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Abstract: With the rapid development of ship transportation, a large number of harmful pollutants were discharged into the atmosphere. Therefore, China
has formulated a phased implementation of emission control areas (ECA) to control the air pollution from ships. In 2016 and 2018, measurements have
been carried out on board of two navigation ships before and after the implementation of ECA Policy. The fuel-based emission factors of the ships were
calculated. The results showed that after conversion of fuel with Sulfur content of 2.20% and 2.10% to fuel with Sulfur content of 0.470% and 0.003% ,
the SO, emission factors of ship A and ship B declined from 44.00 g-kg™' and 42.00 g-kg™" t0 9.40 g-kg™" and 0.80 g-kg™' correspondingly. The PM, 5
emission factors reduction counted from ship A and ship B were 2.44 g-kg™' and 1.02 g-kg™" to 0.870 g-kg™' and 0.003 g-kg™' while TVOC emission
factors enhanced from 0.061 g-kg™' and 0.106 g-kg™ to0 0.292 g-kg™" and 0.706 g-kg™' respectively. Comparing the reduction of PM, s EFs under
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different fuels, we found that ECA Policy at this stage ( fuel sulfur content < 0.5%) and in the next stage (fuel sulfur content <0.1%) can both

effectively reduce the emission of PM, 5 from the ships. In terms of composition characteristics, the proportion of sulfate in PM, 5 of ship A and ship B

reduced from 58.6% and 44.3% to 18.1% and 7.9% correspondingly. The reduction in Vanadium content in PM, 5 was 82.5% and 98.9%, whereas

Nickel decreased by 20.8% and 98.5% correspondingly. The alkene proportion in VOCs increased by 11.9% to 19.3%, while the proportion of aromatic

decreased by 32.0% and 4.5% respectively. Since the implementation of ECA Policy, Vanadium discharged from ships has been significantly reduced and

it is no longer suitable to perform as a tracer of air pollution from ships.

Keywords: ships; air pollution; emission characteristics; emission control areas ( ECA)

1 5|5 (Introduction)

P AR Is i 2 K AL, 2 AT 23k H 5 1
F 2y X SR & S LiE 17 7 P S HE O =
WKLY — AR (S0,) VALY (NO,) \— %k
(CO) FERMENY (VOCs) ZEH EWY) i ( Lasse
et al.,2017; Russo et al.,2018; Lv et al.,2018) , X
NS (Julian ef al.,2014; Lars et al., 2019) 25
A ) B RS B T ™ 52 ( Veronika
et al., 2007; Eyring et al., 2014) i1 & 5 S 52 0
AR AHE R FZE N R, 2 AR T2 R 5
M), e B (A IS BT 2 B 40 He>0.5% 11
BRIFR M BRI, < 0.5% B9 BRI AR R AR BEIH ) Ao
S IR a2 HE TR 22 1 UKL AN SR TS 2
RS2 255 F 25 (R BR A = B R T AT AE A Bk N T
2§ (James et al., 2003; Thuy et al., 2019).

Sy it ] s AR Eh R Y R AT e n) A [ B i
FHH(IMO) 3 EnMH | BRER 5520 R0 X 23 4y K]
SE T AFNE 8 HE A ) DX BIR ai] A AR 9 5 i (5
[ #%, 2014; Helen et al., 2015) .3 FE T 2015 4
12018 ARl 1 43 X8, 43 i B A HE A i X 1B
SR ARG T HE R ] XA SRt AR, H i N AT
JEMIBIEFE AT SR AE # A R 2 H AR R AR Eh &
(NRDC) & A B PEAR &7, 4 S5 2 37 At 56 Y HE il
il DX, 12 X35 P A AR HE ) B LA (SO, ) /b
86% ,PM, K I8 /0 74% , NO B8 0 23% ( ik 1] #
2014) ; Johansson 5% (2013) X b MR A HE 5 42 1l X
PEATROESE B, 3] 2015 45, S FRR Ol 25 B 1 A
1.00% FEAKE] 0.10% )5 , 2 X A AN SO, HEBC 21
/0 87% ,PM, s HERE R I/ 48% s 7EEI N, Wan 55
(2019) f FHEE T 5 1 2y e ity HE ke R 7, % 3% 1 HE
) DX IR A% St B B AR SO, \NO Rl PM,, 9 HE
TRHEAT TG ; Zhang 45 (2019) X 52 F s TF & %
S5 Tl T UL ) S5 R B AR A T DX SR S it DA

Je , v DX s A A5 2 B 0, 7 TR AR it XL
KM, A SO MEEE R T 70% 8K 1M LA L WFSR
FEHE T PSR ok A b I IR X AR
15 YW HE I 0 AT S

TEFE Y, R A 25 (2015) 38 5o 1R A S, B 5%
T PRAT I S AR B KT G W HECRRAE ; Zhang
S5 (2016) fiff FH A 51 SR A 3200 8 T B A TR A
R .CO NO, SR PEA P (TVOC) 5575 G
YIEYHERT R T ; Peng 25 (2016) {1 [ 23 148 %
AW R G AR FARIT B SRIY  &as s 7 18
A RAIEATIIRY , 22 A A0 HE L A JSRE 4 2 ZE 4R TR AE
TR AR AS. DL A 5% 3 B A XoF PN Y] i 0 e
LA /ISR STV AR, XT3l O 2R ACHE T
S P s [ K 198 G R A A A 0 i
AR R, AT PR 2 8 S TR AR i 7 I 2% i
IR EHE TR A ) DX B S 4 ) A R S S
N RIS R T 5 B XoF E A900 HIE SRR AR ) 5 ), Sy A
PP A ) DX IR 198 ST it £ AL S S

2 LG FNF % (Experiment and methods)

2.1 HFmRESHH

ABIFERFEST NI B0 HE 4 TR A5
(2017) B2 ¢ i 6 AT AR BB UM BER B R G it AT
T PRI A AR SCTE L USRS 2 1 R,
PR o o iy S AR R B 0 i) AR
ESCNEY R e S R T NP R o 2
B AR R B SR L A T B M DN FIRAE
T - S5 0 UM R B 4 IR e R AR
P BB R 5 v s SR A BRI IR L, T
JE BR300l 2 M SORAE A EOR R, 53 —FR o
R JR R BRI CO, W BETHA A3 3], AW 58 vh
SRRELL LY 7 A% AL, B AR A R 4R 500 mL
BRIAE & T U E .
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FSAREE SR Y NO (LA NO, 2542675 ) il i 41 <
S (F-550, WOHLER , GER) ¥1.37 BL 0 & . SR 42
TR F G R4S T B AR i 6 S e I, HE
Hi,CO, Al CO 3 1 A 0 i - S0 K A 25 738 0
VOCs(AMFFEAL 1 68 PP & 1A HLY ) 8 o il v
A ST - S (SR 7 I 52 . M, TB0RE ) 4
FUERRSE | 38 3o R R 0, UKL TP K
PR Bl A B R I, 4 T 2 A L R
BB TR FEZIE , OC/EC R V6 0 Mk
T2 AR (i 0 25 B o i e (B X SR P

Sketch map of the dilution system for ship emission

S A | Pl et 38 ) T ER AT R E
2.2 TUSSAR A R A i

CER=AR K=o PRl (U EeEE ) K Sl A HE
A XS 28 ) 2K H 2017 4F 1 H 1 H&E, #f
FAAEIE) M 0T ) 55 4 5 Bt it < 0.5% MR
U, AR FE R 2 B AR T 2016 4F-F1 2018 4143 5]
TR S A U W B 249 8 5 b, S5 3 300 18] S
AR LA Bl & shpLAL e, A0 2L A4 2 SR T B o
1.

R1 BARBBERER

Table 1  Basic information of the tested ships and fuel
PO L% = A Tk o KRR
/KW U] e I 1] i ] HKH FED /S BREY SR
A s5384 o0 34% - 2013 4 2016 4F 11 A B i 347 2.200% 84.4%
37% 2018 45 fIkAiE 159 0.470% 87.5%
55% 2016 4 8 A Bt i 160 2.100% 82.7%
Bt 49437 1760 SEBHEMT 2012 4F .
52% 2018 4F 4 A 0#451h 3.47 0.003% 85.8%
1) 0*4EihN 20 CiZBhEEEE , HAYHIEE Jy 50 CBBhBhRE ;2) AR SO &R Sk i E 4
23 HBEFITE CFXACCOZ 44
RBIFE M  “ BeT 0 PR AR 8 o 4 2 EFeo, (D

15 Y W) 3 T BR 70 T FE B 1) HE L T (Sinha et al.
2003 ; Liu et al.,2014) , 3 DL A FEREHI AR HL
KATG Y HE BCRRAE. % 7 i s sk Tl v i il T R
TERBE L 428 4% 4k CO, . CO,VOCs ,OC/EC
Bk, CO, HEL I F iAW HTR

:AC’COZ-FAC'CO+AC’OC/EC-i-AC'VOCS 12
A EF,,  CO, M 7 (g-kg ™) 5 €, ki
ik I R & ( g - kgil )3 ACCOZ\ ACq . ACoc
AC o0 5390 W R R AN BR 5 & J5 €O, . CO ., 0C/
EC.VOCs IR ICER LRIk (gom™).

XfTAERET R X, KA A i s A
B
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AC,
X:Fco;( (2)
KA EF RS 8 X B9HEE F (g kg™ ) 5 AC, .
AC, 5350154 X F CO,FNBRIRBETS 55 1 5
IR (gom™).

AR R S BE K, 52 VR BE K I 52 TR SO, ¥k J32 M
DIVERRIN A2 , PRI, A 0E 98 2 2% [ B B B s
( Cooper, 2001 ; Entec UK Limited,2002) , {Ei5 84 i
HRBR R IERRBE LS 90% 55160 SO, , LAt it 5
SO, FHER A -, A =Can T s

64
EFg, =5%2x90%x 10°

EF EF,,

(3)

K EFg, A SO, BYHE R F (g- kg™ ) 532 Hl 64 43
R S F SO, BIAHNT 43 F & 3 S BRI TR &
i (g-kg™).

3 R 5338 (Result and discussion)

ST L HE EF

SO, B HE K B 7 55 1k & B B B HEAH G, A< B
FER U WL I P A R BRI BB N 2.20% T % EI|
0.470% , B BT & 6 5 AN 2.10% T B E] 0.003% ,
PRI T 78.6% 1 99.8% , (A3 R B 5 7 A2 Y SO,
TR ol /D AN ] 2a BT, A FH v A Tl 196 A 90
() SO, HERL R FHI#85E T 37 g-kg ™', 1 4% F AR A7 i
J& SO, HER R F WA FEALE] 9 g-kg™ PAR. T JHIR 4
LM, Y FSHREE K 77% , SO, BT S0 3 T 2

3.1

KA R R 2R IR (TR ASE, 2014)
PRI 7 0, D 2 0 96 %) s 1 X3, HE i 4% ol
X BORTEREAR SO, K5 Y iy [F B, 30 2 1 45 1
TIRAIE IS Y RIVER.

CO BRI h iR S & WA 2 RIRBER T4,
TR E LA R TR e % h 528
SITIRA AR, Rk, KR & s bl — i HE i e
/LAY CO ( Carlton et al., 1995; Sinha et al., 2003).
P 2b S5 ARG 2 IR CO HE ik K+
1 3.80 ~14.6 g-kg™', B M CO HEk F TR AL T
AW X TTRES B 4 B A& ShALIA D) 3R B8 KA X
Pk il LU B, A M0 FRAR AR 5 CO HE I FK
BRFEA, T B RS BT BT 3R €O i HERL
FEA B Z R & B 5, R E IR RS
A IRA AR ] AR 3 o S A/ .

M 2¢ FTLAK L, NO HERCH FH 4k L 2Zm T
SO, 1 CO AYHERT R, FEm 2 A M, 24l & iR
s NO, HEHE K 7 e SO, AT CO HET R 43 5 v
42.4% 1 80.9% ; 41 FHARGRAR M T NO HEAA + L
SO, F1 CO HERL A 435 &5 79.5% F1 86.0% . AH L T
A, B A NO, HE ik BT IR AIC, 3X 5 SCHK ( Carbett
et al. 1999; Sinha et al., 2003 ; Fredrik et al., 2008)
TR Ty & sh ML) NO, HERCH 758 i i LA —
A FARBRRA IS , A B8 NO, HECH 7 B 35 T 1%
T 40.0% 11 B AN T ARk

Or a0 wpsim = (€ 00 b weEwhsh = E6H O oo mpgwm W {EHH
g 2" 5l
2 30 o =
ﬁﬂ; = 10} i)
20 £ i
e - 30
e o 5L o
210 © Z

0 0 0

Aff B Aff B Aff B
2 ETRHEEEN SO,(a) .CO(b)FANO, (c) HEFEF

Fig.2 Fuel-based EFs of SO,(a), CO(b) and NO, (¢)

3.2 SR HERL B F R 4B RAFAE

321 FHHHEMEF K2 R T AR &
AN A FE H (C Y ( Zetterdahl et al.,2016) D it
( Cooper et al.,2003) Fl E fff( Winnes et al.,2014) ),
(7] — A8 A 01 P A [] 5 R Tt I P, 5 B HE T A

5, DA BRI g AR v ML, s HE IR - 1) 246 06T e A1
(AR BRI A AR b ml L& B, AN TR A A PM, 5
HE A 7 22 5 B AT A fEAT B S E [ RE A
PN 2% Ze A7 BOBRIMINE, A S ) A A 7~ 2 22
i 58.2% ; A i (C ME D it VB A R)RE G e
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H0.5% 25 A7 BRI, A iS5 E AR PM, s HE ik A
TR B C EE 85.1%, 1 D K 51.7% ; B i
i FH S B AN 0.003% A9 il B, PM,, S HE i R 7
HILL C AT E A S B i ol 0.1% 2547 B BRI B
WEL R R AR T LR PM, 5 1 HE
Hb RRIMEGRE BRI K 5 R ENHLE AR R S
RALIE 1716 DL 45 Z2 O 1 PR 2R A (W) B 52 ) i A
PM, [ HERL.

®2 ERATRESTEIMEARAN PM, HERIER

Table 2 PM, 5 emission of ships using fuel with different sulfur content

PM, 5 2 Xt
AR bl i . iEbo)
S T BRRMES )
g agw TPOOTR BRI e
(g-kg™) (g-kg™)
2.200% 2.44+0.31
A 1.57 64.3%
0.470% 0.87£0.13
2.100% 1.02+0.13
B 0.46 45.1%
0.003% 0.56+0.09
0.480% 0.13
C i 0.07 53.8%
0.090% 0.06
0.530% 1.80
D i 0.63 35.0%
0.090% 1.17
0.960% 1.41
0.62 44.0%
E i 0.580% 0.79
0.56 70.9%
0.100% 0.23

T[] — A8 A, BE R & o 2 T B, A Bif
FE S FE SN R RIS AR P, s HE IR 745 o 30
TREREAL, X EZEHYF LT LA I m R A
TG, BT E BB P A (0 S0, AT LA E— 2 E Ak B
L& MY e = d ot Uk VA 7/ B s 1 o 2 (1R /Rt =l |
DLE /D PM,  BHERR ; FEU AR By 25 5 S AR,
ARITHERTE K& S ML B & N 7853 55 R 5%
I, A= B Y kL ) B8 /D ((Gysel et al., 2017; Van
et al., 2018) ;3mcJ , M T B i 3 22 5 BT 3
RPN BT R KAy B TS i, T
IR = B R A T 1R 43T, 33 R T AR X T Al
(Zetterdahl et al., 2016) , K, BR4E I HE L 1) kL

S3 M AR AR AT L& 0, 78 454 i i B B
FH Bt 22 B AIG AR T 2 T e A S R AR PV, s HE
TP T A FE DA BB 2. 209% 4R I e Ol A B
0.47% MR 5 , PM, s HEBC R F F I T 64.3% ;B fify
ML 2. 10% BRI L S8 & B f 0.003% A9 RA
Ja ,PM, HEBCH 7 R BE T 45.1% 5 E N & B &
0.96% HHRIMEL N & B i 0.47% B9 RRIM IS, PM, , HE

JHF R BE T 44.0% 5 C M5 D MEFN E M5 0 it
0.5% - BRI EL S S i 0. 1% A4 iR S
PM, (HEBCH 743 5 N BT 53.8% .35.0% 1 70.9%.
T4 X P AR T, B8R C RSN B 0.480% IR
LR B 0.092% FY AT G , PM, s HE B 744
XTREARAE R 0.07 g-kg™", {H H A4S M E 2540 i
B B FH 2 i i SR R S, PV, HE R 74 Xk
REARAE AR AR 7 T U e A, 7 T 78 S8 AL T e (i AF
FE M, 24K S B M 0.03% T [% %1 0.005% i,
ATy RE k2 2 A UKL 420 1 HE I ( Robert et al., 1996).
25 ] UL FR B B S 1) HE I ] DX B (BR
AR 0.5%) , LA K 2020 4 RUKG #4710 o
R B HE AR X SR R B A BR A R
0.1% ) FBREAT S5 H KA A AR OB P HE L.

322 KEBAMUBFHARIBFME PM,TKEEET
Hel R 7 an# 3a Bz, NIRRT DU 1 A e
TS A AL B 09 A MBS HE R 2 Ry
0.220 g-kg ' F10.138 g-kg ™', # HMEH I 5 A s P
BETFHEAE T 257 m 8 T 0.314 g- kg™ 1 0.249
gk X5 UKL ) A8 Ak B AR AH R AR B
KPS T AR B G451 T L & B fof D v T e AR
Rk (SOT ) J& A MvFN B AHERCRY 2 2K T B 1,
3 B 58.6% F1 44.3% 55 FRER IS A A%
FB MY SO5 HE L K 43 il K R B AR 56.0% il
67.8% , 1S PR AR HERL B SO% FEKIEYEE F i)
R R T 18.19% A1 7.9%. ] UL, 4 FAR A
BRIMAN R38R SO, HET, 1 — W i iR 6 1
TE R, 14 B8 T HE 80/ — U B R 6 1% HE A A PR Tl
J& , IR0 HE AR ) R R A R ER (NOS ) S 2
F(Ca®) Er MR BRI, Bl ok Foe 32 2 A 7K 1 2
T A A SRS T (K A& e th B T 2 3
K.Ca® K55 82 1925 16 0] BB 55 85 9 A% 43 19 0 A8 A
X ,NO; £S5 NO A—S AR bR A, AL BA
Rt —25 40 Hr.

323 £BTEARBIME PM, &R T EHE
SR an & 3b s, (8 F A BT (V) AR (Ni)
J& PM, T EE AR TR, E Z 5 d 2] A
AEFN B MEHER 4 J8 T K 1) 50.6% F1 65.5%. 5% F &
B FEARARR IS , A AT B A A #L 0T R HEOA 7
SRR T 82.5% K1 98.9% , 457 0 2 HEHCH 143l
TRET 20.8%F1 98.5%. LAk, e FARER G A FiHE
JHCHY PM, P85 (Ca) 55 (AL) FITBR (K) & 573 ) 1
K1 1.9.0.8 F156.2 1% ; B fEHER T PM, s 155 ( Ca)



1948 w8 R

40 %

N

AR (AL SR T 1.1 4.0 £5, 8009 & &
A T h RAFERN BESETR, BT
SR 10 ) 3 AR AN S [ e 2 45 Rk vl 8 i v 4
JRICE B F & A A —FE (3K 4, 2016).
Celo %5 (2015 ) XJ 5 A0 7 FH i 48R dek VR 958 I HE Tk 1Y

o
L
vy

[ a mSOYF
NO3

TCD
=
20 +
2 NH
025) .
%" .Ca
020} mK*
£ HAt
S i
o — I
# T =]
% oo0st
0

o
W
S

.
?.\ ?.\ QB’-“ Qﬁ’-“

WOk b 42 8 U R (14 & AT TR HE Y, & B
AR A I R, AR5 o A B A R
YIh 42 4 8 o0 R & = AR 1L 1T RE 5 0 il 43 1Y
MUEA K.

016 - p. my
o | Ni
Ty 014 a Mg
@ 0.12 |- Na
R u7Zn
HE" 0.10 |- W Fe
= 0.08 | . . HCa
b —_ Al
W 0.06 |- - mK
E 0.04 | e owHft
& 002 e
0 =
el ‘\,\,\ %A" %)\
W W N N

3 TRBBEGET PM,,FKBEEF (o) MEBTE (D) HIBEF

Fig.3 EFs of water-soluble inorganic ions(a) and inorganic elements(b) in PM, 5 under different fuel conditions

Zead BRI LU, B o 0T 0K SR A SR
T I A T TR A3 R AR TR A LT R
HEH > (Kim et al., 2008; hEESE, 2018) AET%
A HE S R BRI B, S0 T 2 B RN 5 SR A
ol FH 5 2 B g OO A TR R Rk, R
DAAETF JE ) AF 5% 28 5 K B 0T R AR A AN K <05 G
NEEY) (Pacyna et al., 1983; Zhang et al., 2014) .5k
ASIFFE A3 BT 2 W, HE A ) X B S it LA A A
HE B §50RE ) R LT 2R B B K R R 8 D Tao %6
(2013) 7 1H £ 1115 785 DX 22 A4~ 23 A3 W 0 3l 1) AF 5 1)
FER I, 2009 4F 12 it DR R T 2 B e BR i 21 1.5%
IR 25, &l SRS PM, T S SR R T
28% ~72% ; Zhang 55 (2019) 7 50 FEHETF R AY R AUR
FERF AR, 2017 4F 3 [ 55 — B Be i i HE ik 42 i)
B S0 LU % HE X PM, P  1&  FAIR
T 97.1% ; Xiao 45 (2018 ) i 1 FASFORE & AT I (] JoT i
ST 2 B, A AAHE 00 FUR 9 TR L T R 115 5 0k
JE R R ER A A5 59 B B — 2 A OGPk fh e ]
WAL, Bt 2 3 DX 42 i) SO 4 T RS sk Ak, 24
AP 2 b A P 5 A ARG ) A ORI HE
TR R R T 2RRE R IR B R A R S
15 YR I DI RENS 2 e k.
3.3 EZMEVWHESEF R ARSI

B RMEA DL HEH T a1 & 4a i, A JEFD B
JiR Ao FH A I AR RL S, 4525 VOCs HEA 7

BIRMET: R - A fiFbedke Jake o D5 A R i Hi s
Ty HHEE T 10.9.5.3.10.8.0.5 1i5; B v beks
f B 5 R B HERC R 4 AR R T 39,143
22.8 4.3 fiF. B AR ) 45 ST 6 2 R A A A e AIG
ARV — 8 A B O 1R A ity LA R PR T A, R 58 4
PRSI R I RORE T 25 5 76 40 1R Hh #5 R SAk. 2 25 21
Y5 Cooper 5 (2003 ) (1 78 45 5 — 24, £ HAF 58 v,
Ivi] — 0 A8 D 55 A 4R 0.53 % A 35 T il ke g il
& B R 0.09% [ S , B (HC) HER
FHRE T 2.2~5.0 15 {H7E Zetterdahl %5 (2016) FYHF
FEH TR — B A AR A R 5 B 5 0.48% 11 5% 725 i
R FH 5 R 0.09% (4 (R AR B30, Il HY ot A
& (NMHC ) HE R B i T B

O HE R ALY B AL BURRAE T LAk B, AN
ARG e L A S AU AT 9ol TR A AN I 8 b 5 e
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Fig.4 The characteristics of VOCs composition and it's EFs under different fuel conditions
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