Engineering

Contents lists available at ScienceDirect

Engineering

ELSEVIER

journal homepage: www.elsevier.com/locate/eng

Research
Air Pollution Control—Review

BEXRSSREENHRES ESARNARNEN P
570, SR AT, B0, ERA Y BRSCA, THLY MR, BN Bkt

* State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing 100084, China
® State Environmental Protection Key Laboratory of Sources and Control of Air Pollution Complex, Beijing 100084, China

ARTICLE INFO HE

Article history:

Received 27 December 2019
Revised 18 March 2020
Accepted 26 March 2020
Available online 19 June 2020

oh 2 9 20 DF R I AEAR R FE BB A A ORHE 2%, DRIRag il 1™ A TG G ) iR
LTG5 5 Yeiioat 2 18] 07 i SO B A AR 3 S SR B . SO T 1 JRIFE 30882k R
VSYIR IR R, BRI T OAHE R R R X i AR I R e T WAL, AR
et (SO, HeuE B s 1 op FEER Y o) H G5B a3 2013 DKk, FE S 1 LAE(K
ARRI) (PM,5) RN RS HAR PR EE H AR, IR 7 AP 2 M7k 2 FOR 05 S 5
FIABATED, HREAE  E jE DUE SRR T A RS AR . 0 HAT H SR S A (O 5,

R RIS LG PM, 1O, 75 e Pt 2 1905 A UM FLAR ISR R, S 0075 Gy il s {7

i;’?g"/‘j R AR S SO R G B PEAR A, v S AR B (AR AR A SR A S o T RV R G IR B e, T
&L 4 g0 TR E L P REAE, AT RN 258 2 BSR4 .

?Hﬂ%')l*\f% © 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher

fIRRR A it Education Press Limited Company This is an open access article under the CC BY-NC-ND license

B (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.5 F[3A4], R EHBOK T 55 B0 19904F (112,565 4.61%

1565 (E1[5,6]). 20174, FRE 33811 41H 70%

e R M304E T, EZ G G K. A 19904F F
20174F, TRFEENAMEE (GDP) MK T436%, ¥
KRBT 10% [1]. S EZEF EEEK S50 a NN 2 O
FRMER) BUIM . SR A &P K5 G Ak
B (CO,) HEMU = ZoRIE. i CO,HE = A Bt 5 M

7 AAE2007 4 FI20094F o 7R E, HEW AN T
S R AR IR VE FE AN HECE 5K . 20174F, A E DTk
T A BR23.2% I BETE I FE B F127.6% K CO, HE E [2]. F E
TERARER (SO, BEM (NO) FI— RNk (PM,5)
(R HE R 23 1 F-20074E . 20124E F120064E 75 5] T 5 5 f%

* Corresponding author.

IARIE B E XA TS RERE (NAAQS) [7], PM, ik
FE AR T e o B 5 ) e o I O o A S
o 2 AN SR SR AR AL U R 7

e R M304FE, FE BB TR, o
FE GGG K e, B2 T B AT RESR R AN A S SO
FREMH 2 R R . R IM B (201 22 704E4CR180
A, HE EEAER TR MR A, FET
PERFEHIHOROAHET . 53k, BN A H E—AN ™ H 1
KR CE R 30% i E L AD RS E, X
00 R 8 o DX PR s e G . [ 20t 290 4R AR LUK,

E-mail address: shxwang@tsinghua.edu.cn (S. Wang), hjm-den@tsinghua.edu.cn (J. Hao).

* These authors contributed equally to this work.

2095-8099/© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

HC L Engineering 2020, 6(12): 1423-1431

5|H A3 Xi Lu, Shaojun Zhang, Jia Xing, Yunjie Wang, Wenhui Chen, Dian Ding, Ye Wu, Shuxiao Wang, Lei Duan, Jiming Hao. Progress of Air Pollution
Control in China and Its Challenges and Opportunities in the Ecological Civilization Era. Engineering, https://doi.org/10.1016/j.eng.2020.03.014



BEXTIRIGEAT MV SO, JkHE I s B L ARTS B I F™ [8] 0 axX 4653
D143 H ] (1) SO, FPM, 5 RS HE R 7E 20 10 4 BT i 21 T 04
fH[5].

PM, 75 G AT R MR E 2 . TR NLEIE 2%, H
Juya B A B PE . AERXFERE ST, PERTEARE
IO —MoE R A BT g e R
B—FRI TR HIAT R, AR i DX B s B 2 4
EZ RS S, Wbk B 2 AR 2 B a2 HER.
ARk, WHESHE T — RAVBUE, HE2018—20204F 1)
CHERR TR =TI, DU R 20354E (1) “ &M
B 7K H AR . S R R ] 1 2 A AR BAR AR O
F2035 4 FT A W A PM, 5 AR 5 BAKT-35 pg-m [T 5
PAHAL (WHO) #WE — LM B HArE]. T sk
PUX—HAR, BTSSR AR SR B A, RN AT
NS5 KRR 2 58 1) 3B At 2 B ORE T (1)

F—J7 1, HI19804F LAk, o E M mksR A CHY AL
GDPICO,HFSE) CaPud N, Xt 7 A ERelE
R T R A AT B A R, DA e dln i) v LS
(AR IS . 2015 4E 78 L2 I 1 I & B S A8 4k oK
2 (COP21) b, w[B 7K v 4 Bk 98 B A 0 T-2005 4F B IS
60%~65%, JF7E2030 5l B FLSL I Ak ik g (fE&VE: B
[l BT S H AR ELEE, 20304 H A [ 9 A2 7 BB C O, HETX
20054 FFE65% LA s CO,HEM 14+ 2030 Rif ik 2
WAt , 5% S35+ BL20604E /T SEHL IR h A . F]20304E, H 2%
S8 0 BRI v A Tk R U 0% 45 5 BT A AF T e - 2 5% i
By ) 48 0 k- 2 B I R R B E R . b RS
15 YA IR =S AR (GHG) 5552 CO, [ HE U AN
Al 9r. 20154, HkA E K2 (UNGA) #2 i 1720304 7]

-
o
o

GDP

~-s0 ~~NO, -~ PM

2 x 25

NMVOCs ----CO

-
o
T
N

Relative changes to the level of 1990

—_r e — —

B 1. 1990—2017 43 [ v [ [ Py £ 72 8l (GDP). REJRMSFERIA 17
#, PLKSO,w NO,» —ikPM,;sv AEFLEIEREAILAI(NMVOC) FiIl
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SR EARE[12]. B, EBFRA RIFEEIE K S PM,
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SeEAL B KAPM, IR BT TES &, R 1)
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201 22 70 LA Sk st S i 14 A HE 08 il i it TG V2 A
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Pollution issues PM, . pollution
recognized by the academia

community in the early 2000s

Acid rain pollution

emerged as one leading pollution Deteriorated and peaked in
2006 despite of control actions

problem since the 1980s
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Severe haze pollution

became the leading task for air Substantial progresses in
pollution controls since 2013 combating PM, . pollution

The rainfall acidity has almost
returned to normal in 2018

T T T [
2000 2005

Major control actions

SO, emissions and coal The designation of

2010 2015 2020

SO, emission capping
“Two Control Zones” since the 11th FYP

NO, emissions

NO, emission capping
since the 12th FYP

PM, . pollution

Single source and pollutant
Emission control

Local actions

Key evolvements

) Air quality improvement

PM. . NAAQS Two-stage action plans on prevention
2(5012) and control of air pollution
2013-2017 and 2018-2020

Multiple sources and precursors

Regional coordination

B 3. AT iR B o 2 R RIORORAE, BT SO, MINO, HETS LA K PM, (AR 2 (R4% 4T3 . FYP: AL THRI,

HeTscaz il H AR BN X 48 GO T BT I sk i 1 K
WA S 1% B AR 3 7 80T N 23 E T 5B T Al I 32 2 5 ma,
b BRI R R A R A R [21] .

BT EA R ST, SOE SR T X SO, HE R (1)
1A ANV OB 48 i [20]: 14N, B 20074 LAk, BRI H
| B AR MM % (CEMS), DU < At 2
B RS AR WS A SO, HSERF IR B o RS AR 2
BIZATIEE (HED0% M JHNEHD KB A%
ZAFT FLIT0.015 70 N B AU o 5 000, R Ak AAMIS T
FO A AN G 0 T K. PR, AR R R SR 1 456 F S A
20054F 111 14% 38 I £20104F [1186%. M 20054 £|20104F,
R R E )R e K T 4180%, {HH X —FEfHE AN
VR BT PR AR SO TR s> 7 23%. IR B 7 4iit,
M2005FF|20104F, HE SO, MHERCE /D T 14% [22],
KU T —FR” FRIFEFE G SO, HEBOT T LS 1 B KR
o, DEMNZE R T IX—#a% (23], BN il &
GCEINGIINIE AR

3.2. NO, HEPI B4

FH—J71, 5SOMEHIATE AL, T ERINO K
ERAHXTAS G o NO KIS K mid AR 2 M7, X5t
AR D NO R HERETE R AT & B TR
AR, HLEh 4 R S HE O H AR AL A RO B e
ANO AR B E LRI B T b HEEEE S TR
SRR, 1990—20104F (A ENO, S H =R N 1 =
5 (El1. 200050k, V2 KIHT#E D 1 HaEyLah1

R, i —ALE (NOY) W TNAAQSIRE.
75 H BV 2 M [X U 42 2B PM, 5 [25] RIRE /K [10] HH A5 R
i (NO,) Sifgsh (SO, MR E Tk, HE,
HH “+ =17 (2011—20154F) A 335 TNO HE U &
PR

% “A—T W H SO HEBUN R Th& %, E
BRI 8 T AR B H AR, BTE =R B
NO HE &P 10%. K I3 SR BUR S € # 1 EZ H
FREBIT, BORIXEE K IR H T HEE 2D A ENO, &
HEBE130% [26]. 12 il SO, HE IV 2 U5 TF BOR 4 2
i (ANCEMS) W& F FNO, HERUE . 20104E, BRI
B EEARGECE AR (LNB) ##INO,, 1MNO, 2k
RORHE E AR B AR (SCR) BRI B ELBIY &
12%. “+ A7 B, w0 TR L I HE O,
BENO, HE PR B2 M 100 mgem ™, 32 24 71 ™
FEHIbRAE. 20154F, NO,FRAE#E—BAET H50 mgm™, B
R HER PR [27]. Rk, #20154, HE80% MK 1K
HJ %2 %% T SCRRIEHINO, M. 75 “+=H” Wi,
NO, & HE & kD T 10.9%, XA T ik +4ENO,HEK
PO K 14 [28,29]

3.3. PM, s K i)

20124, NAAQSEITRE —IRAN T PM, AFERiEHRL
R, br &G 2 R G i 0 — A s R AR A
BE A ATFIRIEET T fEPM, 5 % KRR E R
[T 2R, PM, o9 B CURCN B FL A R S35 Y 58y 5 T 1)
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Febr. ESBERAR (2013—20174 K505 4Bt 475t
R CBURRIAR (AThitRI)) 132 H brad e 4 S
R, U VSR A 5 DAAT B E RIS R SR AR H
[ 55 BE L AE I 3% X BUR AN F, (AT3hiH &I 22—l
] 5% Bt L 42 00 5 FNHE B 1) K5 B U . X A 15 A,
THBRPM, 535 YL 75 B2 [ SR Hb T L DL AT AT I #5822 1) B
YERNSS Jg 0 2R3 = F 2 X [ s KL =AM M(YRD)
MERIT = (PRD) 1HIPM, 575 4e4% i) H b5 23K 5 hn ™
F: 7E2013—20174F BATH], KEPM, 517 33 B 75 7l B I
25%. 20%F115%. HAR2013—20174F 1/ % 4 A AL R
AR T BTG TEETE H X I PM, R, (B HETBCR 2 477
SEIREEPM, IR % @ FE AR 18 s i) R R R [30]. b
H ) HARE20174E PR AL T-60 pg-m >, RI7EHAEN
HE20134E R (89 pg'm™) BEIK30% LA L.

Bl 445 T 2013 4F LUK b [ BUR SE it 12 il PM, 575 44 1)
FEATENR ZBURA R ESR TR, BED
W I 2 K BIPM, s BT AR AT HEBUX 38, R 0 i —
T Fe ) B PR — DX IR A G 42 1L it A 2 DA SR B AT 3t
R BT ELR KR B PM, IR B2 (1 H bi o (E1HER I,
BT T v B (0 PR T 38 K AR B R AT ML I B ha AR ], B
2 N 25 RAE B 1) S O, HE TS 2 R R R VA< FEE 72 2010—2011
ARG A R (12D, HEIE T RSO, il e
F[31]. L, TAkys QI R T — R A4 145 H 1
Jiti, AN TVHEBRE . YIRS Mk EIKTE S
T2V T s In T+ 2 o [32]. S5 A AT A4 (anSo,
MINO,) HIFEHFE AL, 201345 2 /i b B X548 & PE A HL

&Y (VOC) Fg (NHy) HEJBUR 2 6 A 58 44 [33].
N7 5l T AR TR (RSMD JF 70 ¥5 % fix ™ B F) ot v 3 3t
[X P M, 94 FEE X6 5T A0 HE T 1) AR L 1 B 5 2R, AT KIPM, 5
I E ZEFRINH A MULA I an, 35 i R el
&Y (NMVOC)., HEERMEANMEY (IVOC)
M EBEHHSER (POA 1MHECE X[34]. N T IEE
NAAQSIIPM, A5E[35], F20304F, 4xENMVOCHHE
TR AL 20124 22 /D0 36%. [k, 20154 )5 30 1 4
SEAATI . AL T AT ST R AT b DL R 4265 B Rl
kAT VOCE #l iRl RSMiH5EE, 1990—2005
1) N HL HE 0 PR 385 -5 550 IR kAR i T 6 R 2 448 T
T 50%~60% [36,37]. HSER £L RN BT S X PM, s 32
LRy, RSB M ENE 5 ([38,39]. K AN EEK R
K, SOKEECARE T, (&8 MEAM T
A TSR #h 17 FURLAH (155 42 [39,40]. Rk, HRBUFC
WIR B HINH AU E 2, IR R (R IEY
R AR =58 AN T 2018—20204F HIE K fR ik =
FATE R

WEATR, BT SCibfE 4 EEm ErEsirsh, JL
ANEE U R BT 5K ) BE B4R IS it . FR T R SR AN
AMRMHZE, HEAMT (dbE M B HESiE
CARR T8, PM 05 A iz, £ = HEmMS
71, ALRAEPM, T3 4 a3 FIE T E Kok, L b,
Jb 5 FLAE 201 20 90 A A ah 4 S il 4 T P9 K AT 4 ol
Bk . 120084 Bz 2 W im], dtaiFIA A E R T H
RO PRSI, #hiR T RIS R R [41]. A 19984 F

Implementation period

2013|2o14 | 2015| 2016 | 2017 | 2018 |2o19| 2020

—12th FYP

—Air Pollution Prevention and Control
Action Plan
—Enhancing air pollution control
in the energy industry
—Action Plan for Retrofitting and Upgrading of
Coal-Fired Power Plants
— Industrial Green Development Plan
— The Plans for the Protection of the Ecological
Environment in Beijing-Tianjin—Hebei
Coordinated Development
—Action Plan on VOC Reduction in Key
Industries

— Comprehensive Work Plan for
Energy Conservation and
Emission Reduction

—Three-Year Action
Plan

Targeted precursor Sector
PM [so, | No, [voc [ NH, [ PP IN [ TR | DO | AR
N V N NN
N V N \/ NN
N V N \/ NN N
N v

N N N N
N V N \/ NN N

N X

V N \/ NN N

N V \/ \/ N NN N

Nationwide Key regions (e.g., BTH, YRD)

Nationwide with more efforts in key regions

E4. 20135 DKk I R ST5 Aeds bl



20134F, RUEWITGDP. #AEND. RERA EMEEIRN
FERERM, HEALE % ik, SO,. PM, FINO, K B4
TERFEE T . TE20084F BLig 2 Hi [ F0 = e il 12 <5
e, IXAE AT ANRE], KA HPM, 575 402 A
AR AR A EILELE s deah, A A
RIS J1, B IR AR HIPM, 75 G . BRI, BURF
TEVRFLPM, 535 YR IR MARAT 77 T EUAS R iR 450, NI —4F
f1) I B 40 BT 5 SRR T, 20134F Jb 50 KA PM, 575 B4
=2 ZoRATARMHBER. it 7FiX A HER
Wb, B (FERNEE) stEkE R (31%), Hik
FBE (22%). Tl (18%) A4z (15%) [42].

20134F 2 /1, AU KA TS Gefis il i 2 A R AR e )
A AR . H20134E LK, dba iR 2 Ja RIg L 75
Z AN, DASR AT BB R AR S B AR R . IR R
TR V7 SR SO ) SR JRE P S RA R A 22 T 18 % T B RRAS T
=y =, HAG B 3RS E A 78% I SR I H 9% Fr 411[43].
HAE20174, BRfmim A X —2e K gEat, bt KR2H
FRECLITORA . DD IR A FH 1 e B e 2, bt
H T EEI SO, CK T 10 pg-m ™, EL204E 1T /K Tk 2>
T90% LA F o AERCTT IETE ) e IR T i i

A3 2R AE o [ S AL B0 2535 Gedzs il T R S it
B30 2 HE TOb A RR T JoR A 1 350 80 2 T [ 5K A 1A [44]
B CER A T e dbE B HEOR I AR, 2 B i AN
HHEBOR R G, PR SR B R HEBORF & 1. kAL,
A3 I 8 S A it AN A A FEBUR AR E T AT RRAE A IS
WAZMNKRIE[43]. HITH. BRI ASHIE I ata
17160% LA I, 3077 8 B IEE R A Bl DA AT fA] Bk 2475 58 mT
R BRI AT TR B20174E, BRI E (EEEH
FRE) HIREBENI3Y% A

P Th, 2013—20174F BA1A) Jb 5% S i a2 b [X 3= 22 1
AV HETBCEE LG DA AT o] B #88 F Be A5 B R 20174k
H SO, NO,« VOCsHl—KPM, sHE & 73 51l L 20134
IR T 83% 43%. 42%F159%. 2SR IGE R,
PM, s 20134 (189 ng-m /b #1201 74E )58 g m ™
[45] (20194E 42 pg'm . X—E KR FTERF N E
R HT AR HE R R IR IR 75 s i FE i, BRI
HP R S AR B 3 R 1 R ASORE A A 15 P M, 3R B %
7 10 pg-m LA Eo WLBhZEHESEE H B A Zohikb T NOo,
(RIHE, (28 PM, R FE PR T2 pgem  [43].

1E CRAVE BRI MsS T, hETEZ
W A 2 2] AL A 50 DU AR T PM, K FE (5D AR
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SR SRS A B T UL S A RS SR
FI bR B0 SRR I L3 RSl it DL R M ke 380 b 77 18
JF B 10 7 A B A ) 4 R SR BT Bl . IXEE RS AR S
5 — 15 E AR HIPM, 515 Je A st A 4t DA 5 4
i B TR B T HERE . 1E2013—20174F (KA 75 4R
178y S E, A E T T R PM, K B3 R
F% 7 23% [46] (5D, =N EE A3k i gk HE R P 50 K 2t
BB IX BEAK40%, K = MAHLIX PEIK34%, Tk = MHLIX E
128%. 20174EEk = Ml X [I4E I PM, R FE 34 ng-m™,
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