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Abstract — The emergy methodology was applied to assess the sustainability of longline hanging oyster aquacul-
ture in Korea and to quantify the ecosystem contribution, defined as the proportion of total inputs to ecosystem ser-
vice production derived from the natural environment. The total emergy input from the grow-out and harvesting
stages through the post-harvest shucking process was 2.64x10"" sej, with renewable and purchased emergy
accounting for 8.1% and 91.9%, respectively. When shucking was excluded, the corresponding proportions were
11.6% and 88.4%. The unit emergy value of the oysters produced was 3.48x10° sej/J before shucking and 5.00x10°
sej/] after shucking. The system showed a low emergy yield ratio (1.13 before shucking and 1.09 after shucking)
and a relatively high environmental loading ratio (7.62 before shucking and 11.38 after shucking). The emergy sus-
tainability index was very low, at 0.15 before shucking and 0.10 after shucking. The ecosystem contribution was
11.6% before shucking and 8.1% after shucking. For a more comprehensive evaluation of oyster aquaculture,
future studies should incorporate the spat collection and hardening stages and obtain more detailed data on aqua-
culture inputs. Emergy evaluations should be extended to other major cultured species to provide quantitative
information for improving the sustainability of aquaculture in Korea.
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Fig. 1. Energy systems diagram of a longline hanging oyster aquaculture system in Korea. POM=particulate organic matter.
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Table 1. Items included in the emergy table and the types and sources of raw data for longline hanging oyster aquaculture in Korea

Items Raw data Source
Sunlight Annual insolation, J/m*/yr KMA[2022]
Deep heat Heat flow, mW/m? Kim and Lee[2007]
Tide Average tidal range, m KHOA[2012]
Wind Average wind speed, m/s KMA[2022]
Rain, chemical Annual rainfall, m/yr KMAJ[2022]
Particulate organic matter Outside supply, gC" estimated
Spats Purchase cost, W/kg oyster meat produced NIFS[2022]
Fuel Fuel cost, ¥/kg oyster meat produced NIFS[2022]
Electricity Electricity cost, ¥/kg oyster meat produced NIFS[2022]
Steel pipe anchors Number of anchors used at installation NIFS[2016]
Polypropylene ropes Length of ropes used at installation, m NIFS[2016]
Expanded polystyrene buoys Number of buoys used at installation NIFS[2016]
Fishing vessels Tonnage of vessels used, ton” estimated
Facilities Depreciation, ¥/kg oyster meat produced NIFS[2022]
Services Production cost”, W/kg oyster meat produced NIFS[2022]
Labor Labor cost, W/kg oyster meat produced NIFS[2022]
Oyster meat Production per hanging line, kg/line NIFS[2022], Park & Kang[2022]

UThe input of particulate organic matter from outside the aquaculture site was estimated over a 270-day cultivation period, using the method

proposed by Lee et al.[2011].

YFishing vessel tonnage was estimated based on relevant national and local statistics.

ICosts for labor, depreciation, and spat purchase were excluded.
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Table 2. Emergy evaluation of a longline hanging oyster aquaculture system in Korea, including post-harvest shucking

No Items Data" Unit Emergy Value (UEV)?  UEV sources”  Emergy (sej)
Renewable sources
Primary sources
1 Sunlight 3.86E+13 J 1 sej/] a 3.86E+13
2 Deep heat 1.35E+09 J 4.90E+03 sej/) b 6.61E+12
3 Tide 6.34E+10 J 3.09E+04 sej/] b 1.96E+15
Sum 2.01E+15
Secondary & tertiary sources
4 Wind 3.36E+09 J 520 sej/] c 1.75E+12
5 Rain, chemical 3.50E+10 J 6.00E+03 sej/] c 2.10E+14
Largest of 2nd & 3rd sources 2.10E+14
Organic matter input
6 Particulate organic matter 2.05E+06 gC 9.40E+09 sej/gC d 1.93E+16
Purchased inputs
7 Spats 2.48E+06 W 1.91E+09 sej/ W e 4.73E+15
8 Fuel 2.16E+11 J 1.43E+05 sej/] f 3.09E+16
9 Electricity 1.19E+11 J 1.62E+05 sej/] g 1.93E+16
10 Steel pipe anchors 3.00E+05 g 5.36E+09 sej/g h 1.61E+15
11 Polypropylene ropes 1.98E+06 g 6.70E+09 sej/g h 1.32E+16
12 Expanded polystyrene buoys 2.10E+05 g 6.70E+09 sej/g h 1.40E+15
13 Fishing vessels 1.74E+05 g 1.68E+10 sej/g i 2.92E+15
14 Facilities 3.79E+06 W 1.91E+09 sej/ W e 7.24E+15
15 Services 4.89E+07 W 1.91E+09 sej/ W e 9.33E+16
16 Labor 3.54E+07 W 1.91E+09 sej/ W e 6.76E+16
Production
17 Oyster meat(wet weight) 1.50E+07 g 1.76E+10 sej/g
Oyster meat(energy) 5.28E+10 J 5.00E+06 sej/)

DAIl data were standardized to a 270-day cultivation period for a 1 ha aquaculture site. Detailed calculations and data sources for each line

item are provided in the Appendix.

YAll UEVs were either calculated based on the annual global emergy baseline of 12.0E24 sej/yr or converted to align with this baseline.
SUEV sources: a) Odum et al.[2000], b) Brown et al.[2016], ¢) De Vilbiss et al.[2024], d) Kim et al.[2018], e) Kang[2026], f) Brown et
al[2011], g) Lee and Kang[2024], h) Buranakarn[1998], i) Odum[1996]
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Table 3. Comparison of the unit emergy values of oysters calculated in this study and those reported in previous studies

Oyster aquaculture system %R" UEV (sej/)) Source
Korea Longline 11.6 3.48E6 This study (before shucking)
8.1 5.00E6 This study (after shucking)
USA? Raft 28.7 3.37E6 Williamson et al.[2015]
Bottom cage 23.8 9.93E6 Williamson ef al.[2015]
China Raft 10.6 4.28E6 Lu et al.[2022]
Longline 30.1 4.10E6 Lu et al.[2022]

Yo%6R=fraction of renewable emergy input in the total emergy required for the oyster production.
?The UEVs(unit emergy values) for the U.S. case were converted to the annual global renewable emergy baseline of 12.0E24 sej/yr. All
UEVs in this table include the emergy contribution of services and labor.

vkt A5 = el FYEE T ol EelA A
ThsolmA o] A ks HIE- vl Igg 3 749 8.1%, BF
Al e SR A 9 g n)E AL E 9 11.6%3ATh
(Table 3). P72} T=7 o] = Aatel] F90E A7 FaolmiA] vlE2
10.6~30.1%% =Bl (Williamson e al.[2015]; Lu er al[2022]), ©] %5
AHlE BR ol A SAZEARE 7k 2102 Wl w]sr AL
glo] A sl Y sl WA Hlgo] 28.7%, v
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A o7} UHA| YRt B0 % Heltt,

T F A A EAe A7l A] B]Eo] 10.6%,
A543 30.1%ATHLu ef al.[2022]). = AkElolA] X]3)(E
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Table 4. Comparison of emergy indices for longline hanging oyster aquaculture in Korea and those reported in previous studies

Oyster aquaculture system EYR ELR ESI" Source
Korea Longline 1.13 7.62 0.15 This study (before shucking)
1.09 11.38 0.10 This study (after shucking)
USA Raft 1.40 2.5 0.56 Williamson et al.[2015]
Bottom cage 1.31 32 0.41 Williamson et al.[2015]
China Raft 1.12 8.43 0.13 Lu et al.[2022]
Longline 1.43 2.33 0.61 Lu et al.[2022]

YThe ESI for the U.S. case was calculated using the EYR and ELR from Williamson et al.[2015].
*EYR = emergy yield ratio, ELR=environmental loading ratio, ESI = emergy sustainability index
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Appendix. Notes to Table 2

1. Sunlight

Insolation=5.48E+09 J/m*yr (KMA[2022])

Albedo=0.06 (NASA[2021])

Area=10,000 m>

Energy(J)=(Insolation)x(1-Albedo)x(Area)x(0.75 yrs)=3.86E+13 J
(for a period of 270 days from hanging to harvest, Lee ef al.[2011])

2. Deep heat

Area=10,000 m’

Heat flow=60 mW/m? (Kim and Lee[2007])

Carnot efficiency=9.5% (Brown and Ulgiati[2016])

Energy (J)=(Area)x(Heat flow)x(0.001 W/mW)x(31536000 sec/yr)
x(Carnot efficiency)*(0.75 yrs)=1.35E+09 J

3. Tide

Area=10,000 m>

Average tidal range=1.54 m (KHOA[2012])

Seawater density=1,025 kg/m’

Energy (J)=(DensityxAreaxTidal range)x(9.8m/s*)x(0.5xTidal range)
x (706 cycles/yr)x(0.75 yrs)=6.34E+10 J

4. Wind

Area=10,000 m>

Average wind speed=2.4 m/s (KMA[2022])

Geostrophic wind=(Avg. surface wind speed)/0.8=1.9 m/s (surface
wind speed at 10 m over sea is about 80% of geostrophic wind,
www.kma.go.kr)

Drag coefficient=0.00164 (Garratt[1992])

Energy (J)=(1.225 kg/m*)x(Geostrophic wind)*x(Drag coefficient)
X(3.1536E7 s/yr)x(Area)x(0.75 yrs)=3.36E+09 J

5. Rain

Area=10,000 m’

Rain=0.99 m/yr (KMA[2022])

Energy (J)=(Area)x(Rain)x(1000 kg/m*)x(4720 J/kg)x(0.75 yrs)
=3.50E+10J

6. Particulate organic matter(POM)

Water filtration rate of oysters=1.84 L/ind/hr (Lee et al.[2011])

Oyster density=50 ind/m’

Chl-a concentration=2.15 pg/L (2020~2023 average, MOF and
KOEM][2023])

POM filtration=(Water filtration rate)x(Oyster density)x(Chl-a conc.)
x(Chl-a/C ratio)*(24 hrs/day)x(Water depth)/1000000

=1.52 gC/m?*/day(Chl-a/C ratio=32, Jakobsen and Markager[2016])
Total feeding=(POM filtration)x(10,000 m*)x(270 days of growth)
=4.10E+06 gC(for a period of 270 days from hanging to harvest,
Lee et al[2011])
Outside supply=2.05E+06 gC (assumed 50% of POM from outside
the culture site, Lee et al.[2011])

7. Spats

Unit cost=165 ¥W/kg oyster meat produced (NIFS[2022])
Total oyster meat production=15,000 kg (refer to note #17)
Total cost=(Unit cost)x(Oyster meat production)=2.48E+06 W

8. Fuel

Unit cost=468 W/kg oyster meat produced (NIFS[2022])

Unit fuel use=(1,148.74 ¥liter)/Unit cost=0.41 liter/kg oyster meat
produced (fuel price from FEI[2022])

Total oyster meat production=15,000 kg (refer to note #17)

Total use=(Unit fuel use)x(Oyster meat production)x(35.3E6 J/liter)
=2.16E+111J

9. Electricity

Unit cost=98 W/kg oyster meat produced (NIFS[2022])

Unit electricity use=(118.66 ¥/kWh)/Unit cost=0.83 kWh/kg oyster
meat produced (Electricity price for industrial use from KEPCO
[2023])

Total oyster meat production=15,000 kg (refer to note #17)

Total electricity use=(Unit electricity use)x(Oyster meat production)
%(9.6 MJ/kWh)=1.19E+11J

10. Steel pipe anchors

(assumed hot-dipped galvanized steel pipes of 165.2mmx5tx5m)

Number of anchors used=40 pcs (NIFS[2016])

Weight=(Number of anchors used)x(100 kg/anchor)x(1000 g/kg)
=4.0E+06 g

Useful life=10 yrs (estimated)

Total use=(Weight/Useful life)x(0.75 yrs)=3.00E+05 g

11. Polypropylene ropes

Longlines(o 22mm)=2.00E+03 m (NIFS[2016])
Weight=(Length used)x(230 g/m)=4.60E+05 g

Cross lines(e 22mm)=1.00E+02 m (NIFS[2016])
Weight=(Length used)x(230 g/m)=2.30E+04 g

Anchor lines(o 22mm)=4.00E+03 m (NIFS[2016])
Weight=(Length used)x(230 g/m)=9.20E+05 g

Buoy lines(o 8mm)=1.55E+03 m (NIFS[2016])
Weight=(Length used)*x(31 g/m)=4.81E+04 g



Hanging lines(o 6mm)=3.00E+04 m (NIFS[2016])
Weight=(Length used)x(17.5g/m)=5.25E+05 g
Total weight at installation=1.98E+06 g (assumed replacement after

harvest)

12. Expanded polystyrene buoys

480L buoys

Number of buoys used=4 pcs (NIFS, 2016)

Weight=(# of buoys used)x(20 g/L)x(480 L)=3.84E+04 g
(EPS density from Seo and Park[2024])

62L buoys

Number of buoys used=1,546 pcs (NIFS[2016])

Weight=(# of buoys used)x(20 g/L)x(62 L)=1.92E+06 g

Total weight installed=1.96E+06 g

Useful life=7 yrs (Lee et al.[2016])

Total use=(Total weight installed/Useful life)x(0.75 yrs)

=2.10E+05 g

13. Fishing vessels

Management vessel

Average tonnage=4.7 ton (average tonnage of management
vessels used for hanging aquaculture in Namhae, Kyeongnam,
data.go.kr)

Work days=43 days (estimated based on FEI[2015])

Useful life=15 yrs (NIFS[2016])

Used=(Tonnage)x(1E6 g/ton)x(Work days/365)/(Useful life)
=3.69E+04 g

Harvest barge

Average tonnage=15 ton (estimated)

Work days=20 days (estimated based on FEI[2015])

Useful life=10 yrs (NIFS, 2016)

Used=(Tonnage)*(1E6 g/ton)x(Work days/365)/(Useful life)
=8.22E+04 g
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Transport barge
Average tonnage=10 ton (estimated)
Work days=20 days (estimated based on FEI[2015])
Useful life=10 yrs (NIFS, 2016)
Used=(Tonnage)x(1E6 g/ton)x(Work days/365)/(Useful life)
=5.48E+04 g
Total use=1.74E+05 g

14. Facilities

Depreciation=253 ¥ /kg oyster meat produced (NIFS[2022])
Total oyster meat production=15,000 kg (refer to note #17)
Total cost=(Unit cost)x(Oyster meat production)=3.79E+06 ¥

15. Services

Unit cost=3,258 W/kg oyster meat produced (NIFS[2022])
Total oyster meat production=15,000 kg (refer to note #17)
Total cost=(Unit cost)x(Oyster meat production)=4.89E+07 ¥

16. Labor

Unit cost=2,360 W/kg oyster meat produced (NIFS[2022])
Total oyster meat production=15,000 kg (refer to note #17)
Total cost=(Unit cost)x(Oyster meat production)=3.54E+07 ¥

17. Oyster production: oyster meat (wet weight after shucking)

Production per hanging line=3 kg/line (NIFS[2022]; Park and Kang

[2022])

Total production=(Production per hanging line)x(5,000 lines)x(1000

g/kg)=1.50E+07 g
Total energy=(Production)x(0.84 kcal/g)x(4187 J/kcal)=5.28E+10J
(calory content from NAS[2016])
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