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Eco-efficiency evaluation of sewage sludge disposal

Bong Kyun Shin

Department of Environmental Engineering, Graduate School,

Pukyung National University

Abstract

The debate on efficient sewage sludge disposal has become an issue of
national policy in the world. Recent law on waste management in Korea has
prohibited to reclaim waste directly since July, 2003 and the Korea government has
decided to forbid ocean disposal.of waste including sewage sludge until 2012 with
the effectuation of the 1996 protocol.

The purpose of this study was to search for eco-efficient disposal method for
sustainable sewage sludge disposal and to increase in material recycling and
energy recovery.

In this study, emergy analysis is applied to evaluate four different disposal
methods of sewage sludge such as ocean disposal, incineration, landfill and
compost. We can present eco-efficiency of sewage sludge disposal method with

Emergy Yield Ratio(EYR) and cost-benefit based on emergy analysis.

_Vi_



The results of evaluation with EYR for 1lton of sewage sludge disposal were
122 for the ocean disposal, 0.02 for the incineration, 0.02 for the landfill and 0.04

for the compost respectively.

The result of cost-benefit evaluation for 1ton of sewage sludge disposal are as
follows : the ocean disposal method gained 1,398,400 Emwon as net-benefit, the
incineration method lost 109,250 Emwon as net-cost, the landfill method lost 36,921

Emwon as net-cost and the compost method lost 328,100 Emwon as net-cost.

These results show that ocean disposal is the most efficient system. The ocean
disposal of sewage sludge depends on natural environmental role. In conclusion,
the ocean disposal of sewage sludge is cheaper than other disposal methods and
fisheries production increases in accordance with ocean production activity. Ocean
disposal of sewage sludge is circulating system of resources and eco-efficiency

method.

- vii -
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Table 2.1 Amount & disposal status of sewage sludge(ton/year)

Emission Sewage sludge
Year amount Ocean Inci y Landfill c . - h Untreated
ncineration andril ompos e others
(ton/year) disposal P wastes
1008 1.413.075 552,188 20,947 792,828 34,466 12.646 34.095
T 38.2% 1.4% 54.8% 2.4% 0.8% 2.4%
1000 1574303 820,135 33,351 640,516 80,293 8 18.698
Y 51.5% 2.1% 40.2% 5.0% - 1.2%
2000 1739739 1,118,453 93,163 439,099 88,101 923 1.633
T 64.2% 5.3% 25.2% 5.1% 0.1% 0.1%
2001 1897 016 1,390,779 138,440 229,082 118,339 20.376 5.394
o 73.1% 7.3% 12.0% 6.2% 1.1% 0.3%
2002 2.073.005 1,471,472 200,919 254,919 106,624 39,619 123
T 71.0% 9.7% 12.3% 5.1% 1.9% 0%
2003 2266858 1,625,676 -~ 279,527 113,419 152,124 95,915 227
" 71.8% 12.3% 5.0% 6.7% 4.2% 0%
2004 2.426.070 1,869,334 283,356 34,295 239,085 a -
e 77.0% 11.7% 1.4% 9.9% i -
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Table 2.2 Comparison between London convention and 1996 protocol(Korea coast

guard, 2003)

London convention

1996 protocol

Organohalogen compounds

Mercury and mercury compounds

Cadmium and cadmium compounds

- Persistent ' plastics and . other

persistent synthetic materials

- Crude oil and its wastes, refined

petroleum products, petroleum,
distillate residues, and any mixtures
taken on

containing any of those,

board for the purpose of dumping

- Radioactive wastes or other

radioactive matter
- Materials in whatever form produced

for biological and chemical warfare

- Dredged material

- Sewage sludge
- Fish

resulting from industrial fish processing

waste, organic materials

operations

- Vessels and platform of other
man-made structures at sea, provided
that

floating

material capable = of creating

debris or otherwise
contributing .to pollution of the marine
environment has been removed to the

maximum extent

- Uncontaminated inert geological
materials the chemical constituents of
which are unlikely to be released into

the marine environment

- Uncontaminated organic materials of

natural origin
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2. Emergy /N3

2.1 Emergy B9

AT 2BAFEe A AUAL] B AF AUAZRE 23] nFAUAR
AR A%F 722 AT done 2dHor 2L A7l dUAGE AAA
02 48 ¥ & At FdAE Aol7} Yok

YT AolE AT AN BEY FHA HFNUAE NFoR FAY Az
B7hs7) 9Astel 27 ve e Ak §9o] FHHNAA F - pPHOE AR

H B AdYAE solar emergy =il A o sk} (Fig. 2.1).

o

40,000 indirecF su_n _
embodied in rain

. wood i coal electricit
light Plants Geological .| Power |[€€ctricity
2 action 1 plant 1/4

- _+_

Fig. 2.1 Emergy quality chain used to calculate solar.transformity(Odum, 1988).

2.2 Transformity

AEA W A 352 oA W, HHd, JE5zs ada Acdew
dEY 7= Atk ol 559 AAY Fx= AUA ®Eo] F
el

st AT T X (hierarchy)E A g}, ol Fej7

T4

ol
il

7} A

=

¢

ot

]_
71 wWZell, @7FAS | A 2L o] YA} A WHERFE T F4H7] A

3l AHEE OE "o AqUAZF, S WAlE ol H A (embodied energy)Z #4bst] =
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oAl B WEs 24 = FA Y (potential) = WA H olF Ao JE3T}
Emergy= 7} | Ao WAlE ejFeldxe] thit Hzoln, o5 A itslr] #s)

AT Al2=" Yol A g Fol WA ZRE Y AIAAHEE YEU = solar transformity 7} AFS-
ChFig. 22). °1& oUAZY H==2 old Feho ouA 1 jouled WE7] H3HA

=

_]N

2R Ho7 ARE HIAUA oz AHgHw, T = solar emjoules per
joule(sej/j)Z EHE . Transformityw= olUA AZFEE we} WPstHA HapHo=z

7t ™, AU A ASFEW AUA ZFou Baggel tha Ao Hx= o|gHnh

solr \  10° \ 10° (& 10° K 10° 10
Energy / \/l

Joules per Time

Eenrgy Quantity

Solar Joules/Joules 10° 10° 10°* 10°
(b)
o o.o. . °
X [
AR ° o o o
*
0e® *, o o .

Fig. 2.2 Hierarchical chain of energy transformations: (a) decrease of energy in
successive. transformations;  by-product pathways are omitted; (b)

energy-transformation ratios in solar equivalents;  (c) spatial hierarchy
characteristics(Odum, 1983).
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2.3 Emwon

Emwon emergys SH TG E g o2 AAZA AAES 9354

of AAE waHAAAL olusm HeH HzA AW 2E

emergy©ll 71323 AAIZAH 74A] o]t

Imports

Non-
Renewable
Sources

o =

Environmental

Fuels
Goods &
Services

Production Exports

Services

Economic
Production

\

Macroeconomic Overview

A

Total emergy flow
Money flow, GDP

Emergy/Money ratio =

Fig. 2.3 Emergy inputs used to evaluate the emergy/money ratio of the

national economy(Odum, 1996).
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1. i A A= tholoj 1l &4

Odum(1996)¢] Aetg =] Al="l AojE o] &3, A28 AAFAA A
A&Fe] A, 48, A 5o Wsls AAHoZ #otstr] 93 A Top-downH
HEHE ol &ate] oA Al=d tolojadls 2/ rh(Fig. 3.1).

Tolej g o] g HaE A, 2AUG A=Te AAE 2% Al=" 2

HE A A4 Ala" e AU fFHEAS Axde FHAJ] BAR AT
=4, Aa" gF2REHY Fa dyAd, a2y hFA =" e AL, 2w,
A, 5 YA LE transformity £Z AFHNM QEHOE A 2w H

o) Fo 2= widstar, AlAE A we] R qUALOZRE A ZEto] WfF9
Abar, vlate oi@ |A, 24 a2la st o] S5 wel A& AZsHe] tol

S‘

\\ Exported
Used Energy Potential
e Energy

Fig. 3.1 Typical energy sources driving an environmental system arranged in

order from low quality on left to high quality on right(Odum, 1983).
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BAGY A29Y AABFA FALE o] AP AUADY JBA AAE

A WA Gele BAUY A2UY AABFIY A FABES A5A s
gre Fo AUALL Gk & FAWY Az o] A9V FABF
2 b5A e 999 Fo UALL WY, wg, v, B, 24, AF
% AN, 29D 4% wGH ng S O FY9HE A L &
.

Table 3.1 Tabular format for emergy evaluation

Data Units Sk p T Em$
Item 0 of. $) Transformity Emergy (dollar/yr)
4 (sej/ unit) (sej/yr) y

(one line here for each source, process, or storage of interest.)

F oA delle F& dyAde] dA ouA], =4 £= 3t @99 #s 714

k. B Aol e Table 319 3 Agsk AFHS ol&ste B, vy, ¥, 3

A A dele F8 dyAdd] dlgh solar transformity, A3} ¥ &< ot
emergy/money ratiog WY Egth £ AF A solar transformity®] 7-% Appendix
13 2ol 71&9 H7MAE o] &3 Adt

Ul HA delle F A 29 F8 dyAdoe] A= AAl ol Al mA d
solar transformity9} emergy/money ratioS #3l% emergy # < AFE3HT},

X MR gele F8 AUA Lo emergy # <= emergy money ratioZ o

=

>

-

A AAl BAA 7FA] (macroeconomic value)E 4HE gl
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3. Emergy A% 4HA

Emergy #A4olA & emergy &S 7122 AN A2"E& Husty, 1 5
45 Fotetr] 918 Fig. 3.29F ] emergy AXES AAHsth

Alz="oll 5= emergys H Y, vbg, A5, 24 2 3Rl g &F A
A emergy(R)9F A"l WFo] EFAUALL emergy(N), 18l ZA gz
H f95e d498, 47, 283 2% Azt §99 Tl emergy(F)E T &34

emergy A% 5 AAFgioh

Purchaszed
Resources
"
(r Serices
.,-'—'—'_'_'_'_'_
F
Energy
oures -__H_h“‘>/> ED:JIDmIC Y ield
=]
_.-a-'-'"'--'

\. J

Yield(Y) = REN+F. (1)
Emergy Yield Ratio(EYR) = Y/F...cccooiiininn. (2)

Fig. 3.2 Emergy based indices, accounting for local renewable emergy
inputs(R), local nonrenewable inputs(N), and purchased inputs from

outside the system(F)(Brown and Ulgiati, 1997).

_16_



Emergy Ay 4FHI[Emergy Yield Ratio]&= Al&=HlSZFE AJbd A

A emergy [Yield=R+N+FJell ZA wo=2Rdy wodst wgs 3 F49 +

248 emergy F(F) 22 UFo] ALbstH, AAFE (product)e] 7HAIE

7dA ek Alawl o] BEAS Brhsk=d o] &3 ek(A], 2004).
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Fig. 4.1 Ocean disposal system boundary.
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2 4842 VAR HusRY, EEHA 1ES e E
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slxH 2.80E+06U ol th. 7
Azl oalA s AUAL Fol I8 1.30E+13sej, A7HIE 3.38E+12sej,
HYHl = 7.92E+12sejolH, olE A AAZ AR S4EH A7t 6.19E+03¢
1.61E+034, 3.77E+03¥ o2 Yeyth Al2" We fFdHs AdS7 At BA

5
g oA BAEH= AFHFE 296E+15sej 02 FAHEHH, o] AEH AAZH 7HA
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Fig. 4.3 Energy system diagram of incineration of sewage sludge.
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Fig. 4.4 Energy system diagram of landfill of sewage sludge.
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Fig. 4.5 Energy system diagram of compost of sewage sludge.
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Table 4.1 Emergy evaluation of ocean disposal with 1ton of sewage sludge

Note Item Data Raw Units Transformity  Solar Ecological
Emergy Econmic Value
(] or won/ton) (sej/unit) (sej/ton) (Emwons/ton)

RENEWABLE RESOURCES

1 Sun 1.07E+13 J/ton 1 1.07E+13 5.12E+03
2 Wind 1.23E+10 J/ton 2.51E+03 3.08E+13 1.47E+04
3 Waves 1.13E+11 J/ton 5.13E+04 5.81E+15 2.76E+06
4 Tide 7.96E+10 J/ton 7.39E+04 5.89E+15 2.80E+06
5 Ocean current 6.31E+06 J/ton 1.84E+07 1.16E+14 5.53E+04

IMPORTS AND OUTSIDE SOURCES
6 Fuel, oil 1.17E+08 J/ton 1.11E+05 1.30E+13 6.19E+03
GOODS & SERVICES

7 Labors 1.61E+03 won/ton 2.10E+09 3.38E+12 1.61E+03

8 Cost for Management 3.77E+03 won/ton 2.10E+09 7.92E+12 3.77E+03
PRODUCTION

9 Fisheries Production  8.84E+08 J/ton 3.35E+06 2.96E+15 1.41E+06
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Table 4.2 Emergy evaluation of incineration with 1ton of sewage sludge

Note Item Data Raw Units Transformity  Solar Ecological
Emergy Econmic Value

(] or won/ton) (sej/unit) (sej/ton) (Emwons/ton)

RENEWABLE RESOURCES
IMPORTS AND OUTSIDE SOURCES

1 Fuel & Electricity

Fuels 3.36E+08 J/ton 1.11E+05 3.73E+13 1.78E+04

Electricity 3.46E+08 J/ton 2.91E+05 1.01E+14 4.79E+04

2 Cost for Management 2.53E+04 won/ton 2.10E+09 5.32E+13 2.53E+04
3  Cost for Construction 6.76E+03 won/ ton 2.10E+09 1.42E+13 6.76E+03

GOODS & SERVICES

4 Labors 1.38E+04 won/ ton 2.10E+09 2.91E+13 1.38E+04
PRODUCTION
5 Cement Ingredient  2.75E+03 won/ton 2.10E+09 5.78E+12 2.75E+03
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Table 4.3 Emergy evaluation of landfill with 1ton of sewage sludge

Note Item Data Raw Units Transformity Solar Ecological
Emergy Econmic Value
(] or won/ton) (sej/unit) (sej/ton) (Emwons/ton)
RENEWABLE RESOURCES
1 Sun 2.61E+09 J/ton 1 2.61E+09 1.24E+00
2 Wind 2.67E+06 J/ton 2.51E+03 6.71E+09 3.19E+00
3 Rain, chemical 2.63E+06 J/ton 3.12E+04 8.20E+10 3.90E+01
4  Rain, geo-potentional 1.67E+06 J/ton 4.68E+04 7.82E+10 3.72E+01
IMPORTS AND OUTSIDE SOURCES
5 Fuel&Electricity
Fuels 9.45E+07 J/ton 1.11E+05 1.05E+13 4.99E+03
Electricity 1.13E+08 J/ton 2.91E+05 3.30E+12 1.57E+04
6  Cost for management
landfill-cover soil 1.49E+05 g/ton 1.24E+05 1.85E+10 8.82E+00
machine 1.98E+02 won/ ton 2.10E+09 415E+11 1.98E+02
solidification 9.36E+03 won/ ton 2.10E+09 1.96E+13 9.36E+03
leachate treatment 3.23E+03 won/ ton 2.10E+09 6.78E+12 3.23E+03
7 Cost for Construction
landfill 2.52E+02 won/ton 2.10E+09 5.29E+11 2.52E+02
solidification 8.50E+02 won/ton 2.10E+09 1.78E+12 8.50E+02
leachate treatment 1.37E+03 won/ton 2.10E+09 2.87E+12 1.37E+03
GOODS & SERVICES
8 Labors 1.80E+03 won/ton 2.10E+09 3.79E+12 1.80E+03
PRODUCTION
9  Electricity from biogas 6.35E+06 J/ton 2.91E+05 1.85E+12 8.79E+02
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Table 4.4 Emergy evaluation of compost with 1ton of sewage sludge

Note Item Data Raw Units Transformity  Solar Ecological
Emergy Econmic Value
(] or won/ton) (sej/unit) (sej/ton) (Emwons/ton)

RENEWABLE RESOURCES
IMPORTS AND OUTSIDE SOURCES

1 Electricity 2.03E+09 J/ton 2.91E+05 5.90E+14 2.81E+05
2 Cost for Management 5.01E+03 won/ton 2.10E+09 1.05E+13 5.01E+03
3  Cost for Construction 3.12E+04 won/ton 2.10E+09 6.56E+13 3.12E+04

GOODS & SERVICES

4 Labors 2.50E+04 won/ ton 2.10E+09 5.26E+13 2.50E+04
PRODUCTION
5 Biosoils
N 4.35E+03 g/ton 1.51E+09 6.58E+12 3.13E+03
P 1.82E+03 g/ton 1.36E+10 2.48E+13 1.18E+04
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Table 4.5 Comparison of indices using emergy for overview of the four disposals

with 1ton of sewage sludge

Use(sej/ton)
Expre
No. Name of Index Ocean ) . )
ssion . Incineration  Landfill Compost
disposal
Renewable
5.89E+15 - 8.20E+10 -
sources
Purchased
) 2.43E+13 2.34E+14 7.93E+13 7.18E+14
input
3 Yield Y 2.96E+15 5.78E+12 1.85E+12 3.13E+13
4 EYR Y/F  1.22E+02 2.46E-02 2.33E-02 4.36E-02

4. 3tFEHA AL T AAHPAAR H7}

7h A dHl =

|

il

4

¥o,

4 8
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Table 4.6 Environmental

accounting of the ocean disposal with 1lton of sewage

sludge
Item Environmental Cost Environmental Benefit
(Emwons/ton) (Emwons/ton)
Fuels 6,190
Labors 1,610
Cost for management 3,770
Fisheries Production 1,410,000
Total(Emwons/ ton) 11,600 1,410,000
Net-Benefit(Emwons/ ton) 1,398,400

Table 4.7 Environmental accounting of the incineration

with Iton of sewage sludge

Item Environmental Cost Environmental Benefit
(Emwons/ton) (Emwons/ton)
Fuels&Electricity 65,700
Cost for management 25,300
Cost for constriction 6,760

Labors 13,800

Cement ingredient 2,750

Total(Emwons/ton) 112,000 2,750
Net-Cost(Emwons/ton) 109,250
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Table 4.8 Environmental accounting of the landfill with 1ton of sewage sludge

Item Environmental Cost Environmental Benefit
(Emwons/ton) (Emwons/ton)
Fuels&Electricity 20,700
Cost for management 12,800
Cost for constriction 2,470
Labors 1,800
Electricity from biogas 879
Total(Emwons/ton) 37,800 879
Net-Cost(Emwons/ ton) 36,921

Table 4.9 Environmental accounting of the compost with 1ton of sewage sludge

Item Environmental Cost  Environmental Benefit
(Emwons/ton) (Emwons/ton)
Electricity 281,000
Cost for management 5,010
Cost for constriction 31,200
Labors 25,000
Compost(Biosoil) 14,900
Total(Emwons/ton) 342,000 14,900
Net-Cost(Emwons/ ton) 328,100
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3. Wlg-ue] £4 ZAAs "oz AHAALES H A 2, steredA 1
ES A= st=d ol8® FHIES 11,600 Emwon, &ZF Al o] &HE= FH &L

112,000 Emwon, "1 8 A] o] &%+ ZH] & 37800 Emwon, HHI3} A] o]&5+= &

K

H]§2 342,000 Emwonelith. aEa steEEH A 1 AEst=dH A dHE

1,410,000 Emwon, 27} : 2,750 Emwon, "1 38 : 879 Emwon, ¥ HI3} : 14,900 Emwon
o Hejo] HAHAY. £A4E ¥&H HlS ngoz AHBZAGHLE AAg 2
I, A FuEe] A AES % 28HE HEETGE ofE Qs WAHE Ao
E%9 1,398,400Emwone] T4t =E ASs & F UM, &7, Wi, HBFY F5
AR S 3l ALFEE H&o] o2 A A= WY v 109,250Emwon,
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Appendix

Appendix 1. Solar transformity used in emergy evaluation of disposal with 1ton of

sewage sludge.

Energy Sources Solar Transformity(sej/J)
Sunlight 1

Wind, kinetic energy 2.51E+03
Rain, chemical 3.06E+04
Rain, geopotential 4.68E+04
Waves 5.13E+04,
Tide 7.39E+04
Current 1.84E+07
Petroleum Products 1.11E+05
Top Soil 1.24E+05
Electricity 2.91E+05
EMR(Emergy/won)* 2.10E+09

*Emergy/won is calculated in evaluation of Je-ju Island(proceeding) by Kim(Z, 2003)
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Appendix 2. Footnote of Emergy evaluation of ocean disposal with 1ton of sewage sludge

RENEWABLE RESOURCES
1 Sun
Area of marine

6.87E+09 m”2
J/m”2 (Korea meteorological administration, 2005, Annual

(www/oceanpumping.re kr)

Insolation = 4.18E+09 /yr  climatological report)
Albedo = 0.3 (% given as a decimal)
Energy(J) = (Marine Area)*(Insolation)*(1-Albedo)
= (Lm2)*(_J/m2/yr)*(1-03)
= 2.01E+19 J/yr
Transformity = 1 sej/]  (Odum, 1996, Environmental accounting)
2 Wind
Area of marine = 6.87E+09 m”2
Density = 1.23E+00 1,f§/m
Avgwind speed = 2.658+00 m/s  (SEIONY IR camographic observahons ) o
Geostrophic Wind speed= 4.42E+00 m/s (observed wind is about 0.6 of geostrophic wind)
Drag Coeff. = 1.00E-03
Energy (J) = (Land Area)*(Air Density)*(Drag Coeff.)*(Geo.wind speed”3)
= (Lm”2)*(1/8)*(1025kg/ m”3)*(9.81m/sec2)*((_m)"2)*(_m/sec)*(31536000sec/ yr)
= 229E+16 J/yr
Transformity = 2.51E+03 sej/] (Odum, 1996, Environmental accounting)
3 Wave
Length = m (www/oceanpumping.re.kr)
East sea = 1.11E+05
West sea = 8.33E+04
Average Waye Height= ! (National fisheries research and development institute, 2005,
East sea = 2.92E+00 Annual report of oceanographic observations )
West sea = 1.00E+00
Energy (J) = (Shore Length)*(1/8)*(Density)*(Gravity)*((Avg. Wave Height)"2)*(Velocity)
= (Lm)*(1/8)*(1025kg/m”3)*(9.81m /sec”2)*((_m)"2)*(_m/sec)*(31536000sec/ yr))
Energy () =
East sea = 2.01E+17 J/yr
West sea = 1.08E+16 J/yr
Transformity = 5.13E+04 sej/] (Odum H. T et al, 2000, Handbook of emergy evaluation)
4 Tide
Area elevated = m”2
East sea = 2.52E+09 (National fisheries research and development institute, 2005,
West sea = 3.09E+09 Annual report of oceanographic observations )
Average Tide = m
East sea = 3.00E-01
West sea = 4.00E+00
Density = 1.03E+03 kg/m"3
Tide/year = 7.30E+02 (estm. of 2 tides/day in 365days)
Energy (J) = (Area elevated)*(Tides/yr)*((Avg.Tide)"2)*(Desity)*(Gravity))
= (Lm”2)*(0.5)*(_/yr)*(Lm)"2*(1025kg/ m"3)*(9.81m/sec”2)
Energy () = /yr
East sea = 8.33E+14
West sea = 1.48E+17
Transformity = 7.39E+04 sej/] (Odum, 1996, Environmental accounting)

_39_



<A &>

5 Current energy

I

Velocity of moving fluid

area

depth
kinetic energy during year

Rate of replacement turnover
from velocity and entrt cross
section=

Energy

Transformity

2.30E-0.1

= 3.70E+03

3.70E+09
1.00E+02

2.01E+13

(National fisheries research and development
m/sec institute, 2005, Annual report of oceanographic
observations )
km~2
m”2
m

= (Area)*(Depth)*(1.025E+03kg/ m”3)*(Velocity of moving fluid)"2

(Velocity of moving fluid)*(3.15E+07sec/yr)*(depth)*(100E+03)/ (Area)

/ (Depth)

1.96E+02
3.93E+15
1.84E+07

IMPORTS&OUTSIDE SOURCES

6 Fuels
Total fuels used for disposal

Energy content per. liter
fuels(Diesel+Bunker a)
fuel price
Conversion factor
Total energy input
Transformity

GOODS&SERVICES
7 Labor
Cost

EMR

8 Cost for management
Cost

EMR

PRODUCTION

9 Fisheries production
N in sewage sludge

P in sewage sludge
P

Estimated fisheries production

6.07E+09

9.30E+03
7.41E-04
4186
2.19E+14
1.11E+05

3.01E+09
2.10E+09

7.05E+09
2.10E+09

3.24

0.22
4.11E+03

3.95E+05

times/y
r

J/yr

sej/] (Odum H. T. et al. 1991, Emergy

shrimp mariculture in Ecuador)

analysis of

(Ministry of marine affairs & fisheries, 2005, Waste
won/yr ocean disposal comprehensive management system
construction )

keal/ £ (Ministry of commerce, industry and energy, 2005,

¢ /won Yearbook of energy statistics )

J/kcal

I/yr

sej/] (Odum, 1996, Environmental accounting)

won/yr (National fisheries research ‘and development

institute, 2005, Annual

report of oceanographic
observations )

sej/]

won/yr (National fisheries” research
k institute, 2005, Annual
sej/] " observations )

and development
report of oceanographic

% (Bae , 1994, A Study on Investigation of Properties
? and Treatment Methods for Sewage Sludge)

%

ton/yr

(Lee, 1998, A study on the ocean dumping of

ton/yr night soil)

Energy (J) = (Production)*(Energy Content)
= (_ton)*(1.00E+06g/ ton)*(20%)*(5.0kcal/ g)*(4186] / kcal)
= 1.65E+15 J/yr
Transformity = 3.35E+06 sej/] (Odum, 1996, Environmental accounting)
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Footnote of Emergy evaluation of incineration with 1lton of sewage sludge

IMPORTS&OUTSIDE SOURCES
1 Fuels&Electricity
Fuels

(Internal data of Gu-ri environmental

Total fuels used for Incineration = 7.64E+03 won/ton affairs agency , 2004)
= 1/87559 ¢ /won (Korea national oil corporation
= 8.73E+00 /¢ /ton  http://www konetic.or.kr, 2005)
Energy content per liter
fuels(Diesel) = 9.20E+03 kcal/ ¢
Conversion factor = 4186 J/kcal
Total energy input = 3.36E+08 ]/ton
Transformity = 1.11E+05 sej/] (Odum, 1996, Environmental accounting)
Electricity
(Internal data of Gu-ri environmental
Electricity = 210E+00 Gwh/yr affairs agency&Waste treatment workshop ,
2004)
= 9.60E-05 - Gwh/ton
Conversion factor = 3.60E+12 J/Gwh
Total energy input = 3.46E+08 J]/ton
Transformity = 2.91E+05 sej/]J (Odum, 1996, Environmental accounting)
2 Cost for Management
Cost for management = 2.53E+04 won/ton (Inte.ernal A Kot  environmental
affairs agency , 2004)
EMR = 210E+09 sej/won
3 Cost for Constriction (Inte}rnal data of Gu-ri environmental
affairs agency , 2004)
Cost for construction = 3.46E+09 won
Lifetime = 20 yr
Cost for construction per year = 1.7Z3E+08 won/yr
Cost for construction per ton = 6.76E+03 won/ton
EMR = 210E+09 sej/won
GOODS&SERVICES
4  Labor
Cost = 1.38E+04 won/ton
EMR = 210E+09 sej/won
PRODUCTION
5  Ash production
Sewage sludge = 219E+04 ton/yr
Ash mass = 2.19E+03 ton/yr (Int?rnal data of Gu-ri environmental
affairs agency , 2004)
Selling prices of ash per ton = 27500 won/ton
Selling prices of ash = 6.02E+07 won/yr
Selling prices of ash per ton= 2.75E+03 won/ton
EMR = 2.10E+09 sej/won




Footnote of Emergy evaluation of landfill with 1ton of sewage sludge
RENEWABLE RESOURCES
1 Sun
(Sudokwon landfill site
Area of land = 7.80E+07 m”2 management corporation No.
4, 2005)
(Korea meteorological
Insolation = 4.40E+09 J/m”2/yr administration, 2005, Annual
climatological report)
Albedo = 0.3 (% given as a decimal)
Energy(J) = (Marine Area)*(Insolation)*(1-Albedo)
= (Lm2)*(J/m2/y1)*(1-03)
= 240E+17  J/yr
Transformity = 1 sej/] g?flolﬁémg%' Environmental
2 Wind
Area of land = 7.80E+07 m”2
Density = 1.23E+00 kg/m"3
(Korea meteorological
Avg.wind speed = 2.60E+00 m/s administration, 2005, Annual
climatological report)
Geostrophic Wirid Speed= 433E+00 b/s (o?oserved wind is about 0.6 of geostrophic
wind)
Drag Coeff. = 1.00E-03
Energy (J) = (Land Area)*(Air Density)*(Drag Coeff.)*(Geo.wind speed”3)
_ (m"2)*(1/8)*(1025kg/m”3)*(9.81m/sec”2)*((_m)"2)*(_m/ sec)
" %(31536000sec/ yr)
= 246E+14  J/yr
Transformity = 2.51E+03 sej/J
3 Rain, chemical
Area of land = 7.80E+07 m”2
(Sudokwon landfill site
Rainfall = 1.40 m/yr management corporation No.
4,.2005)
Evapotranspiration. = 0.63 m/yr (est as 45% of decimal)
Energy (J) = (Area of land)*(Evapotranspiration Rate)*(Gibbs free energy)
= (Lm”2)*(_m)*(1000kg/m"3)*(4.94E+03] /kg)
Energy (J) = 2.42E+14 J/yr
Transformity = 3.12E+04 sej/]
4 Rain, geopotential
Area of land = 7.80E+07 m”2
Rainfall = 1.40 m/yr
Average Elevation = 262.00 m
Runoff Rate = 0.55 (est as 55% of decimal)

Energy (J) = (Area of land)*(Rainfall)*(Runoff Rate)*(Avg. Elevation)*(Gravity)
= (Lm”2)*(_m)*(0.55)*(1000kg/ m”3)*(_m)*(9.81m/s"2)
= 154E+14  J/yr
Transformity = 4.68E+04 sej/]J
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IMPORTS&OUTSIDE SOURCES
5  Fuels&Electricity

Fuels

Landfill =

Solidification =

Total used fuels =

Energy content per liter

fuels(Diesel) =
Conversion factor =
Total energy input =
Transformity =

Electricity

Solidification =

Leachate treatment =

Total used electricity =
Conversion factor =
Total energy input =
Transformity =

6  Cost for Management

Landfill process

Cover soils =

Transformity =

Machine lent =

EMR =

Solidification process

Cost of materials =
Machine lent =
Maintain&repair =
Depreciation cost =

Total management cost =

EMR =

Leachate treatment

Cost for leachate treatment =
EMR =

1.16E+05
2.21E+03
1.92E-02
2.80E+05
2.43E+00
2.45E+00

9.20E+03
4186

9.45E+07

1.11E+05

4.97E+05
3.06E+00
3.06E-03
4.34E+05
3.41E-01
3.41E-04
3.40E-03
3.60E+09
1.22E+07
2.91E+05

8.95E+05
8.98E+11
2.42E+10
1.49E+05
1.24E+05

1.19E+09
3.21E+07
1.98E+02
2.10E+09

6.48E+08
4.40E+08
5.90E+07
3.72E+08
1.52E+09
9.36E+03
2.10E+09

3.23E+03
2.10E+09

(Sudokwon  landfill
corporation No. 4, 2005)

site

2 [yr
2 [yr
4 /ton
2 [yr
4 /ton
4 /ton

kcal/ ¢
J/kcal
J/ton
sej/]

kwh/yr
kwh/ton
Mwh/ ton
kwh/yr
kwh/ton
Mwh/ton
Mwh/ ton
J/Mwh
J/ton
sej/ ]
(Sudokwon  landfill  site
corporation No. 4, 2005)

ton/yr
g/yr
g/yr
g/ ton
sej/]

won/yr
won/yr
won/ton
sej/won

won/yr
won/yr
won/yr
won/yr
won/yr
won/ton
sej/won

won/ton
sej/won

management

(Odum, 1996, Environmental accounting)

(Odum, 1996, Environmental accounting)

management
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=
7 Cost for Construction ii?;Zfa‘:;ZE éaﬁdifllzozi;; management
Landfill = 3.37E+11 won
Solidification = 3.72E+09 won
Leachate treatment = 6.68E+10 won
Total construction cost = 4.08E+11 won
Lifetime = 20 yr
Construction cost per year = 2.04E+10 won/yr
Landfill = 1.69E+10 won/yr
= 252E+02 won/ton
Solidification = 1.86E+08 won/yr
= 8.50E+02 won/ton
Leachate treatment = 3.34E+09 won/yr
= 1.37E+03 won/ton
Total construction cost=247E+03 won/ton
EMR = 210E+09 sej/won
GOODS&SERVICES
8  Labor
Sudokwon landfill site management
st = LOSE+10 i iorporation No. 4, 2005) ¢
= 293E+08 won/yr
= 1.80E+03 won/ton
EMR = 210E+09 sej/won
PRODUCTION
9  Electricity from biogas
Electricity from biogas'= 5.51E+04 ‘Mwh/yr g‘r‘;gfa‘:’lzz ifidfuzo%ig management
=712E+02 Mwh/yr
= 1.76E-03 Mwh/ton
Conversion factor = 3.60E+09 J/Mwh
Total input energy = 6.35E+06 J]/ton
Transformity = 2.91E+05 sej/]J g?ccl)lanr:{ing) 1996, Environmental
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Footnote of Emergy evaluation of compost with 1ton of sewage sludge
IMPORTS&OUTSIDE SOURCES
1 Electricity
Electricity
Electricity = 6.75E-01 Gwh/yr
I 1
= 563E-04 Gwh/ton (Interna data  Goseong  sewage
treatment plant, 2004)
Conversion factor = 3.60E+12 J/Gwh
Total energy input = 2.03E+09 ]/ton
Transformity = 2.91E+05 sej/] (Environmental Accounting Using
Emergy : Evaluation of the State of
West Virginia, 2005)
2 Cost for Management
Maintain&repair = 5.00E+06 won/yr
. (Internal ~ data  Goseong  sewage
Pack h, = 1.00E+
acking charge 00E+06  won/yr treatment plant, 2004)
Total used cost = 6.00E+06 won/yr
= 5.01E+03 won/ton
EMR = 2.10E+09 sej/won
3 Cost for Construction
Cost for construction = 1.14E+09 won (National ~environmental technology
Lifetime .= 20 yr information center, www konetic.or.kr)
Cost for construction per year = 5.70E+07 won/yr
Cost for construction per ton = 3.12E+04 won/ton
EMR = 210E+09 sej/won
GOODS&SERVICES
4 Labor
Cost = 3.00E+07 " won/yr (Internal data Goseong  sewage
= 250E+04 won/ton treatment plant, 2004)
EMR-=  2.10E+09  sej/won
PRODUCTION
5 Compost(Biosoil)
Compost(Biosoil) = 1.38E+02 ton/yr  (Internal data Goseong  sewage
= 1.15E-01 ton/ton treatment plant, 2004)
N(@3.78%) = 4.35E-03  ton/ton (Han et al, 2004, Investigation on
= 435E+03 g/yr possibility of composting by properties
P(1.58%) = 1.82E-03 ton/ton analysis of organic sludge composts )
= 1.82E+03 g/won
Transformity = (Odum, 1996, Environmental accounting)
N = 151E+09 sej/g
P = 136E+10 sej/g
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