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Abstract — The emergy methodology was used to evaluate the biophysical base of the Yellow Sea system and value
ecosystem services provided by the system. The spatial boundary of the emergy evaluation was set to include both the
Yellow Sea and the Bohai Sea following the large marine ecosystem concept. Total annual emergy input from envi-
ronmental sources was calculated as 2.03x10” sej/yr (sum of tide and river emergy). Tidal emergy accounted for most
of the emergy input at 93.3%, with river inputs (freshwater and organic matter) contributing only 6.7%. The emergy
input from environmental sources to the Yellow Sea system was worth of 63.8 trillion ¥#/yr. The value of food supply
(fisheries production) was the highest among the ecosystem services valued in this study, at 223 trillion ¥#/yr. Two reg-
ulating services of climate regulation (carbon sequestration) and pollutant removal (denitrification) were worth of 4.5
trillion ¥/yr and 35.5 trillion ¥/yr, respectively. Primary production as a supporting service was valued at 63.8 trillion
W/yr. The emergy-based values of the ecosystem services were higher than those calculated based on market prices in
the literature. Many of ecosystem services that the Yellow Sea system provides could not be valued in this study due
to lack of data required for the emergy valuation and appropriate indicators to quantify ecosystem services. For the
emergy valuation of ecosystem services of the Yellow Sea system to be useful for the management of the ecosystem,
the identification of key ecosystem services of the system and the establishment of proper quantitative indicators for
ecosystem services should be priority in future researches.
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Fig. 1. Map of the study area that includes both the Yellow Sea and the Bohai Sea following the large marine ecosystem concept.
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Table 1. Items included in the emergy tables and types of raw data At W2 &7 o= s H7)F o Aef A AS A
used to calculate their emergy quantities A THTable 1). TFAB AL 27} B4 RS 44 drd
ftem Raw Daa S ot AR B AAe, Ba) Ackre) Az ke A
Fvironmental soutces A AR ARE BEAG. 2R AL B AP S 59
Sunlight Average insolation, kWh/m*/day 75 2A, A sA JoFa S A A ehAo] o)st 2224 3
Wind Average wind speed, /s AHI2E Y AL 2 E DAL B e
VPSS I R 3 A
, , Felo) ) i st Aag Sua 5 glo] Bk Sl
e vermae ] e m F ke ek e AN 22 714 Wbl We s Awi
River, chemical River inflows, m’/yr _ -
. : o Seluetel =8 57F S, A BaA, SEEds Sl
River, organic matter Riverine input, tonC/yr P
Marine ecosystem services
Provisioning services o] F7e] Al W 9l= 1dely, ool 2o s Ahv =
Food supply Fishery production, ton/yr BT A ARS olg I Aad Ay v ARE X
Regulating services AR R FAEITE oA H7he] Ve Ak WA 8
Climate regulation Carbon sequestered, gC/m’/yr o) 2 BAksk=t] H Q3 ol v A]-steb]Eo] AXtE o] =
Pollutant removal Denitrification flux, mol N/yr 7P AT ARl 20199 0 = A R
Supporting services
Primary production Primary productivity, gC/m*/yr 3. 23 2 &k
3.1 Eoll 2o AMENA 2| 0K ECH
23. ORI B} Ch& & K2 3019 A 0% 37k
el PANALZ folohs et AR, B FaglapgEAL FE9} /)5S FA T B
7A@l dA), s, 24, sk S el frilehe B @940 oA o, vk, A, v, 24, 8Hd
o} f71%E T TN FEE A Y rK(Table 1). oA F7kell 2 Qg @ 571 5)S thAF O Table 2014 AT 71 o
Q% A=l A= NASAS A AlA] oA 2k 4 2, wx] f-9lako] 7hg B @ 4 4 of| 1 %] (1.89 X 107 sej/yr)
Fal B e s Sl SRk Aom, Bkl 7 Fet o m A ko] 7H A 9 rh2.25 %
o] Aol sB7FeE AEIAIA ] 2= MOF[2016]] S FATEl 107 sej/yr). el F A FBENAZ FU sk oW A F3HF,
AR 2 7 AAE vhg ez A AT MOF[2016]% Tt ks el Al L] AA7F ol x] Eof)S 2.03 X107 sej/yr
F-suF-2un Tl Al dA F2E AP, e w e T oItk o] F nig o e gs AL et 71%Eol
A2, A, I A QAN AR TRYTE O] §A5 3, AlghEo) o gahis AH AN~ vhEe AT &
Aol 7 A5 0§ b5 ofits SE AL A oul A felere] e 2A AT 7101 9.0 (93.3%),
Table 2. Emergy input from environmental sources that support the Yellow Sea large marine ecosystem
No Ttem Raw Data \%?Seli(ﬁgg Soued® SOI?;ej%ﬁ;rgy (2%1]09V igllf;r)
1 Sunlight 225X10°"  J/yr 1 sej/J 1 2.25%10% 7.08 % 10"
2 Wind 1.41X10°  J/yr 2450 sej/J 1 3.46 X107 1.09x 10"
3 Rain 2.06x10"  J/yr 1.25x10* sej/J 2 2.57x10% 8.08 10"
4 Wave 238x107  Jjyr 5.10x 10 sej/l 1 1.22x10% 3.82x 107
5 Tide 2.56x10"  J/yr 7.39x10" sej/J 1 1.89x10% 5.95x10"
6 River, chemical 1.25x107  Jyr 8.13x10" sej/d 1 1.02 X 10% 3.20x 10"
7 River, organic matter 2.69%x107  J/yr 1.26 <10 sej/J 3 3.39x10° 1.07x 10"
Total input (sum of 5, 6, and 7) 2.03 %107 6.38x10"

a) All unit emergy values were adjusted to the global renewable emergy baseline of 15.83x10>* sej/yr.
b) UEV sources: 1) Odum ez al. [2000], 2) Odum [1996], 3) Brown and Ulgiati [2011].
¢) Emvalues were calculated with the emergy-money ratio of the year 2019 for Korea.

* Detailed calculations for line items are given in Appendix 1.
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W Ak 131572 9] FAE o] WA S ol x2S 3lul| ks
2 FAks A3} 7F 223299 X E Zhe Sl o YE e
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& ATk oyt AR EY, Y SRR 8k

= 9k AR A BAlOIA o] FEE F Glo]
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ok A H| AR 712 (o)At e A A E])e] 7hA] = Azt
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R ] Eatel i i o ]
2pAAke] A= Ak 6382 Yo R ﬂ7}£] At} A owu]m
A oE F389 *Mi% 3733k Edjo]7] wiol S EAl
2ke] -7} 9lo AEjAIA N A0 F 7 E 8 o] E5hEHA]
0}1:41}

AENAA B 2~ 0] 747} g7k o] QU A @RaL ol A] 7t Fejuetel T=0) FAabkE A S A= 2019 ARE
283 Au7l FEAA e Aol A%E B GAEY  77.6%90] QLTHKOSIS[2022], FA[2020]). B3+] 524HE A4k
Table 3. Value of ecosystem services provided by the Yellow Sea large marine ecosystem

No Item Raw Data \[/Ja Illli:eE(Ilrjl}eEr\%}),a UEV Source’ Solz(lgeﬁ;nr;:rgy (ZEOI?;:;;;;)
Provisioning services
1 Food supply 1.32x10" g/yr 5.39x10" sej/g 1 7.09 X107 2.23x10"
Regulating services
2 Climate regulation 3.34x10" Jiyr 4.25x10* sej/J 2 1.42 X107 446107
3 Pollutant removal 9.66x10" eNiyr 117 x10" sej/gN 2 1.13x10% 3.55x10"
Supporting services
4 Primary production 478 x10" Jlyr 4.25x10* sej/J 3 2.03 x10% 6.38 10"

a) All unit emergy values were adjusted to the global renewable emergy baseline of 15.83x10>* sej/yr.
b) UEV sources: 1) Kang and Nam [2019], 2) Campbell ez al. [2014], 3) this study.
¢) Emvalues were calculated with the emergy-money ratio of the year 2019 for Korea.

* Detailed calculations for line items are given in Appendix 2.
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ARt A% 5 Au) 48] 7HA & ALEEE e 7t Sl
2 F 7% 29 BAA HAE wrAaEE A
7FA2019d A A viEA ] A 2] Bt A 71 L 28,4409/
£C0,, GIR[2021]) 2.2 H7}8 - 217 0.73F 0] 31T} o
w2 G702 Aket 75 2E ] X454 d)7F ©hA
HEA A7 & o] &3 AlLket AR} oF 6.24] =3ttt 7]
TS24 AUl AE H7FeE trE A H(Campbell and Brown[2012];

Kang[2021])0| A &= ol %] 7|0k 7} 7} A) &7 off 7]9kgE 7}
ARG Y E£3H ol= a8k el weh AR H = gl
=7 7H°] Eiiﬂﬁ%" 44 03% = AR A w22 o
A e A WFsHA Hah] Uﬂ% = ghkgch
Aarsh-gd & Fe shreld A ]7% o= 349

28] ©7K$15.56/kgN, Vineyard et al. [2020]) = 28-3)] Aarst
AR EA)] BAA 7HA = 17.55A/do| it o= #] 3
P& o) &3l Axket =E A se] X (3553 U d)E A
2] H]- 8- o= AXLSE gk vk 20l =S8kt 74| g 7o) o] 851 A
AgkA W ol what yif Q1 -9- % vhERL=d], Kang[2021]9]
Aol A &= A= LAk el ZA s =37 8ke] A A A 74X 7t
o =] 7} x| ¥t} t] =3k} Table 304 AFE-3F A4 7149 of
WA Gk A AA A4 3 2dS BUjg Aaksk A
o|BE F|ofoll A Loyt g9 o H A S et 4
AeA] F7F A5 S8l A d evt k.

A7 A S EUlZ AAbet A A A 3 9] 7k R} o X
F5 BEUZ ALkt sal el AA ] 22 71| 7} H 4 20 o)
A ) 62817k O okth A1) Vo &S e A Al
744 ) 71 ol A Z)w b e o o o)
ABA S v o' St AEAI M| 7ER] s 7EE 2k kAl
= s dstr] Sl BeiAIAHI A kel AFdo] 7ol g vl &S
Arrstar o] & A2 B3] 7FA] B kel Rigstr] f1g A
7} 218 =] 31 Q) tH(Pérez-Soba et al.[2019]; Vallecillo e al.[2019]).

oA HIPEE ol &a WA 7 B A 5
Hy} Halo] F83 oz 28-57] ]84 Table 37 2
o) AT L AAOE Dbk oI A4
PG A ARAA A BE T A BE 5
Haffof gt o] 5 QM= & H%* ke Al 2] el AIA
H| 2 55 A Adstar 2F e AlA R 0] o5 e
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1=
AT AEES BUY Bet e Ao wewh

32271 7FA1 7}k Bl

Falcda) AlehE thdoz e An A0 7HA S B 7Hs
7] A}#l(Wang et al.[2016]; Song et al.[2021]):= A7} o] 7]
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oA 7 & A8k o5 A+-ek vty é’%fﬁﬂ Table 3
oA Axtst e AR 2 7R ol A el 7} 7o 7 B2 Al
9] 3} Table 41 AT} YA B2 7425 7F B °ﬂ ol
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Table 4. Comparison of the values of ecosystem services provided by the Yellow Sea. The contribution of the Bohai Sea calculated in Table 3 was

not included to compare with the values in the literature

Song et al. [20217" (trillion W/yr)

Wang ef al. [2016]" (trillion W/yr)

Item This study (trillion W/yr)
Valuation area Yellow Sea
Ecosystem services
Food supply 95.8
Climate regulation 3.7
Pollutant removal 25.7
Primary production 53.0

Yellow Sea Chinese coastal area of the Yellow Sea
37.8~67.5" 60.2°
0.12~0.79 2.7

6.4~9.1 153

- 419.0

a) Values for the year 2010 in Wang ef al. [2016] and Song et al. [2021] were converted to 2019 value using the currency exchange rate and the consumer

price indices of Korea.

b) The values of food supply and raw materials in Wang ez a/. [2016] and Song et al. [2021] were added to compare with the value of food supply of this study.
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Appendix 1. Notes to Table 2.

1. Sunlight

Area = 4.57x10" m’

Insolation = 3.99 kWh/m’/day (NASA[2022]); Albedo = 0.06

(NASA[2022])

Energy = (Area) X (Insolation) X (1-Albedo) X (3.6 X 10° J/kWh)
X (365 days/yr) = 2.25%10" J/yr

2. Wind

Average wind speed = 5.56 m/s (NASA[2022])

Geostrophic wind = (Average wind speed) X (10/8) = 9.3 m/s

Energy = (Area) X (1.23 kg/m') X (0.001) X (Geostrophic wind)’
X (3.1536 X 107 sec/yr) = 1.41x10" J/yr

3. Rain, chemical

Precipitation = 0.91 m/yr (NASA[2022])

Energy = (Area) X (Precipitation) X (1000 kg/m’) X (4940 J/kg)
=2.06x10" Jiyr

4. Wave

Wave energy potential = 7555.5 MW (Wang et al.[2011]; Ryu et

al.[2011])

Energy = (Wave energy potential) X (1 X 10° J/sec/MW)
X (3.1536 107 sec/yr) = 2.38 10" J/yr

5. Tide

Average tidal range = 1.8 m (Lee ez al[1998]); Percent absorbed = 50%

Energy = (Density X Area X Tidal range) X (9.8 m/s’)
X (0.5 X Tidal range) X (706 cycles/yr) X (Percent absorbed)
=2.56X10" J/yr

6. River, chemical

Inflow = 2.54 10" m*/yr (Liu et al.[2015])

Energy = (Inflow) X (Density) % (4.93 J/g) = 1.25x10" J/yr

7. River, organic matter

Inflow = 6.43 % 10° tonC/yr (Liu et al.[2015])

Energy = (Inflow) X (1 X 10° g/ton) X (10 kcal/gC) X (4187 J/kcal)
=2.69>x10" J/yr

Appendix 2. Notes to Table 3.

1. Food supply

Fisheries production = 1.32 % 10" g/yr (KOSIS[2022]; FA[2020])

2. Climate regulation

Carbon sequestered = 15.3 gC/m*/yr (Hu et al.[2016])

Energy = (Area) X (Carbon sequestered) X (11.4 kcal/gC) X (4187 J/kcal)
=334x10" Jjyr

3. Pollutant removal

Denitrification flux = 6.9 X 10'° mol N/yr (Zhao et al.[2016])

=9.66 < 10" gN/yr

4. Primary production

Primary productivity = 219 gC/m*/yr (Yoo et al.[2019])

Energy = (Area) X (Primary productivity) X (11.4 kcal/gC) X (4187 J/kcal)
=478 < 10" Jiyr
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