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Ecological-economics evaluation of

water treatment systems

Hwa suk, Jeong

Department of Ecological engineering, Graduate school,

Pukyoung National University

Abstract

The Nakdong River being used as drinking water sources for Pusan
metropolitan ‘city has the wvulnerability of water management due to the
fact that industrial areas are located in the upper.Nakdong River. Based
on BOD the water quality of the Nakdong River was only level IV, which
can only be used for agricultural usage, or industrial usage after
meticulous filtration, precipitation and sterilization.

Alternatives for Busan’s water source have been studied for long time
but its qualitative solution led to conflict between each local governments.

This study used emergy analysis method to evaluate
ecological-economics of each alternatives quantitatively to help making
reasonable decision. The emergy methodology is a system evaluation tool
that uses energy as the common currency to compare different resources

on a common basis.



Emergy transformity of Namgang Dam’s raw water is higher than
emergy transformity of Nakdong River’'s raw water due to its high water
quality.

High emergy transformity means high emergy input. seawater
desalination system shows 7.9 times lager emergy input then Nakdong
River water treatment system.

Most citizens of Busan boil the tap water or use the home filter. The
additional cost of boiling the tap water or using the home filter is 8,314 or
104,300 emwon/m’. To-change the weak water source and situations we

need to diversify  water intake.
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Table 2.1. The water quality of Busan tap water in the past three years
Index Standard| 2005.4-2006 | 2007 Index Standard| 2005 | 2006 | 2007
Total colony counts |100CFU/mé| 0 0 0 Dichloromethane 0.02 N.D | ND | ND
Escherichia coli  |[ND/100m¢| N.D | N.D | N.D Benzene 0.01 N.D | ND | ND
Total Coliforms {ND/100m¢| N.D | ND | N.D Toluene 0.7 N.D | ND | ND
Fecal Coliforms’ |[ND/100m¢| N.D | N:D | N.D Ethylbenzene 0.3 N.D | ND | ND
Lead 0.05 | N.D|N.D | ND Xylene 0.5 ND | ND | ND
Fluoride 15 N.D | N.D | N.D |1,1-dichloroethylene| 0.03 N.D | ND | ND
Arsenic 0.05 | N.D | N.D | N.D | Tetrachlorocarbon | 0.002 | N.D | N.D | N.D
Selenium 0.01 | N.D | ND | ND| |Chloral hydrate 0.03 - 10.0011|0.0003 |0.0000
Mercury 0.001 | N.D | N.D | N.D | Dibromoacetonitrile 0.1 ND | ND | ND
Cyanide 0.01 N.D |'N:D | N.D | Dichloroacetonitrile | .-0.09 N.D [0.0001| N.D
Chrominu 0.05 [ N.D | N.D | N.D |Trichloroacetonitrile| 0.004 |*N.D | N.D | N.D
Ammonium Nitrogen 0.5 N:D. 'N.D | N.D Halocetic acids 0.1 0.0026{0.003310.0012
Nitrate Nitrogen 10 23 | w0 Hardness 300 83 91 81
Cadmium 0.01 | N.D-|. N:D| N.D'|Consumption of KMnO4 10 0.9 09 | 08
Boron 0.3 0.03 | 0.05 | 0.04 Odor None %] %] %]
Phenols 0.005 | ND | N.D | N.D Taste None %] %] %]
THMs 0.1 ]0.024|0.025|0.033 Copper 1 N.D | N.D |0.007
chloroform 0.08 ]0.0134|0.0138(0.0180 Color 5 1 1 1
Diazinon 0.02 | ND|ND | ND ABS 0.5 ND | ND | ND
Parathion 025 | N.D|ND | ND pH 58-85 | 7.0 70 | 7.0
Fenitrothion 0.04 | N.D|ND | ND Zinc 1 0.008 | 0.004 | 0.002
Carbaryl 0.07 | N.D | ND | ND Chlorice 250 31 31 36
1,1,1-Trichloroethane| 0.1 ND | ND | ND Total Solids 500 196 | 215 | 204
Tetrachloroethylene 0.01 N.D | ND | ND Iron 0.3 N.D | ND | ND
12 Dhrono-3-dooxrgae| 0.003 | N.D | N.D | N.D Manganese 0.3 N.D | ND | ND
Trichloroethylene 0.03 N.D | ND | ND Turbidity 0.5 0.09 | 0.09 | 0.09

2} &0 BAR Al AFR ARG B EL(2008)
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Table 2.3. Reasons of not drinking tap water
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of the 4 major

of water pollutants

Table 2.4. The emissions

rivers(kg/day)
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Table 2.5. Whether legal regulations of the major water supply river
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FAYA D AL 7E S o AAA A ek o A F 7 AyE A E,
TS 1 Eo /M= FE, T, o301 AL R o sl wet 7HA]
b depdnh A4 HYE BAS o SAW et =3 o w A o)
521E+12 sei/m2 7b3 23 71 9 A3k (LI2E+12 sej/m'), %A (821E+11
sej/m’), 3 (3.23E+11 sej/m') =22 YEFY E9] 7Fx|o] 3k AZko] & g
= 55 % AdtH(Table 2.10). Z= ot Ao FxUdE EF oA FS H]
wake] Holw A& 68.14E+10 sej/m’, EHF 21.93E+10 sej/m (35X
33.76E+10 sej/m’, &4 2687E+10 sej/m’, 3+H 45 20.31E+10 sej/m’, 3+
2o #oke] 7K 450E+10 sej/m)= 0.2 e TH(Table 2.9).

Table 2.9. Distribution and emergy values of global water: storages.

average Emergy Transformity
wales o di repla.cement volume per (chem. potential)
time volume
(yrs) (10° ki) (sej/m) (sej/])
World ocean 3,278 1,370,000 = -
Saline“lakes 25 104 - -

Water vapor in-clouds 0.00015 0.08 1.75E+ 10 3.54E+03

Atmospheric vapor 0.026 14 1.77E+10 3.59E+03
Soil&subsoil water 0.77 67 1.08E+11 2.19E+04
Freshwater lakes 3 125 2.27E+11 4.59E+04
Biological water 0.05 2.1 244E+11 4.94E+04
Rivers and streams 0.04 1.2 3.23E+11 6.54E+04
Wetland water 1 11.5 8.21E+11 1.66E+05
Fresh groundwater 994 8,350 1.12E+12 2.27E+05
Polar ice and glaciers 16,000 29,000 5.21E+12 1.05E+06

Total freshwater resources 12,571 37,571 3.16E+12 6.39E+05
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AR B A Asg dnAgst AnE Y, 459
Aol ubek MgV B 1ES AAtetd Bad o v el BES @

T A deE dFE st Al&FQl Stock Island, Tampa Bay,
Dunedin®| A AAtE Zo] 7MIA]= B WA ZFS 27 679E+11 sej/m’,
22.6E+11 sej/m’, 188E+1l sej/moz A|3+E T2 e Al2H
(Gainesville : 14.6E+11 sej/m’), 3t 5E Y52 3= Al =8 (Tampa(Hills.
River) : 92E+11 sej/m'), £4TE 452 & A|=" (W P. Beach :
69E+11 sej/m)Ett & A2 Yeulth oA Wse g 3 (Stock
Island : 1.39E+06 sej/J; Tampa Bay : 457E+05 sej/], Dunedin : 3.80E+06
sej/]), A 3t4(Gainesville : 2.95E+05 sej/]), 8} (Tampa : 1.87E+05
sej/]), 224 (W. P. Beach : 1.39E+05'sej/]) S Y- = st Aoy o7
WEbs tH(Fig 2.7).

W P. Beach(Lake)

Tampa(Hills. River) =)
Gainesville(aw) |
Dunedin(RO) | e
Tampa Bay(RO) W
Stock Is.(RO)
L] L] L] i"‘r‘r
0 2E+12 4E+12 6E+12 8E+12 sej/m’

Fig. 2.7. Emergy of the public water supply alternatives evaluated
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40,009 embodied in rain
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Fig. 3.1. Emergy quality.chain used to calculate solar-transformity(Odum, 1938).

Y. Transformity

H A2 25 HA I Ak olg3 55 dAW 7= oy A
TH st A5 Z(hierarchy) & A3t Ay x| o] FE7F th2W o | A
o Aol tr=7] wZoll, d7FA o] oA A2 o] |7} ol

= Sl FAE7] fel AR tE FH ouA", S A" duXA
(embodied energy)= 3%Hilsto] ZA4etA €k WS xdste gAY
(potentia) = WA ol x| o]&3It},
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Emergy< 7+ ol =]l HAle el yqAlel g 2ol
st7] fls A Al=E el B YA RZTHY HAIAEE YEHU=
solar transformity 7} AF-& ¥ tH(Fig. 2.8). o] oux| 2ol A== o]l &
o] ol YA 1 joules WE7] f8A 2 - A o2 ARE HFAUA Fo
2 Aoxn, w9 solar emjoules per joule(sej/j)E FEIAHACTH
Transformity+= ANUA] AZF2E wef JAPstHA HApHqdoz F7h=m,
ANIA AFTE2W ANHA sFolvt Bfol thsh Ao AR o] gHdtt

10
J i Y
oules per Time e — “— e 1
(a)
Eenrgy Quantity
Solar Joules/Joules 10° 10° 10" 10°
(b)
° ® 0o o
o o [ ) o0 .
®e .o °0. ° o ‘
e ® [ J
ee® o ® o o

(c)
Fig. 3.2. 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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EmWon< emergyS 3o @9l 2 34ke Ao 2 AAZ A 9ato] &
2¥ % emergyot AALE 3pH7EX 9L RIS o] &&te] A4E
ol 7kAlx= <=t 7FA 7L oyt #otA HrmmA A

= emergy°ll 71Zx3% AAAA A 1A o]t}

ghoh(Fig. 2.9).
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Emergy/Money ratio = Total emergy flow
Money flow, GDP

Fig. 3.3. Emergy inputs used to evaluate the emergy/money ratio of the

national economy(Odum, 1996).
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Fig. 3.4. 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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Table 3.2. Tabular fermat for the typical emergy evaluation table

Data Unit Solar Transformity  Solar Emergy

No. Item I mRor5) (sej/unit) (sej/yr)

Emvalue

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

A WA Do 2t g9 AmEA ) o WA (emergy) AT S L1ENY 7]

F HA Dell= Bzt A" o el Y EH LR 2 A YT
8 AU YS 7Idstn AHALG = Fa-o gAY A4 oA, B4 ©
= s e & (J/yr, g/yr, Wyr S)& 7@k

v A doll = 7+ &d59] gl gl A W3 =(solar transformity)E 71 st=
g A AdeSAY 71Ee) A7E Sato] At & 5 vk ] FF-ell= o
™ 2] 3} # H] & (emergy-momey ratio, EMR)S 7] ] 3t}

CHAL RA Doll= Al HAl Eof AA Az vl HAl Eo] Bl A] M

(solar transformity) & #3te] AlMbE #& A&kt

N

A

==

,27,



AX WA dol= F2 ol YA B el ™ A (solar emergy)#k= ol H %] 3} 9
Al & (EMR)Z o] 72 4 3l

B7 S Al=dle] & ol mA S Frbsel = 72 5 v el M A (solar
emergy)# & Tlsto] & 5 Qlvh o] FAA Fod M2 FHo| ofF At
(double counting)< 33} oF$FtHOdum, 1996).

Al QoA e AddFAAA nkgta A= HEFAdAT} AFE
7tdsto] A7) ddo® Al ghe Ui F olHAZFS o] &8k B ol w A ¢
e ol ARtsHAl H= Aol whebA oldd A f-oll= oM A Fho] 7Hd 2 ol
A RE AdEsto] Ak

ro

Bl dlH A A A4F

oA FrFgA M T3 A S xR EAWE AlA"ES Blasta,

b

Purchased
Resources

J
[ Services
/_
Local Non- J
Renewable
Environfrental Ecohomic Y Yield

Systems Use

Energy
sources \>/

. —
\ J
Yield(Y) = REN+Fo e (D
PRenew. = R/IR+N+F) .o (2)

Emergy Yield Ratio(EYR) = Y/Ruccooiiviiiiiiiiaiinn, 3)

Environmental Loading Ratio(ELR) = (F+N)/R......(4)

Emergy Sustainability Index(EmSI) = EYR/ELR....(5)
Fig. 3.5. 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).
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Azdel FdsE AMAE B9 o ATBEA 0@ B4 AU e
2 ¢

emergy(R)¢F Al =8l W59 B yA U9 emergy(N), L2]al FAAR S =H

H FdEs A=, 471, 283 4% Azt €99 7l emergy(F)=
w35l emergy A EES ALEsO

(1) 9&A4 x4 H#&(% Renew.)

g Al FAE = AYA LY AA emergy 2 SAEAAMR), HH-
BHFAA(N) 283 AA Woemiy udgy wsks S F99 TAA(E)
9] emergy &Yield=R+N+F, (Eq. D] 2 AALE 11, o]% 37l o] A s+
emergy Hl &< A4H% Renew., (Eq-2)8ke]l A& =2 vebich

(2) Emergy A48 (Emergy Yield Ratio : EYR)

Emergy A4FA][Emergy. Yield Ratio, (Eq. 3)]+ Al="lo 2 HE AAkw
AAE o] 7FA= A A emergy ¥[Yield=R+N+F, (Eq. 1)]oll 4 A BlozZ g W
A3 w3tS Eo FYd FuiA DY emergy F(F)O & o] AlAkely, Ak
& (product) o] VFA = A S8 A o] 71| ek Al &Hl o] & 84S WUttt o] &
Eia=

(3) 37 3 3}& (Environmental Loading Ratio : ELR)

AA87 SEoA 71Qgh FAA did WFEAAAT iRk <]
AR &S 9n|sl= 34 531 [Environmental Loading Ratio, (Eq. 4)]&= W
FH AL 7 Fuf Rk 9] emergy ©] -8 FF(F+N)oll tidl 7829 emergy ©]
SFRISZ Uro] ALte, Alxde] Bk F, AAdegol digk g4 A
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(4) Emergy A 44 A 4(Emergy Sustainability Index : EmSI)

Emergy #A%4 A 9(Eq. 5+ emergy 4] (Eq. 3)¢} 374 53518 (Eq. 4)
o] v|2 A Ak X 59 gho] 1R Y #o X &Ado] A2 Ajxdoe|a 10K
o F Agols A EFAo] =2 Al="olr, 1o A 10AF0] 9] A f-ol & A &4 0]

s
R

Jl-}

=] 5 x|

1 O

ro
=

o,
o

A28

ol
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IV. a7+ 23

1. 357 45 AFAGA 29 A #4

b 48R 459 AU s

St Ao A s AT AL S Aol tik ol

A BIHEE Table 413 2tk 54 95 AFAA 2T G A &
o]
il

s

S5d 4o f9HA e 8657.3 kel ™, o] f9ol= 941E+20 sej/yre] %
7 FYEH ol V|FoR s HE g Ao duAHILEE 2.86E+04

sei/J& et

Table 4.1. Emergy evaluation of Nakdong River water

Energy Emergy Solar Emergy
Note Item Unit Data per unit Emergy per m3
(unit/yr) (sej/unit) (sej/yr) (sej)
RENEWABLE RESOURCES
1 Rainfall on river watershed J 1 3.08E+16 -3.05E+04 9.41E+20 1.38E+11

EMERGY PER UNIT OF NAKDONG RIVER WATER
2 River water m  6.84.E+09 1.38E+11 941E+20 1.38E+11
3 River water g 6.84E+15 1.38E+05 9.41E+20 1.38E+11

4 Chemical pot. Energy of river water J 3.30.E+16 2.86E+04 941E+20 1.38E+11

,31,



tho] o} 1

A H°
=

574 9% A4 299 A A

Y. ¢

Fig. 419} 2t}

tholo 1 e

2~ €l
=

A Al age] oy A] A

—
fite)

’

sho] A%

s

o rto 2

o

,32,



_88_

Concrete

Steel

Deoksan

Water Treatment Plant

Budget) < - _

Potable water <>_;

Citizen
of
Busan

&Nakdong River Water Treatment System

v

Fig. 4.1. Energy systems diagram of Nakdong River water treatment system.
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FA YA 2=gle] o WA HIFE= Table 4201 AAsA 957

A AR st FxE Aakstr] s FA T oM A
& 274E+20 sej/yrolal, FxE 1 B9

W o o] gate] ANE FRE o

FdH oA 22 1.06E+12 sej/m”™3 ©|
AWM 3 e = 2.14E+05 sej/Jo]t}.

i

Table 4.2. Emergy evaluation of Nakdong River water treatment system

Energy Emergy Solar Emergy
Note Item Unit Data per unit Emergy per m'
(unit/yr) (sej/unit) (sej/yr) (sej/m")
RENEWABLE RESOURCES
1 Raw water J 1.30E+15 2.86E+04  3.71E+19  1.43E+11
CONSTRUCTION
2 Plant
a. Concrete kg  1.22E+06 1.81E+09  2.22E+15  8.56E+06
b. Steel&iron kg  4.61E+05 6.79E+09 3.13E+15  1.21E+07
3 Construction costs won 1.92E+ 09 2.66E+09  5.09E+18 1.97E+ 10
OPERATION AND MAINTENANCE
4 Electricity J 3.89E+ 14 3.11E+05 1.21E+20 4.67E+11
5 Chemicals kg  1.30E+07 1.68E+12  2.18E+19  8.42E+10

6 Operation and maintenance costs won 3.35E+ 10 2.66E+ 09 8.92E+ 19 3.45E+11
EMERGY PER UNIT OF POTABLE WATER
7 Drinking water produced m 2.59E+ 08 1.06E+ 12 2.74E+ 20 1.06E+12

8 Drinking water produced J 1.28E+ 15 2.14E+ 05 2.74E+ 20 1.06E+12

,34,



S$Ed A AeAgrader AATFeAA)] 384 A7 1L30E+15
=l

J/yr HE FYEY ol Ed] ¥FHE WA =S 371E+19 sei/yre®E o=
S5t 94 AFAYgA Aoz fFUEE F oA FHe 135%0 &gt

= FFen A= Aol 510E+18
sej/yr(1.9%), Aol 2.32E+20 sej/yr(84.6%)2] odlH A= F<Qlsta glom

H
A719] o m A gFo] 1.21E+20 sej/yr(44.6%) 0.2 7} & vlSS AHA| 8t
A= Aoz yerstth(Fig. 4.2).

Construction,
5.10E+18,1.9%

Electricity,

Chemicals, 1.21E+20,
18E+19,7.9% 44.1%

Fig. 42. Composition of emergy mnputs to the Nakdong River water treatment system(se/r)
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Table 4.29] o™ F7}EE o] §38to] Table 433} o] F57d A5 AFA
g Al 28] oA 42 Abetdth AlzEy AAEIFSE Dol glo] of
2] T2k v & (EIR) 7 874 781 & (ELR)°] 6.39% § A 3tH, H7td Al2=Hl
o] ZAYE dotE F A AWALERE(EYR) 1160 oflvjA] A&

A5 01801t AAAAAY & e

A ) A 22

UF 2.7 =2 H|

e
ftlo
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v
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ol
(o,
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Table 4.3. Emergy indices for the Nakdong River water treatment system.

Short

Name of Index ! Quantity
expression

Total emergy used Y 2.74E+ 20
Reneable emergy flow R 3.71E+ 19
Nonrenewable emergy flow N 0.00E+ 00
Flow of imported emergy F 2.37E+ 20
Percent Renewable ‘Emergy 100*(R/Y) 14
Emergy Investment Ratio(EIR) F/(N+R) 6.39
Emergy Yield Ratio(EYR) Y/F 1.16
Environmental loading ratio(ELR) (N+F)/R 6.39
Emergy Sustainability Index(EmSI) EYR/ELR 0.18
Ratio of Emergy Benefit to the Purchaser(EBP) Emwon/won 2.70
2007 Em—-won value of potable water per m’ Emwon/m’ 398.24
Production costs of potable water per m’: won/m' 147.36

,36,



2. ¥ 45 AFAAANLHY W BA

o9 AE 459 quRsE

AAsAAGA FAH 5o thEk oW x| HrEE Table 443 #uh w7
285 kel 4.88E+20 sej/yre] A¢7F EAHOZ FUFH I 9]
2 J)FoR 99 959 JUAMAEE 333604 sej/J2 LhEb

juie)
do
12
)
ax
rlo
N}

Table 4.4. Emergy evaluation of Namgang Dam water

Energy Emergy Solar Emergy
Note Item Unit Data per_unit Emergy per m™3
(unit/yr) (sej/unit) (sej/yr) (sej)
RENEWABLE RESOURCES
1 Rainfall on Dam's drainage area J 1.60E+16 3.05E+04 488E+20 1.60E+11
EMERGY PER UNIT OF DAM WATER
2 Dam water g 3.04E+09 3.04E+09 9.24E+ 18 3.04E+09
3 Dam water m~3 3.04E+15 1.60E+05 4.88E+20 1.60E+11

4  Chemical pot. Energy of Dam water %) 1.47E+16 3.33E+04 4.88E+20 1.60E+11
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Fig. 4.3. Energy systems diagram of Namgang Dam water treatment system.
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Table 4.5. Emergy evaluation of Namgang Dam water treatment system

Energy Emergy Solar Emergy
Note Item Unit Data per unit Emergy per m'
(unit/yr) (sej/unit) (sejlyr) (sej/m")
RENEWABLE RESOURCES
1 Raw water J 1.14E+15 3.33E+ 04 3.81E+ 19 1.67E+11
CONSTRUCTION
2 Plant
a. Concrete kg  1.06E+06 1.81E+09 1.92E+ 15 8.44E+ 06
b. Steel&iron kg  5.20E+06 6.79E+.09 3.53E+ 16 1.55E+08
3 Construction costs won 2.37E+ 10 2.66E+09 6.31E+ 19 2.77TE+ 11
OPERATION AND MAINTENANCE
4 Electricity J 3.42E+ 14 3.11E+05 1.06E+ 20 4.67E+11
5 Chemicals kg  7.79E+ 06 1.68E+ 12 1.31E+ 19 5.74E+ 10

6 Operation and Maintenance costs won 3.18E+ 10 2.66E+ 09 8.46E+ 19 3.72E+11
EMERGY PER UNIT OF POTABLE WATER
7 Drinking water produced m 2.27E+08 1.34E+12 3.05E+ 20 1.34E+12

8 Drinking water produced J 1.12E+ 15 2.72E+ 05 3.05E+ 20 1.34E+12
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Table 4.6. Emergy indices for the Namgang Dam water treatment system.

Name of- Index Short. Quantity
expression

Total emergy 'used Y 3.05E+ 20
Reneable emergy flow R 3.81E+19
Nonrenewable emergy flow N 0.00E+00
Flow of imported emergy E 2.67E+20
Percent Renewable Emergy 100*(R/Y) 12.5
Emergy Investmernt Ratio(EIR) F/(N+R) 7.02
Emergy Yield Ratio(EYR) Y/F 1.14
Environmental loading ratio(EER) (N+F)/R 7.02
Emergy Sustainability Index(EmSI) EYR/ELR 0.16
Ratio of Emergy Benefit to the Purchaser(EBP) Emwon/won 2.07
2007 Em-won value of potable water per m’ Emwon/m' 504.44
Production costs of potable water per m’: won/m’ 244.16
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Table 4.7. Emergy evaluation of seawater desalination system

Energy Emergy Solar Emergy
Note Item Unit Data per unit Emergy per m'
(unit/yr) (sej/unit) (sej/yr) (sej/m")
RENEWABLE RESOURCES
1 Raw water J 3 = 3 -
CONSTRUCTION
2 Plant
a. Concrete kg  4.12E+05 1.81E+ 09 7A47E+14 5.05E+07
b. Steel&iron kg  3.59E+ 04 6.79E+ 09 2.44E+ 14 1.65E+ 07
3 Construction costs won  3.66E+ 09 2.66E+ 09 9.73E+ 18 6.58E+ 11
OPERATION AND MAINTENANCE
4 Electricity J 2:82E+14 3.11E+05 8.77E+ 19 5.93E+ 12
5 Chemicals kg  4.54E+05 1.68E+ 12 7.61E+17 5.15E+ 10

6 Operation and maintenance costs won 9.50E+ 09 2.66E+ 09 2.53E+ 19 1.71E+ 12
EMERGY PER UNIT OF POTABLE WATER
7 Drinking water produced m 1.48E+07 8.35E+ 12 1.23E+ 20 8.35E+ 12

8 Drinking water produced J 7.30E+13 1.69E+ 06 1.23E+ 20 8.35E+ 12
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Fig. 4.6. Composition of emergy inputs to the seawater desalination System(sei/yr)
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Table 4.8. Emergy indices for the seawater desalination system.

Name of Index Short. Quantity
expression

Total emergy used Y 1.23E+ 20
Reneable emergy flow R -
Nonrenewable emergy flow N -
Flow of imported emergy F 1.23E+ 20
Emergy Yield Ratio(EYR) Y/F 1.00
Ratio of Emergy Benefit to the Purchaser(EBP) Emwon/won 3.53
2007 Em-won value of potable water per m' Emwon/m’ 3,140.43
Production costs of potable water per m’: won/m’ 890.27
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Nakdong River
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Fig. 5.1. Emergy inputs in tap water each water treatment system.
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Table 51. Emergy .cost-benefit evaluation for the Nakdong River water treatment system.

Note Item Emgrgy Emvaluev
(sej/m’) (emwon/m’)
Emergy Benefit
1 Drinking water produced 1.06E+ 12 398
Emergy Costs
2 Construction
a. Plant
(DConcrete 8.56E+ 06 0.003
@Steel&iron 1.21E+ 07 0.005
b. Construction costs 1.97E+ 10 7
3 Operation and maintenance
a. Electricity 4.67E+11 176
b. Chemicals 8.42E+ 10 32
c. Operation and maintenance costs 3.45E+11 130
Total 9.16E+ 11 344
Emergy Benefit - Emergy Costs 1.43E+11 54

,50,
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Table 5.2. Emergy cost=benefit evaluation for the beiling water

Note Tt Emergy Emvalue
(sej/m") (emwon/m’)
Emergy Benefit
1 Drinking water produced 1.06E+12 3.98E+02
Emergy Costs
2 Nakdong River water treatment system
a. Concrete 8.56E+ 06 3.22E-03
b. Steel&iron 1.21E+07 4.55E-03
c. Construction costs 1.97E+ 10 7.40E+ 00
d. Electricity 4.67E+ 11 1.76E+02
e. Chemicals 8.42E+ 10 3.16E+01
f. Operation and maintenance-costs 3.45E+ 11 1.30E+ 02
3 Boiling water
a. Work required to boil water 2.97E+ 10 1.12E+01
b. Proportion of stove use for boiling 4.16E+ 11 1.56E+02
c. Proportion of pot use for boiling 1.01E+ 12 3.80E+02
d. Total materials required 1.62E+09 6.10E-01
e. Electricity required to boil water 1.39E+ 13 5.22E+03
f. Cost of electric power used for boiling 6.78E+ 12 2.55E+03
Total(emergy costs) 2.30E+ 13 8.66E+03
EmergyBenefit — EmergyCosts = -2.20E+13 -8,260

,51,



o 4EEE AFVIZ AN U A

FRES BoM @S F 9o v Al 2L w1 gL Table 539 AAsHth,
5% A% AFAUA 295} vwss] 9ske] o vx] WS LOGE+1Z sej/m

2 4B 95 AFAYA 2t BAA AgaAt dEF A5 4RA Y

=5
o,
=2,
DR
Y
[t
m
RS
:(x)L_‘,
(0]
o
ot
=
DO
(@)
(@)
Q
(L
N
AN
o
S
N
fr
it
v
>,
19
o
o
o
W)
19
i)

H] -89 2= -104,246 emwon/m' .2

offt
o
(o,
-
o
_1
R0
vk
>,
[
juii)
f
O
—
o
=
w2
(@)
(@)

emwon/m’'¢] H]g&o] F71E Qi)

Table 5.3. Emergy cost-benefit evaluation for the heme filter

Emergy Emvalue
Note #oad (sej/m’) (emwon/m’)
Emergy Benefit
1 Drinking water /produced 1.06E+ 12 398
Emergy Costs
2 Nakdong River water treatment system
a. Concrete 8.56E+ 06 0.003
b. Steel&iron 1.21E+ 07 0.005
c. Construction costs 1.97E+ 10 7
d. Electricity 4.67E+ 11 176
e. Chemicals 8.42E+10 32
f. Operation and maintenanee costs 345E+ 11 130
3 Home filter
a. Filter replacement & maintenance cost 2.29E+ 13 8,611
b. Purchase & installation cost 1.06E+ 14 39,824
c. Materials(filter casing & storage tank) 9.29E+ 11 349
d. Materials(filter replacements) 1.48E+ 14 55,516
e. Total 2.78.E+ 14 104,644
Emergy Benefit — Emergy Costs = -2.77E+ 14 -104,246
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Appendix A-1. Footnotes to Table 4.1.

Appendix

1

drainage area of Nakdong river:

drainage area of Nakdong river:

Annual rainfall on drainage area:

Annual rainfall on drainage area:
Rainfall on drainage area:
Chem.

rainfall:
Transformity:

Potential energy of

Annual flow of Nakdong

river(Jindong):
Emergy/volume of river water:

Annual flow of Nakdong
river(Jindong):
Annual mass of Nakdong

river(Jindong):
Emergy per mass of river water:

Avg. BODS of Nakdong
river(Namgi)
Conductivity of Nakdong

river(Namgi)
Total Dissloved Solid of. Nakdong

river(namgi)
Avg. Gibbs

Nakdong river(Namgi):

free energy of

Chem. Potential energy of
Nakdong river water
Transfomity(chem. pot.) of river

water

km'

mm/yr
m/yr
m'/yr
J/yr
sej/J
m'/yr
sej/m’
m/yr
g/yr
sej/g
mg/L
ppm
ppm

J/g

J/yr

sej/]

8.66.E+03

8.66.E+ 09
7.21.E+02

7.21.E-01
6.24.E+09
3.08.E+ 16

3.05.E+ 04

6.84.E+ 09

1.38.E+11

6.84.E+ 09

6.84.E+ 15

1.38.E+05

1.40.E+ 00

1.54.E+02

9.84.E+01

4.82.E+ 00

3.30.E+ 16

2.86.E+ 04

(3l

St R ZAFA B 2008, 5 B8 %4
)

(km)*[(1076 m')/km’]

(B Z2AA R, 2008, 5 E8) %
)

(mm/yr)/(m/10"3mm)]

(m)(m/yr)

(m'/yr)(10"6 g/m")(4.94 J/g)
chemical energy, rain on land
(= 2 AFA R 2008, 5 B3] &
)

(sej/yr from line 1) / (m'/yr)

(I EEAFA R, 2008, 5 23 F

A=}
-

(m'/yr)(10°6 g/m’)

(sej/yr from line 1) / (g/yr)
(2008, F+AHF A A ST EAY =75
AATF4)

[(8.33J/mol/K)(2Z%
+273.15K)/(18g/moD) J*In[(1076-
TDSinppm)/(965,000) ]

(J/2)(g/yr)

(sej/yr from line 1) / J/yr)

,57,



Appendix A-2. Footnotes

1

raw water,J

Avg. BOD5 of Nakdong
river(Maeri):

Conductivity of Nakdong
river:

Total Dissloved Solid of

Nakdong river:
Gibbs Free Energy(G):

water pumped per year:
Annual energy:

Transformity:

Plant

concrete, kg

Total mass of concrete:
Average useful life of
plant:

Total concrete:

Emergy per mass of

concrete:

steel & iron, kg

Total mass of steel & iron:
Average useful life of
plant:

Total steel & iron:

Emergy per mass ‘of steel:

construction costs:
intake facility:

water treatment facility:
Total construction costs:
Average useful life of

plant:

construction costs per

year:
Emergy per money ratio in
2007:

to Table 4.2.
mg/L 3
ppm 220
ppm 141
J/g 4.81
m'/yr 2.70.E+ 08
J/yr 1.30.E+ 15
sej/J 28,554
kg 6.12E+ 07
yr 50
kg/yr 1.22E+ 06
sej/kg 1.81E+09
kg 2.30E+ 07
yr 20
kg/yr 1.15E+ 06
sej/kg 6.79E+ 09
won 2.96.E+10
won 6.62.E+ 10
won 9.58.E+ 10
yr 5.00.E+01
won/yr 1.92.E+ 09
sej/won 2.66.E+09

,58,

(2008 F B A AR Faksg A A=
)

AR

[(8.33]J/mol/C)H(2 =
+273.15K)/(18g/mole) |*In[(10"6-T

DS)/9650001
(200873458 71,2009, 37 7-)

(J/2)(10"6g/m)(m’'/yr)
(Table 11)

assumed

(kg)/(useful plant. life)

simomcini(2006)

assumed

life)
(Broown and. Buranakarn,2003)

(kg)/(useful plant

(PAL A 5 AL )
(AL A 5 AL )
21(2010)



Electricity, J

Total electricity in to plant: kWh/yr 1.08E+ 08 (20084 F =B A A B F- A g A A A 4=
EAMG )

Total annual energy used: J/yr 3.89E+ 14 (kWh/yr)(3.6%x10%6 J/kWh)

Transformity: sej/J 3.11E+05 (Brown and Ulgiati, 2004)

Chemicals, kg

Total weight of all  kg/yr 1.30E+ 07 (F-AFF A A= AL H 5L
chemicals used:
Emergy per weight: sej/kg 1.68E+ 12 assumed the same as limestone or

coal (Odum, 1996; p.310)

Operation and Maintenance

costs:

maintenance cost: won/yr 2.53.E+10 (FARF A ST EALG B
The costs of purchasing won/yr 5.65.E+ 09 (FAEF A ST EA G 25
electricity:

The costs of purchasing ~won/yr 2.56.E+ 09 (FAF A G TFEA G =)
chemicals:

Total won spent for won/yr 3.35.E+ 10

Service

Emergy per money ratio in sej/won 2.66.E+09 21(2010)

2007:

DrinkingWaterProduced,m’

Total emergy of drinking sej/yr 2.T4E+ 20 (sum of items 1 to 7)
water(Y):

Water to the distribution = mi/yr 2.59E+ 08 (20084 F=SAl A B FAaFg Al A 4=
system: ARG )

Emergy per ‘“volume of sej/m 1.06E+ 12 (sej/yr)/(m'/yr)

drinking water:

Drinking water produced, J

Water to the distribution m'/yr 2.59E+08 (2008 AFETAAR, FabFA
system: AT EAYG 5

Total energy of water: J/yr 1.28E+ 15 (m'/yr)(4.94)/g)(1E6g/m’)
Total emergy of drinking sej/yr 2.74E+ 20 (sum of items 1 to 7)
water(Y):

Transformity of drinking sej/J 2.14E+ 05 (sej/yr) / J/yr)

water:

,59,



Appendix A-3. Footnotes to Table 4.4.

1

Dam's drainage area:

Annual rainfall on drainage

area:

Rainfall on drainage area:

Chem.

rainfall:
Transformity:

Potential energy  of

pa

Annual flow of Dam water:

Emergy per volume of Dam

water:

Annual flow of Dam water:
Annual mass of Dam water:

Emergy per mass  of Dam

water:

Avg. BOD5 of Namgang Dam:
Conductivity, of Namgang Dam:

Total Dissloved Solid of

Namgang Dam:
Avg. Gibbs free energy of-Dam

water:

Chem. Potential energy of Dam

water
Transfomity(chem. pot.) of Dam

water

km”™2
m”~2

mm/yr

m/yr
m”~3/yr
J/yr

sej/J

m"3/s
m*3/yr

sej/m~3

m™3/yr
g/yr
sei/g

mg/L
ppm
ppm

J/g

J/yr

sej/]

2285
2.29E+ 09
1416

1.416
3.24E+ 09
1.60E+ 16

3.05E+ 04

9.64E+01
3.04E+ 09
1.60E+ 11

3.04E+ 09
3.0E+ 15
1.6E+05

1.00
131.78
84.34

4.82

1.47E+ 16

33267

(=2 LFAD
(km”2)(10"3 m/km)"2

(@A B A

(mm/yr)(m/10"3 mm)

(m"*3)(m/yr)

(m"*3/yr)(10"6 g/m”~3)(4.94
J/g)

chemical energy, rain on

land(Table 9)

(sej/yr from line 1) / (m"3/yr)

(m"3/yr)(1 E6 g/m"3)
(sej/yr from line 1) / (g/yr)

[(8.33 J/mol/K)(20+ 293.15
K)/(18 g/mol) ]#In[(1 E6 - TDS

in ppm)/(965,000)]
(g/yr)J/g)

(sej/yr from line 1) / J/yr)
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Appendix A-4. Footnotes to Table 4.5.

1 raw water, J
Avg. BOD5 of Namgang Dam: mg/L 1.0 (BAFG AN AT EALY BB
Conductivity of Namgang Dam: ppm 132

Total  Dissloved Solid of ppm 84

Namgang Dam:

Avg. Gibbs free energy of J/g 4.82 [(8.33]J]/mol/C)H)(e X%
Dam water: +273.15K)/(18g/mole) 1*In[ (1076~
TDS)/965000]
water pumped per year: m/yr 2.37.E+08 (assumed)
Annual energy: J/yr 1.14.E+15 (J/g)(10"6g/m’ )(m'/yr)
Transformity: sej/] 3.33.E+04  (Dam water)
2 Plant
a. concrete
Total mass of concrete: kg 6.12E+ 07
Average useful life of plant: vr 50 assumed
concrete per year: kg/yr 1.22E+06  (kg)/(useful plant life)

Emergy per mass of-concrete: sej/kg  1.81E+09 simomcini(2006)

b. steel & iron

Total mass of steel & .iron: kg 2.60E+ 08
Average useful life of plant: yr 20 assumed
steel & iron per year: kg/yr 1.30E+ 07 (kg)/(useful plant life)
Emergy per mass of steel: sej/kg  6.79E+09  (Broown and Buranakarn,2003)
3 construction costs
intake facility: won 1.12.E+12 (assumed)
water treatment facility: won 6.62.E+ 10 (FAFFAA LT EZAIG 5
Total construction costs: won 1.19.E+12
Average useful life of.plant: yr 5.00.E+01
construction costs per year: won/y 2.37.E+10
r
Emergy per money ratio in-.sej/wo 2.66.E+09- 2(2010)
2007: n

4 Electricity, J

Total electricity in to plant: kWh/y 9.50E+07 (assumed)

r
Total annual energy used: J/yr 3.42E+14  (kWh/yr)(3.6%10"6 J/kWh)
Transformity: sej/] 3.11E+ 05 (Brown and Ulgiati, 2004)
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Chemicals, kg
Total weight of all chemicals kg/yr 7.79E+ 06 (assumed)

used:
Emergy per weight: sej/kg  1.68E+12 assumed the same as limestone

or coal (Odum, 1996; p.310)
Operation and  Maintenance
costs:

maintenance cost: won/y 2.53.E+10 (assuned)

The  costs of purchasing won/y 4.97.E+09 (assuned)

electricity: r

The costs of purchasing won/y 1.54.E+09 (assuned)
chemicals: r

Total won spent for Service won/y 3.18.E+10

Emergy per money ratio in sej/wo 2.66.E+09 (2010)
2007: sl

DrinkingWaterProduced,m’
Total emergy .“of drinking sej/yr  3.05E+ 20

water(Y):

Water to the distribution..+m'/yr 2.27E+ 08 (assumed)
system:

Emergy per volume of drinking sej/m’  1.34E+12 = (sej/yr)/(m'/yr)

water:

Drinking water produced, J

Water to ' the ° distribution m'/yr 2.27E+08 (2008 TS ANR, HAFA
system: A EAFYET)

Total energy “of water: Iyr 1.12E+15  (m'/yr)(4.94]/g)(1E6g/m’)

Total emergy. of . drinking sej/yr 8.05E+20 (sumvof items 1 to 10)

water(Y):

Transformity of drinking wateri=" sej/J 2.72E+ 05 (sejlyr) '/ (J/yr)
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Appendix A-5. Footnotes to Table 4.7.

1

Seawater
Total

seawater:
Gibbs Free Energy(G):

Dissloved Solid of

water pumped per year:
Annual energy:
Transformity:

Plant

concrete, kg

Total mass of concrete:
Average useful life of plant:
Total concrete:

Emergy per mass of concrete:

steel & iron, kg

Total mass of steel &“iron:
Average useful life"of plant:
Total steel & iron:

Emergy per mass of steel:

construction costs:

Total construction costs:
Average useful life of plant:
construction costs per year:

Emergy per money ratio. in
2007:
Electricity, J

Electricity per m”™3:

Production capacity:
Operation rate:

Water to the distribution

system:

Total electricity in to plant:
Total annual energy used:
Transformity:

ppm

J/g

m/yr
J/yr
sej/J

kg

yr
kg/yr
sej/kg

kg

yr
kg/yr
sej/kg

won
yr
won/yr
sej/won

kWh/m”
m”3/day
m”3/yr
kWh/yr

J/yr
sej/J

,63,

35,000
0.00

3.70.E+ 07
0.00.E+ 00

2.06E+07
50

4.12E+ 05
1.81E+09

1.80E+ 06
20

8.98E+ 04
6.79E+ 09

1.83.E+ 11
5.00.E+01
3.66.E+ 09
2.66.E+ 09

5:3

45000
0.9
1.48E+ 07

7.83E+ 07
2.82E+ 14
3.11E+05

[(8.33]/mol/C)(2 %
+273.15K)/(18g/mole) ]*In[(1
0"6-TDS)/965000]

(3] 4= &40%,7V5 E90%)
J/2)(10"6g/m)(m'/yr)

assumed
(kg)/(useful plant life)
simomcini(2006)

assumed
(kg)/(useful plant life)
(Broown and

Buranakarn,2003)

¢1(2010)

(m”3/day)(operation
rate)(365 day/yr)
(kWh/m”~3)(m"3/yr)
(kWh/yr)(3.6%10"6 J/kWh)
(Brown and Ulgiati, 2004)



Chemicals, kg

Total weight of all chemicals
used:

Emergy per weight:

Operation and Maintenance
costs:

maintenance cost:

labor cost:

The costs of filter:

The costs of purchasing
electricity:

The costs of purchasing
chemicals:

Total won spent for Service
Emergy per money ratio in
2007:

DrinkingWaterProduced, m’

Total emergy of drinking
water(Y):

Production capacity:

Operation rate:

Water to the distribution
system:

Emergy per volume of drinking

water:

Drinking water produced, J
Water to the distribution
system:

Total energy of water:

Total emergy of drinking
water(Y):

Transformity of drinking water:

kg/yr

sej/kg

won/yr
won/yr
won/yr
won/yr

won/yr

won/yr
sej/won

sej/yr
m”3/day
m”3/yr

sej/m'

m”3/yr

Jlyr
sej/yr

sej/J

4.54E+ 05

1.68E+12

1.83.E+ 09
7.40.E+07
7.99.E+ 05
6.57.E+ 09

1.03.E+ 09

9.50.E+ 09
2.66.E+ 09

1.23E+ 20

45000
0.9
1.48E+ 07

8.35E+ 12

1.48E+ 07

7. 30EE 18
1.23E+20

1.69E+ 06

assumed  the same  as
limestone or coal (Odum,
1996; p.310)

¢1(2010)

(sum of“items 1 to 6)

(m”3/day)(operation

rate)(365 day/yr)
(sej/yr)/(m'/yr)

(line 7)

(m/yr)(4.94]/2)(1E6g/m’)
(sum of items 1 to 6)

(sej/yr) / (J/yr)
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Appendix B-1. Footnotes to Table 5.2.

2

Work required to boil water, J

Daily human kcal reqd. for boiling water:
Annual human J regd. for boiling water:

Emergy per person per year in Korea:
Avg. metabolic energy per cap:
Transformity(metabolic energy):

Proportion of electric ranger(stove) use for

boiling water, $

Avg. purchase price of an electric stove:

Stove use just for boiling water:
Average replacement time:
Annual cost:

Proportion of pot use for boiling, $
Purchase price of boiling pot:

Stove use just for boiling water:
Average replacement time:

annual cost:

Total materials required, g

Weight of stove:

Average replacement time of stove:
(a)Annual weight of stove:

Weight of boiling pot:

Average replacement time of pot:
(b)Annual weight of pot:

Total weight of all replaced filters/yr:
Emrgy per mass of steel:

Electric required to boil 2 L of wwater in the

electric ranger(stove), J
Avg. power reqd.for one element(coil):
Avg. heating time before boiling:

Boiling time reqd. to kill all.. pathogens:
Total time fo required to burn the-gas:

Energy reqd. to boil:
Transformity:

Money paid for the electric power used for

boiling water, won
Avg. cost per m™3
Avg. cost per kW
Total electric power used per year:
Gas used per minute in avg. stove:

kcal/day
J/yr
sej/cap/yr
J/cap/yr
sej/J

won
won

yr
won/yr

won
won

yr
won/yr

kg

Y
kg/yr
kg

yr
kg/yr
kg/yr
sej/kg

kW
min/day
min/day
min/day
Jlyr
sej/J

won/m”3
won/kKW-hr
kW-hr/yr
won/yr

4.2
6387.5
5.88E+ 16
4.58E+09
1.28E+ 07

54000
4320
10
432

15000
10500
10
1050

ar/

10

0.57

0.9

10

0.09

0.66
6.79E+ 09

0.4

6

10

16
1.43.E+08
2.68.E+ 05

709.24
177.31
40
7040

A7h22)
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Appendix B-2. Footnotes to Table 5.3.

2

Filter replacement &  maintenance,

won
Annual filter replacement costs:
Emergy per dollar ratio:

Purchase & installation, won
retail purchase & installation:
Average replacement time:
Annual cost:

Emergy per won ratio:

Materials(filter casing & storage
tank), J

Total weight of unit:

Average replacement time:
Annualized material weight:

Annualized material :
Emergy per weight:

Materials(filter replacements), g
a)sediment /& pre -carbon filters
replaced:

b) RO filter replaced:

c ) post carbon filter replaced:

d) seramic filter replaced:

Sum of filters replaced/yr:

Avg. weight per filter:

Total weight of all replaced
filters/yr:

Emergy per weight:

won/yr
sej/won

won
yr
won/yr
sej/won

yr
g/yr
J/kg
Jlyr

sej/J

units/yr

units/yr
units/yr
g/unit
g/yr

sej/g

17600
2.66E+ 09

814000
10

81400
2.66E+ 09

5700

10

570
30000000
17160000
1.11E+ 05

1
0.67
0.5
4.2
600
2500

1. 27+ TNl

assumed

assumed

(assume the same as
Plastics)

1 filters per 6 months

1 filters per 12 months
1 filters per 18 months
1 filters per 24 months
(a+D)

Estimated

(total  units/yr)(g/unit)

(assume the same as
silk; Odum, 1996; p.311)

,66,
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