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This study aimed to provide scientific evidence for the environmental risk of scrubber discharge water, con-
sidering the local Korean marine environment. In February and March, 2023, an exhast gas cleaning system
(EGCS) was installed and operated to measure water quality parameters of the discharge water, analyze con-
centrations of harmful substances, and conduct an environmental risk assessment. Compared to the inflow
water, solution pH and alkalinity of the discharge water decreased, and temperature and turbidity increased
by 4.6°C. There was no significant change for salinity. Sixteen different types of polycyclic aromatic hydro-
carbons were not detected in the inflow water, whereas 6 types were detected in the discharge water. The
results of Ni, Cr, and V measurements revealed their consistent increase in discharge water. In the envi-
ronmental risk assessment, phenanthrene was judged as a persistent bioaccumulative and toxic substance, but
it was assumed that the environmental risk was low as there were no substances with RCR (Risk Char-
acterization Ratio) values > 1. In summary, the environmental risk posed by open-loop EGCS discharge water
used in this study is not considered to be high. This study adds evidence for the stability of EGCS use and

provides basic data for future research.
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ole]] wa} UN 4k} A 3l|A}7 1-(Interational Maritime
Organization, ©|3} IMOYIA= vIE 714 7 (Emission
Control Areays A3l THAIE 7J3)3lal e, 2020
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Fig. 1. Flowchart of Exhaust Gas Cleaning System (EGCS), including inlet and outlet water.
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Table 1. Sampling of analysis parameters for inlet and discharge water based on sampling requirements of MEPC.340(77)

Parameter Bottle material Sample volume (mL) Preservative Storage temperature
Nitrate, Nitrite PE 250 No preservative < 18°C
Total metals PE 500 HNO;, 4°C
Dissolved metals PE 500 No preservative 4°C
PAHs Amber glass with PTFE seal 2,000 No preservative 4°C
HOI Glass 1,000 H,SO, (pH < 2) 4°C

AFNE ENE 7S Wit

2.2, & diEE £ A follE2E s &4

E 9o AE IMO MEPC.340(77)0] wha} 2248k
S A felEd s BAEINeM B &
PASATER] pH, G, Y s, ge Rk
g AF $ viE B4k d4kE (Nitrate), oF2 A
(Nitrite), EPA A7 ti3hialZeksl4=2~(Polycyclic Aromatic
Hydrocarbons, ©|3} PAHs) 16%, Hydrocarbon Oil
Index(HOI), 7F=+-(Cd), 2] (Cu), YA (Ni), '&(Pb), o}
A(Zn), Bl2(As), ZF(Cr), BRda(V), AdlE(Sey Al
EE AEEsl] PR oldsie] AT falEd
T BAS ]5]] /\]—..Q_'é‘]- /\H%
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o] st 1%6} 13, F FES w48 AEE
500 mL PEH AikE F7lsle], 85 S5 248 Al
EE 500 mL PE‘ﬁoﬂ AEslo] WnAsie] o]E33l

T} PAHs #444 A|83= 2 L vl AZ33le] PTFE
FRoR gojo] W AJEE olEsISiaL, HOL 2418 A
S 1L freel s Hriete] W R o
At

pH, 2=, 9%, 422 %, %= Standard Methods
for the Examination of Water and Wastewater (APHA
Standard Methods, 24th edition)l] w2} A2 218851
t}. pHE pHAVIHEE 229dn|WEH Ed| %, Seven-
Compact Duo)9} EF=Z747](Hach, 2100P)Z A}&-3}od
AR ik, ol 1SO 13395:199600 et

Ag-297](Seal Analytical, QuAAtro39, XY-2 Sampler)
£ o]&sle] FAI8I8IT). PAHsE 1SO 28540:2011¢] u}
2} dAE)sle] 7|A Az vkE T 9] A 7R 7] (Gas Chro-
matography-Mass Spectrometry, Agilent, 7890B GC,
5977A MSD 7693A Autosampler)E ©]-8-3j] £2151%]
t}. HO= 1SO 9377-2:200001 w2} 71az2rlE 183
EZo]23171%7](Gas Chromatography-Flame Ionization
Detector, PerkinElmer, Clarus 600)2 ©]-8-5}o] #4511
o} 34 9%(Cd, Cu, Ni, Pb, Zn, As, Cr, V, Sey
ISO 17294-2:2016°1 ™2} seaFAST (Elemetal Scientific)
o F=AddEek=rt A4 7] (Inductively Coupled
Plasma-Mass Spetrometer, PerkimElmer, NexION 2000)
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a4 EI}
H%—r/l FEF7IE 918l MEPC.1/Circ.899141 A
AlE Wl whet AYE ]Oﬂ’dﬂﬂ*— TPt Cd,
Cu, Ni, Pb, Zn, As, Cr, V, Se & PAHs 163l o3 &
golst H A& (Persistent), AEZHA
(Bioaccumulative), AE-57d(Toxic) (¢]5F PBT)ell thsl
BWM.2/Circ.13/Rev.59) wle} & 7}81ITHTable 2).29
 AtellA] R AP HAZRI gtel] uiE=
U= B 735k MAMPEC (Marine Antifoulant
Model to Predict Environmental Concentrations, Deltatre)
3.1.0.5 T2 0 Z of|Z37F % (Predicted Environ-
mental Concentration, ©]3} PEC)— ALSIATE & A
717} B2eke] EGCS?| Hat viE=E 200 m¥/hro) o=
2, PEC 7AHE 918k miE2 4,800 m’/day= 71g5H31
31, GESAMP-BWWG Model Harbour (Commercial

zo\jjg'__

Table 2. Criteria of PBT by methodology for information gathering and conduct of work of the GESAMP-BWWG (BWM.2/

Circ.13/Rev.5)

Parameter

Criteria

Persistence

Half-life: > 60 days in marine water, or > 40 days in fresh water, or > 180 days in marine sediments, or

> 120 days in freshwater sediments

Bioaccumulation

Experimentally determined BCF > 2,000 or Log Pow = 3

Toxicity

Chronic NOEC < 0.01 mg/L
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- Wind
Description GESAMP-BWWG Model Harbour
Average wind speed D mws
type C ial harbour v F_, 2
x3 Yy Fraction of time wind perpendicular (1] =
default for BW &
GESAMP-BWWG, STW3 4-6 Apri, 2011 x1
y1 Flush
Flush () mwis
o . -
Max. density difference flush D Kkg/m®
Hydrodynamics Layout Submerged dam specification
1
Length 2 - 2 i Height of submerged dam D m
Tidal peniod hour Width yl [1000 |m y2 m Width of submerged dam o Im
e E = Depth - Depth-MSL in harbour entrance E m
Max. density difference tide 0 kg/m® e x3 [1000 | m Exchange area harbour mouth (below -
Non tidal daily water level change D - mean sea level)
Flow velocity (F) E ms
Water characteristics General Calculated exchange volumes (m*/tide)
SPM concentration 35 mgh Latitude [0 ] rceann Tidal 7.500E+006 | 7308%
1 H 74 .
PO i [ ot Cloud coverage [ ] casspao orizontal 2.766E+006 : 26.95%
Density induced 0.000E+000 0.00%
DOC concentration 2 mgA =
Sediment Wind driven 0.000E+000 | 0.00%
Chiorophyll 3
vl Depth mixed sedment layer n Non tidal 0.000E+000 | 0.00%
Salinity [3# ] psu Flushing 0.000E+000 ] o0.00%
Sedment densty kg/m?
T t e
bt E ¢ Degr. organic carbon in sediment [ 1/d Total 1.027E+007 | m3/ tide
H
; e et sty [T e Eo—
Fraction organic carbon in
sediment 2.85E-002

Fig. 2. Environmental conditions of MAMPEC commercial harbor model.
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F= ZFzE fdgrollA 831, 4.9°C, 29.77 psu, 120 mg
CaCOy/L, 741 NTU, wj&5olx 22+ 436, 9.5°C,
29.74 psu, 5mg CaCO,/L, 8.44 NTUZ UEPHTH(Fig.
3). TGl AAES 1.0 mg/LOE YEREoL} opaak
Ao G (0.01 mg/l) PINECE AEH A gkgkom,
HiZ4o e AA9LS 1.6 mg/L, oFEAFIS 022 mg/L
2 JEPTH(Fig. 3).
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= T Asepel nashe AAIa, e Adsl
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Table 3. Concentration results of inlet and discharge water including in situ parameters (pH, temperature, salinity, alkalinity,
and turbidity) and laboratory analysis parameters (nitrate, nitrite, PAHs 16 species, HOI, total metals, and dissolved

metals)
Parameter Unit Detection limit  Inlet water Discharge water
pH - - 8.31 4.36
Temperature °C - 4.9 9.5
Salinity psu - 29.77 29.74
Alkalinity mg CaCO,/L - 120 5
Turbidity NTU 0.02 7.41 8.44
Nitrate mg/L 0.2 1.0 1.6
Nitrite mg/L 0.01 N.D.? 0.22
PAHs Sum of 16 species ng/L 0.01 N.D. 1.7
Naphthalene ng/L 0.01 N.D. 1.3
Acenaphthylene ng/L 0.01 N.D. 0.013
Acenaphthene ng/L 0.01 N.D. 0.057
Fluorene ng/L 0.01 N.D. 0.16
Phenanthrene ng/L 0.01 N.D. 0.22
Anthracene ng/L 0.01 N.D. N.D.
Fluoranthene ng/L 0.01 N.D. N.D.
Pyrene pg/L 0.01 N.D. 0.017
Benzo(a)anthracene ng/L 0.01 N.D. N.D.
Chrysene ng/L 0.01 N.D. N.D.
Benzo(k)fluorancene ng/L 0.01 N.D. N.D.
Benzo(b)fluorancene ng/L 0.01 N.D. N.D.
Benzo(a)pyrene ng/L 0.01 N.D. N.D.
Indeno(1,2,3-cd)pyrene ng/L 0.01 N.D. N.D.
Dibenzo(a,h)anthracene ug/L 0.01 N.D. N.D.
Benzo(ghi)perylene ng/L 0.01 N.D. N.D.
Hydrocarbon Oil Index mg/L 0.1 N.D. 0.11
Total metals Cd ng/L 0.000 3 0.07 N.D.
Cu pg/L 0.007 8.45 6.97
Ni ng/L 0.001 291 17.19
Pb ug/L 0.007 1.45 2.83
Zn pg/L 0.002 50.59 48.65
As pg/L 0.002 0.84 1.43
Cr pg/L 0.010 7.49 39.42
\Y% pg/L 0.096 8.71 33.34
Se pg/L 0.080 0.32 1.10
Dissolved Cd pg/L 0.000 3 0.03 N.D.
metals Cu ng/L 0.007 2.62 1.77
Ni ug/L 0.001 0.54 16.16
Pb pg/L 0.007 0.65 1.43
Zn pg/L 0.002 26.60 37.53
As pg/L 0.002 0.40 0.97
Cr pg/L 0.010 0.16 32.93
A% pg/L 0.096 0.57 32.59
Se pg/L 0.080 0.05 N.D.

*Not Detected
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Fig. 3. Comparison between results of pH, temperature, salinity, alkalinity, turbidity, and levels of nitrate and nitrite of inlet
water and the corresponding results for discharge water.

24ro] 842390 m¥/hr (2.5 MGD))°] 9819 = IS
Hysorz & A7) vk 34200 mYhr)o] AH
3lo] 991 7FsAE ek

IMO MEPC.340(770114] AAIg siE2 715300 w2
A Ao wiE= pH el 6.5 oo = A YE}
U uiEs 71Eel e ket 7ol =elklelA A
AlE O 7]EddA = Aute] gl Y Z9-ele /Y
T} viEe] pH zle|7h A 25 ZFehA] o H
3, 2 9ol 9] viE AR S ERE 4m Hofdl XA
ol 314 B S & pH 6.5 oS U5 T UeH
7120l Fgtalr)el, A Autolr o] wiEE wjol] gk 1
7 dash}® B Ardsple A5 7182 A4
o] S|5E e Q9 E] JE ¢ el Ao
o A= Y FA] 2 ASE AARY, TR A
M AFEARZC] aGAMIs), o vX= I

2 & 7FsAol AT

3.1.2. PAHs

FY4e] A4 EPA 414 PAHs 165 /EE2
3% 0.01 pg/L) 2 HOICEHEHA 0.1 mg/Ly= HE
%] doutt. vjESol = PAHs 1652 32 1.7 pg/L
Z Yepgoern, Z /M 165 SolA+= Naphthalene,
Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene,
Pyrene & 659l Z¥2} 1.3 pg/L, 0.013 pg/L, 0.057 pg/L,
0.16 pg/L, 0.22 ug/L, 0.017 pg/LO = YERE, Y]
Zo e A (0.01 pg/l) PITHeE ASEA] Pt
©1(Fig. 4), HOI?] ¥4243= 0.11 mg/LE YEPgt)

9 Aol MEA, fAlEZRE 75 PAHs 1652
Frgore HAEEA ke, viElis 650l o
sto] AEFULH o= PAHy B8bdd4e] AxER
F= 70l viEell 71 Ao ' o Ad o]
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Fig. 4. Concentrations of 16 species of PAHs in discharge water.

p

+ Phenanthrene©] A8} AIPd = A|&HllollX PAHs & 7F
&3] EAlgths 71E AT Aaeks dR§

L.
&

3.1.3.

el a5 B4 43k T 5594 Cd, Cu,
Ni, Pb, Zn, As, Cr, V, Se ZtZ} 0.07 ug/L, 8.45 pg/L,
291 pg/L, 1.45 pg/L, 50.59 ng/L, 0.84 png/L, 7.49 ng/L,
8.71 ug/L, 032 pg/Lo® YRR, WiEe] $5& &
A AIe F FE5NA Cde AFSA (0.000 3 pg/L)
ngko 2 ZAZER] gkow | Cu, Ni, Pb, Zn, As, Cr, V,
Se 2z} 6.97 ug/L, 17.19 ug/L, 2.83 pg/L, 48.65 pg/L,
143 pg/L, 39.42 pg/L, 3334 pg/L, 1.10 pg/LOE e}
WIohFig. 5).

Yol 8 T A4 7= Cd, Cu, Ni, Pb, Zn,
As, Cr, V, Se= 27} 0.03 ug/L, 2.62 ug/L, 0.54 ug/L,
0.65 pg/L, 26.60 pg/L, 0.40 pg/L, 0.16 pg/L, 0.57 pg/L,
0.05 pg/Lo 2 YERLA, siEFollME Cd, Sedlld] B

60

S N
Rt

A1 (Cd 0.000 3 pg/L, Se 0.080 pg/L) V|THo 2 HEH
] 9kgkom U A] Cu, Ni, Pb, Zn, As, Cr, V= z}z+
1.77 ug/L, 16.16 ug/L, 143 png/L 37.53 pg/L, 0.97 pg/L,
32.93 pg/L, 32.59 ng/Lo 2 YeP}ThFig. 6).

ARE s, Fdroll visl viEreld & s55
o] ¥% A3} Cd, Cu, Zne= 43113, Ni, Pb, As,
Cr, V, Se= 71811, 85 $55¢] §& A3 Cd,
Cu, Se= 7H4381302™, Ni, Pb, Zn, As, Cr, VoXE &
71819 ©] F Ni, Cr, V] 3= 5 5353 8=
T BFoA el sl wiErelld ok FEEel
Hlal JiF o s Srtele 43S Bk

Aol M= wilESllAl PAHS, Pb, V, Cu, Zn 59|
F7Vehe S 8, Tlo|x F2A| BANAA f& T
o] Y + UL &t thE AFolM= PAHs &
E£3] Naphthalene, Fluorene, Phenanthrene 2] 2 ‘353
TR $FE T 4SS BasPE sk PR
T340 STk At Al=Eel] iR 0 R EAfshs A,

@ nlet water ODischarge water
50.5948 65
50 —
3942
40 —
3334
o —
> 30
2
20 17.19
10 845 697 7.49 8.71
291 2.83
007 N.D. H 145 084 143 E 032 1.10
0 || = [ —
Cd Cu Ni Pb Zn As Cr \ Se

Fig. 5. Concentrations of total metals (Cd, Cu, Ni, Pb, Zn,

As, Cr, V, and Se) in inlet and discharge water.
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Fig. 6. Concentrations of dissolved metals (Cd, Cu, Ni, Pb,

TFEe} o}l 22 EZo] 854 Zo] AdY —’F peich
gt sl Slolize] FAlg WHsly| 91§ 1§‘r§“ﬂ
B FAEA] FRIE Sl frefidls o+ ok &=
Sk o A4y |8A47F V, Ni, Ca, Zn 52 I8

9JT} 27

A, o]9} 22 WS st uiErelN T
o] F7ket Bt NS Wa)7] sk F7HQl A7t
a3t} Atz A Adutelixe] o] wiEe 3
75, MiE BAll B4 B Sk fldo] WAk E S
S0l e HX|= FFo] uitt Aol S
ot webA] s 2 g3e wEgk FURER Ak 2
8% 707 AgEH, 53] fElEde] Avole
¢l dole] RE fJste] thfgt M9 mMiEE 5
< P Qe T Bed Aog weEn > P &

4|
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3.2. EHALleldEIL
PBT H7}& 9l31ed PBT A7l weh X443 *@
ESAA, AESAOE BRsl] & Al B4 &
A F &% PAHs 65 (Naphthalene, Acenaphthylene,
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Table 4. PBT assessment results of chemical substances in discharge water

Parameter Persistence (days) Bioaccumulation (BCF/P,) Toxic (mg/L)
PAHs Naphthalene No (43) No (510/3.34) No (0.5)
Acenaphthylene No (37.5) Yes (179.2/3.92) No (0.026)
Acenaphthene No (24.8) No (511/3.96) No (0.52)
Fluorene Yes (128) No (468/4.20) No (0.062 5)
Phenanthrene Yes (11,000) Yes (2 410/4.52) Yes (0.005)
Pyrene Yes (283) Yes (105 000/5.08) No (0.055)
Metals Cu Not Applicable No (7 000/-0.57) Yes (0.005)
Ni Not Applicable No (5 930/-0.57) Yes (0.000 4)
Pb Not Applicable No (15 200/0.73) Yes (0.002 7)
Zn Not Applicable No (18 400/-0.47) Yes (0.000 75)
As Not Applicable No (8 900/0.68) No (0.426)
Cr Not Applicable No (691/0.23) No (0.519)
v Not Applicable No (4 360/0.23) No (0.16)
Se Not Applicable No (944/0.24) No (0.01)
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Table 5. Results of harbor PEC calculations of chemical substances in discharge water.

Concentration in discharge

Maximum PEC Average PEC

Parameter water (ug/L) (hg/L) (hglL)
PAHs Naphthalene 1.26 5.28E-05 1.73 E-05
Acenaphthylene 0.013 2.22 E-06 1.20 E-06
Acenaphthene 0.057 8.10 E-06 4.23 E-06
Fluorene 0.16 2.63 E-05 1.42 E-05
Phenanthrene 0.22 2.83 E-05 1.45 E-05
Pyrene 0.017 2.80 E-06 1.51E-06
Metals Cu 6.97 9.33 E-04 4.81 E-04
Ni 17.19 2.29 E-03 1.18 E-03
Pb 2.83 4.19 E-04 2.21 E-04
Zn 48.65 6.55 E-03 3.38 E-03
As 1.43 1.94 E-04 1.00 E-04
Cr 39.42 5.18 E-03 2.66 E-03
A% 33.34 437 E-03 2.24 E-03
Se 1.10 1.57 E-04 8.21 E-05

Table 6. Results of minimum toxic values, AF, PNEC, and RCR of chemical substances in discharge water.

Minimum toxic

PNEC

Parameter value (mg/L) AF (ug/L) RCR
PAHs Naphthalene 5.00E-01 10 5.00E+01 1.06E-06
Acenaphthylene 3.30E-02 50 6.60E-01 3.36E-06
Acenaphthene 5.20E-01 100 5.20E+00 1.56E-06
Fluorene 6.25E-02 10 6.25E+00 4.21E-06
Phenanthrene 5.00E-03 10 5.00E-01 5.66E-05
Pyrene 5.50E-02 50 1.10E+00 2.55E-06
Metals Cu 5.00E-03 10 5.00E-01 1.87E-03
Ni 4.00E-04 10 4.00E-02 5.73E-02
Pb 2.70E-03 10 2.70E-01 1.55E-03
Zn 7.50E-04 10 7.50E-02 8.73E-02
As 4.26E-01 10 4.26E+01 4.55E-06
Cr 5.19E-01 10 5.19E+01 9.98E-05
\% 1.60E-01 10 1.60E+01 2.73E-04
Se 8.50E-02 10 8.50E+00 1.85E-05
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