betw2020 and 2025.

As shown in Fig. 8, primary PM emissions in the JJJ region were projected to
decrease from 2015 to 2025 in both scenarios bt ywejected to decrease more in
the policy scenario than in the baseline scen&esidential combustion of coal was
the largest contributor to primary BMemissions. As Hebei is the largest emitter in
the JJJ region, industrial processes and powehaating plants in Hebei also affect
PM, s emissions to some extent. Specifically, due toitif@ementation of the BSPC
under the policy scenario, the transformation dfidential heating from coal to
cleaner fuels (i.e., natural gas and electricityR020 was projected to contribute to
74% of the reduction in PM emissions in the JJJ region. This finding alsteoe$
the vital role of replacing coal with gas in redwgiair pollution. Industrial processes
comprise another major source of pollution. The BSfan reduce emissions from
industrial processes to a certain extent, but dieisline is relatively limited. Other
pollution sources, such as waste and agricultuekentimited contributions to P
reduction.
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Fig. 8. PM,5emissions by key sectors.
3.3.3 Projections for S{by key sectors
SO, emissions in the JJJ region are shown by key etd-ig. 9. In 2015, SO
emissions were much higher in Hebei than in Beijamgl Tianjin (approximately
1311 kt, 147 kt, and 255 kt, respectively). FigalSo shows the primary emission
tendencies of the baseline and policy scenariosr@hSQ emissions were projected

13



to decrease in all three provinces/municipalitieheut the implementation of BSPC
in the baseline scenario. However, projectionscaigid that the rate of decline will be
faster if the policy goals are achieved by 202Ghe JJJ region. Specifically, $0
emissions were projected to reduce by 62.7 kt (@emt to a 49% reduction of the
emissions in the baseline scenario), 24 kt (13%g, 246.3 kt (23.9%), respectively,
in Beijing, Tianjin, and Hebei. Total emissionstime JJJ region were projected to
reduce by 333 kt (equivalent to a 24.8% reductibthe emissions in the baseline
scenario), with Hebei accounting for 74% of thek&missions. Hebei emits five to
six times as much S(as Beijing and Tianjin. The main reason for thigedence is
that Hebei hosts most of the industrial combuséod residential combustion in the
JJJ region.

Industrial and residential combustion are significeources of SQemissions. It
is particularly noteworthy that most of the contition of BSPC to the reduction of
SO, emissions is projected to result from controls residential combustion. As
opposed to the relatively advanced termina} 8@htrol measures in industry settings,
control on untreated coal combustion in the regidesector comprise the focus of
efforts toward future reduction of S@missions in the JJJ region, especially in Hebei.
Fully implementation of BSPC was projected to red&Q emissions by 300.4 kt
(64.2%) within the residential combustion sectothie@ JJJ region by 2020. Hebei was
projected to reduce the most pollutant emissionabsolute terms, accounting for
73.6% of the total reduction in the residentialtsechis finding was consistent with
the policy goal for Hebei to replace the untreatedl use of eight million households
with electricity and natural gas. Beijing was potgsl to reduce the pollutant
emissions significantly; this finding was considtemth the energy structure of
Beijing, in that coal use has declined sharply gnredtransformation of the residential
heating from coal to cleaner fuels since 2015. &hesults are consistent with the
conclusions from Chen and Chen, (2019), which shtvaes a shift from coal to
natural gas or electricity is of great importangethe reductions of SO

In addition to residential combustion, BSPC was a@ijected to contribute to a
certain degree of reduction in $@®missions from industrial combustion and power
and heating plants. However, this decline is exqretd be relatively lowOverall, the
focus of controlling S@ emissions is relatively simple and concentratedthie
residential sector. In contrast, the power andihgatndustrial, transportation, and
other sectors hold little potential for further vetions in SQ@ emissions.
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Fig. 9. SQ emissions by key sectors

I's no wonder that the emissions of air pollutaar® lower in the policy
scenarios than in the baseline scenarios due tleimgmting the BSPC. However, it's
worth noting that emissions of NOPM, 5, and SQ decrease in all three provinces in
the 2020-baseline scenario compared to 2015. Thisni consistent with the
conclusions drawn from Meng and Zhou, (2020), whstlggested that the air
pollution emission level reached the peak in 20Hs @éhen decreased with a
fluctuating and slow process in the JJJ regi®milar reductions of air pollutants in
the JJJ region without implementing the BPSC ase fdund in other researches (Fan
et al., 2020; Li et al.,, 2020; Maji et al., 202Bpor example, Fan et al. (2020)
concluded that emissions of BM SQ, and NQ all decrease with the year between
2014 and 2019 based on long-period monitoring datia high temporal resolution
(hourly) recorded. Therefore, all this shows thagreif BPSC is not implemented (as
suggested in the baseline scenario), the emissibpsllutants in the 2020 baseline
scenario will be lower than that of 2015. Besidgs,worth noting that the effect of
emission reduction in Tianjin is lower than Beijiregnd Hebei, which is mainly
because Beijing's restrictions are more stringéwintTianjin's in terms of the
residential combustion sector and the reductiorergd@ls in Hebei are higher than
those in Tianjin under the BSPC.
3.3.4 Projections for Nklby key sectors

NH3 emissions in the JJJ regions are shown by keyrset Fig. 10. In 2015,
NH3 emissions were much higher in Hebei than in Bgignd Tianjin (approximately
1827 kt, 77 kt, and 59 kt, respectively). Fig. 18oashows the primary emission
tendencies of the baseline and policy scenariogohtrast to N@Q PM,5 and SQ
emissions, total N emissions were projected to increase in all three
provinces/municipalities without the implementatmiBSPC in the baseline scenario.
If the policy goals of BSPC are achieved by 202¢hn JJJ region, it is projected that
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NH;3; emissions will not significantly change in Beijinghile NH; emissions in
Tianjin and Hebei will be reduced by 4.1 kt (6.680d 240.5 kt (12.9%), respectively.
Most of these reductions come from Hebei, primdridgause Hebei was projected to
increase its nitrogen fertilizer use efficiency40% in the policy scenario (higher
than the national standard level of 33%), thereujcing fertilizer use and leading to
lower releases of NHo the atmosphere.

The agricultural sector is the most significant reeuof NH emissions. The
impacts of pollution control policies on NHemissions are mainly reflected in the
agricultural sector. Fully implementation of thgsaicies on the agricultural sector
was projected to reduce NHemissions by 3.9 kt (8.8%) in Tianjin and 232.4 kt
(12.6%) in Hebei by 2020. Hebei was projected tduce the most pollutant
emissions in absolute terms whereas Beijing wagegied to reduce the least; this
result was consistent with the agricultural struetof Beijing, in that the sown rea of
farm crops in Beijing is the smallest in the Jglas.

NH3; emissions from agriculture account for over 80%atél emissions, even
reaching 95%in Hebei. Therefore, the focus of adimig NH; emissions is relatively
simple and concentrated in the agricultural seter, increasing nitrogen fertilizer
use efficiency).
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Fig. 10. NHz;emissions by key sectors

3.4 All air pollutant emissions control costs

Emission control costs are shown by sectors in Flg.These costs refer to the
implementation costs of all pollutant control meaastithe additional equipment costs
required to change energy consumption mode or gtmiumode are not considered.

Overall, the costs of pollutant emission contrdisvsed an increasing trend in
the JJJ region. In the 2020 policy scenario, thessts were projected to be
approximately 1.27 times, 1.42 times, and 1.59dithese of 2015 in Beijing, Tianjin,
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and Hebei, respectively. Most of these costs oatundustry and power emission
controls in Tianjin and Hebei, while the transpbdia sector costs the most in Beijing;
this finding is consistent with the energy struetwf the JJJ region, in that most
industry of the JJJ region remains in Hebei whitklremains in Beijing.

Costs in the power sector were projected to remagdiapproximately 35% in
Tianjin and 23% in Hebei, while the proportion nflustrial processes in both regions
were projected to gradually decrease. One reasothif® is that the adjustments in
industrial structure reduce some high-pollution &swin sources, thus reducing the
costs of emission control measures required byettssirces. Also, the cost of
pollutant control in the transportation sector hie base period is low in Tianjin and
Hebei, but the growth rate is very fast in the fatun the 2020 Policy scenario, the
emission control cost of the transportation seutidirbe 1.79 and 1.65 times that of
the base period for Tianjin and Hebeli, respectivétyBeijing, the costs of pollutant
controls in the transportation sector are the kirgeurce of the total costs, accounting
for 65% in 2015 and 80% in the 2020 policy scendtionversely, emissions control
costs in residential heating stoves in each of Xh& region are declining due to
changes in energy utilization patterns. Emissiomtrod costs of other sectors,
including waste, agriculture, and fuel conversiaere very low. It is worth noting
that this study only calculated the costs of paltditcontrol technology; the costs of
actual policy implementation were higher.
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Fig. 11. Air pollutant emission control costs by key sesto
3.5 Ambient air quality impacts
Changes in emissions resulting from BSPC were prejeto have profound
benefits for ambient air quality in the JJJ regias shown in Fig. 12. Under the 2020
policy scenario, concentrations of RPMtalculated by the grids od maps shown in the
GAINS IV Asia model were projected to reduce sigmaihtly in Beijing, Tianjin, and
Hebei. In the baseline case, population-weightetuanPM s concentrations were
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projected to decline by 11.7%, 10.0%, and 11.6%20%0 in Beijing, Tianjin, and
Hebei, respectively; BSPC was projected to enhdnese improvements to 47.9%,
28.2%, and 31.2%, relative to 2015. Note thatlalse calculations were performed
under the assumption of constant maintenance oféeorological conditions in
2015 and the population-weighted annual,RNoncentration is equal to the quotient
of PM; (Equation 5) and population, in which the demobraglata are based on
statistical yearbooks for Beijing, Tianjin, and Keband IEA WEO 2018 CPS
scenario of GAINS.

Thereby, the measures of BSPC were projected touceed the
population-weighted mean exposure of RMrom 78.7ug/m3, 68.2ug/ms3, and
77ug/m3 in the baseline projection to 41.4ug/m34dg/ms3, and 53.8ug/ms3 in 2020
for Beijing, Tianjin, and Hebei, respectively (j.dy 28.45ug/ms3, 12.35ug/m3, and
15pg/ms for each province/municipality). The aver&vb s concentration in the JJJ
region would reach 48.2ug/m3, BSPC is expectedayp @ significantly positive role
in improving air quality in the JJJ region.
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Fig. 12. Population-weighted annual BM concentration in Beijing, Tianjin, and
Hebei in 2015, for the baseline and policy proptin 2020.
3.6 Comparison with other studies

Our results identified the significant air qualitynprovement after the
implementation of BSPC based on the relevant aalityucontrol theoretical and
technical aspects. So far, the recent existingalitee have focused on studying the
environmental impacts of the APPCAP or the polletemntrol policy in a particular
sector (Feng and Liao, 2016; Yang et al., 2019;nghet al., 2019; Wang and Wei,
2020; Yang et al., 2020). Under the implementatbAPPCAP from 2013 to 2017,
the average annual reduction in PMoncentration was 37.3% for the JJJ region,
35.2% for the YRD region, and 26.1% for the PeavkeRDelta (PRD) region (Huang
et al., 2018). In addition, the average annual &idcentration decreased by 54.1% in
the three regions with the largest reduction ogauhe JJJ region by 63.5% and no
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significant change in NOconcentrations was evident in the three regionsa(lg et
al., 2018). Furthermore, it can be concluded tftat anplementing the APPCAP, the
largest reductions in PM, PM;,, and SQ were found in the JJJ region. Similar
results can be found in other studies (He et 8202 Zhang et al., 2018; Zhao et al.,
2021) and this may be primarily due to their dominlaeavy chemical industry and
coal-dominated energy structure in JJJ (Feng et28119; Liu and Miu, 2017).
Specifically, for JJJ, in the study of Zhang et(2018), it has been concluded that the
implementation of the APPCAP could decrease the Ridncentration by about 40%
in the JJJ region from 2013 to 2017. In additisignificant reductions of P4, PM,
NO,, and S@ by 7.4, 8.1, 2.4, and 1.9 pgiyear were observed in Beijing from
2014 to 2018 after implementing the APPCAP, respelst (Maji et al., 2020). From
the key sector perspective, Zhang et al. (2019cloded that the primary PM
emissions will be reduced by 27%, 16%, and 20%aeiimy, Tianjin, and Hebei by
2020 after implementing the residential “coal-teetticity” policy. In these studies,
the estimates are based on a more generally defegse@drch scope and therefore do
not include a comprehensive analysis of each seditbe comparison is only
descriptive because of the different settings acsbsdies regarding policy scenarios,
health end points, key parameters, and temporaspatial scales. However, from the
indicators chosen for this comparison, three thiagsclear: First, the reductions on
all pollutant emissions under the BSPC are sigaificwhile the emission control
costs are lower. Second, the PMoncentration will decrease considerably under the
BSPC while still exceeding the WHO interim TargefFhird, control measures in the
residential combustion sector would achieve greadduction benefits than other
sectors. This comparison also clarifies our stué@gademic contribution in that our
analysis aims to comprehensively evaluate the @dlugant emissions and air quality
in each key sector in the JJJ region before aradt #fe implementation of the BSPC
to determine its effectivenes$o the best of our knowledge, no prior research has
involved a systematic analysis of the impacts oPBSThe atmospheric pollution
control concepts and methods proposed herein havadbapplicability for the
implementation of BSPC-like policy in other regiomsridwide.

4 Conclusion and policy implications

There is an urgent need to improve air quality mn@’s JJJ region. BSPC has
been implemented on a large scale over tH& B8P period. Using the GAINS IV
Asia model, this study evaluated the environmentahcts of BSPC in the JJJ region.
Among the three provinces/municipalities of the kkhlon, we estimated that Hebei
would obtain the greatest reductions in absolutegeof each kind of air pollutant,
including NQ,, SG,, PM, 5, and NR. It is expected that emissions of N®OM, 5, SO,
and NH in Hebei will be reduced by 724 kt (equivalentat@1.3% reduction of the
emissions in 2015 in the baseline scenario), A84B%), 528 kt (40.3%), and 196.3
kt (10.7%), respectively, by 2020 if the JJJ regimplements the control policies of
BSPC as planned. In addition, N®PM, 5, SG,, and NH emissions in Tianjin were
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projected to reduce by 66 kt 21.2%), 39 kt (33.89%) kt (37.2%), and 1 kt (1.7%),
respectively, while the emissions in Beijing wenejected to reduce by 53.3 kt
(21.2%), 64.9 kt (58.7%), 82.3 kt (56.1%), and 1(k22%). These reductions are
expected to be more remarkable in 2025 if policplamentation is sustained after
2020. In additionwith implementation of these policies in the JHhlar, the costs of
pollutant emission controls in 2020 were projectede approximately 1.27 times,
1.42 times, and 1.59 times that of 2015 in Beijiliganjin, and Hebei, respectively.
Furthermore, this study assessed the impacts sétpelicies on ambient air quality
in the JJJ region. With the implementation of thpsécies in the JJJ region, the
measures of BSPC were computed to reduce popudatoghted annual P
concentrations to 35.3ug/ms3, 46.8ug/ms3, and 49r6gLoy Beijing, Tianjin, and Hebei,
respectively, by 2020. Meanwhile, net reductionsengrojected to reach 34.1ug/ms,
14.6pg/m3, and 8.7ug/m3 in these provinces/munitigg compared to the 2020
baseline scenario. BSPC should be implemented,igs&xpected to bring significant
environmental benefits to the JJJ region.

A GAINS IV Asia model analysis indicated that etiee implementation of
BSPC will produce profound benefits in terms of mnpng air quality in the JJJ
region. Regarding emission controls for each pafiyt this analysis showed that
controls of S@ emissions are relatively simple and concentratethée residential
sector, while controls of NOemissions have a greater capacity for emissionctexn.
The focus of efforts to reduce future N@missions in the JJJ region is on the
transportation sectorspecially heavy-duty diesel vehicles. Howeveruotidns in
NOy emissions can also arise from improvements instréil and power structures,
replacement of untreated coal, and increases intiheation of chemical fertilizers.
Policies concerning the replacement of coal witk gaelectricity play a vital role in
reducing PM emissions in the JJJ region. Other major sourEédvi s emissions
include industrial processes.

In the actual implementation of BSPC, switchingrrooal to cleaner fuels (i.e.,
natural gas and electricity) in residential comlmrstwould have great potential to
reduce pollution in the JJJ region. Increasingogén use efficiency and managing
both heavy-duty diesel and light duty vehicles aiso essential in controlling
pollutant emissions in the future. In addition, wohing industrial emissions
(including the processing and burning of low-sufiugls) and coal-fired power plants
is important in improving the air quality in Tianjiand Hebei. These controls are
recommended as key measures of future air qualtyagement in the JJJ region.
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Highlights

1 Integrated policy assessment for the Blue Sky Protection Campaign are
provided.

2 Policy have essentia on pollution abatement and energy transition.

3 BSPC have large co-benefits between emission mitigation and energy saving.

4 Residential combustion plays a key contribution for pollution abatement.
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