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1. Project Title/Subtitle

Assessing Water-Energy-Environment Nexus for Water Loss Control in Urban Water System

2. Research Period
2020. 5. 1 ~ 2020. 12. 31

3. of Research

This study aims to achieve an optimal water loss management strategy by applying
System Dynamics (SD) model to build a water-energy-environment Nexus model for Urban
Water System (UWS) and analyzing the resource consumption and transfer between water,

energy, and environment sector. The detailed research objectives were established:

o (review) Literature review of Nexus application and case studies

0 (evaluation) Reviewing the recent Nexus application of existing methodologies and
analytical approaches for analysis of UWS

0 (model development & analysis) Building and analyzing water-energy-environment Nexus

models UWS

4. Content, Scope and Method of Research
&)
- Literature review on Nexus application methology, spatial scale, and study objective
- Nexus level: water, energy, food, land use, climate, ecosystem
- Methodology: disciplinary, analysis approach, SW, tool, model
- Spatial scale: global level, transboundary level, national level, regional level, city level,
household level

- Research objective: understanding, governing, implementing

(2) Evaluation of existing methologies
- Selecting an appropriate methodology by evaluating social, economy, environmental,

system analysis, statistics, physical model and integrated model

Social science: Questionnaire survey, ontology engineering, etc.

Economy: input output analysis, computable general equilibrium model, econometric

model, etc.

Environment management: Benefit-cost analysis, life cycle assessment, etc.

- System analysis: System dynamics model



- Statistics: Statistical application

- Physical model: Physical modeling

(3) Model development & analysis
- The optimal water loss management strategy by proportion of water leakage rate and
component (real loss, apparent loss) urban water supply system is derived with

water, energy, environment indices and applying multiple scenarios

5. Research Results

(1) Review on Nexus applications
Nexus represents interconnections and interdependencies among sectors such as water, energy,
food, land wuse, climate, and the environment, and these interdependencies have recently
attracted much attention from academia and policy-makers. This enables more reasonable

decision-making considering synergies and trade-offs between various sectors.

Nexus of on

food, land wuse, climate, ecosystem), methodology (disciplinary, system analysis, SW, tools,
model-based), spatial scales (global, transboundary, regional, city level, household level) and
objectives of study (understanding, governing, implementing). Among them, water acts as a
main component of water-energy Nexus, water-energy-environment Nexus, water-energy-food
Nexus, and water-energy-land use-climate Nexus. In addition, Nexus studies analyze macro
consumption, correlation, and movement of resources is suggested in global, transboundary,

in micro city and are to

support in policy analysis and strategies.

(2) Evaluation of existing methologies
Nexus is widely applied in various sectors like social sector (Questionnaire survey, ontology
engineering), economy sector (input output analysis, computable general equilibrium model,
econometric model) environment sector (Benefit-cost analysis, life cycle assessment), system
sector (system dynamics model), statistics sector (statistical application). Although various
methodologies and systems are applied to Nexus research depending on the advantages of
each methodology, but it is limited to present integrated analysis in the Nexus perspective.
In this study, system dynamics is selected use to shape context based on its concepts and
dynamics, considering the objectives, scope, data availability, and correlation of urban water

systems.

(3) Model development & analysis

The water-energy-environment Nexus model for the analysis of urban water systems for the

-V -



establishment of water loss management strategies was developed including the existing urban

water system dynamics model and the process of high energy intensity in water circulation.
and are as total

and carbon footprint in order to quantify the movement and consumption of resources on

each sectors.

Using the developed model, 12 scenario were applied by considering the status of three urban
energy intensities and four water loss conditions. As a result, it was shown that high water
loss-high nominal loss was a priority for the establishment and application of water loss
management strategies, but from the Nexus perspective, high water loss-low nominal loss
should be considered first. In addition, water supply operators are needed to analyze the city’s
unit water supply energy intensity for sustainable urban water systems in advance for water

loss management strategies.

In the scenario of high water loss-low nominal loss ratio of high urban energy intensity (S3-1),
the of a the urban water

resulted in a reduction of 27%, 22%, and 22%, respectively. During the entire urban water
circulation process, water footprint in water abstraction, water treatment, water distribution,
total energy usage, and carbon footprint decreased significantly by 28%, and a slight increase

occurred during the end use, wastewater treatment, and discharge process.

This urban water system water-energy-environment Nexus model allows quantitative analysis
of the and of and the environment,
and is expected to enable water conservation strategies for sustainable urban water circulation

systems.
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A1Fd AE

1.1 A7+ W73

A AAEe Aw 34 AT S7L =AI8E A 9" W, 7)$Hs, A dAs sos
Azt &, AqUA, A=, EA, @ A ro 2 7] 2HHT Itk sy EAE
ol @A e He FH RELS U WHoR M2 YIS vXY U ALE 7w
o= a1, ASAAA NE o HFEE AR Ado g 877 AKHoE FUt
shal ue Zoln. AR A&rbede BAs s AEdd & =, oA,
Ao A ZE] Y3 Az oW Fasiy, 2E 7 A5g BAMo] shse v

o
=

H(nexus approach)& olol & Zojth ¥MAx HIHS M2 & FXE 7k
HEZLF 45 28S AFgsista H7 £-0]3la (Brandi et al., 2013; Weitz et al.,
AE Wge fewog Y E=R

o
2
i)
o
o
N
(o
i
Ac)
2
ko
o
&
o
fru
it
oo
i
4>
X0
2

2030 ofAT gAdS 9 170 A& Jbs JNd&E3E (Sustainable Development Goals,
SDGs) = MY Ex= &, A, oduyA FE3 AHgHo=Z #Ho] tt (UN, 2015). ©]
oF 22 SDGs @A4< 3l AsaA 4o ddolgts He A & u, [29F 1. 1]
Mot 2ol &, AU, A, BEX, B 4 PM 27 SDGs oS A T dge &

2ol
% 9 Ze Aysi.

(21 1. 1] A S-oAdA - ML Fgets A SHEs Ald, =804 2 719

=4 . Chang et al. (2016)



29 2, oUA, 43, EX, A Aol A MRH o

2 3
o wo ulxa A &lAl < A qUAE ALHE
7o 718 AAE FA&t AEE 3 B4 40y, B B vFEHQA Bl
o ¥ oolYgl gE Roko & FAE oFr] doh o9} Z2 ¥l HEWS AY

977 g 9Hyg HIH Fz3e EgEAT(ntegrated Water Resource
Management, [WRM)ol| A e~

©orr & Ae

lOﬂPlﬂrzéi

I

I do
e
kY

A GAM2e 7 BE 1o BAE AFstele HEHJ WHE EASY, EE A3
g3 & Ae T R HEHE 24 o]t Endo et al., 2015; Liu et al,
2017). Y=o Ast 2 Hrt B3 EELS HAHOE AAFHT JQoy, FAFA 9

AARE 9T 7‘“‘“1]% A7 Avk =3, WA =l l"‘irﬁoﬂ M2 oEe d32 8
&2 71§ dHolErt AFAQ Aoty dALA, AGHS, Rl A3 SOo2REH =59
TEFGe] A5 dAz F40 A Az, dA ALKAA MM Tled dAFA
Zleo] g dxx kY A BAE AFssted 7l & Zle® JdH U
a2 FHolA AR G RE(EFEA)Y 245, 718 Y #AS ¥y
HAYFo] Aae WA sk Scott, 2017, Weitz et al., 2017), 7]&2] 123 = AR
713 Fx, 899 F&E 76 AF g AR A2 H o] oy dAHoln. T o
HE Y B =7 @] AAA(macro scale) B4 53 A AAHOT TA
o]} WMo YA~ A AFE BA @oH, BA B AlxFH g dFe B
g AAolth

1.2 947 53

B A= Al2® go]y] ~(System Dynamics, SD) WS A &3t =A] B3 A~
gl (Urban Water System, UWS)e] E-UA-874 YAM2= D& 7Estal, &4 3
e w2 Ade ARSFF P dxx BE IF ol TS 43t HAHY EE&A A
e EEte AS HH0=2 st olF 3 e 22 AlF A7 HXE Yt

.
o (g A GFR AE 7Eel G WAx BY A AE

o (@) F1Ze] S BopolA waw Wi BA A
AE 9 54 Bed Azd 26 4
o (mE AR 9 BA) A BE8 Azue] E-olux-87 Uhs wE g 9 2

24 el Adel oo mE WAz 2



1.3 d7UE % HHY

L2- A AAE AT FF

el el 2ok

rir

)
i
__[_;
[-'O
-
=
ofo
ye

A EHo e 71Ee YA

i

(A& Ate) A2 B9, J& HHE, Agd =AY,

A AHE AES

- Nexus W9l &, olUA|, A&, EAo]E, 715, YEA

- & WHE: gh(disciplinary), ¥4 *H(analysis approach), S/W, &, 23

- YA 2AY: A AA H9(global leveD, th=7} 7+ ¥ 9l (transboundary level), =
7} W <9l(national level), A< wW<l(regional level), =A H<$(city
leveD), 714 = ¢l(household level)

- B4 52 o]d(understanding), W3F #|Al(governing), A 2 A Al(implementing)

(B AT, AA, BABY, Ax" B, B4, 294 24 2 5% 29
2l 7

22 g elal A TPIRS ®obete] & ATl A9d ®HUpINE =

1=

3}

ey

e

o

- A}3] 348} Questionnaire survey, ontology engineering ‘s
74 A): input output analysis, computable general equilibrium model, econometric

model &
- 373 #2]: Benefit-cost analysis, life cycle assessment -&
B 2. System dynamics model
- 7). Statistical application
=

2]2] =4 Physical modeling

(Rd 7% 9 B 24 BFF A2 FEE L TS, §EED
g Ao Bea Bl AT 5230, olg sl B, AuA, 84 AENA, A
GJelo®d % 9As RE 7 O|FF 4HS ST



A2 A& EE

21 YA 2 AHE A
211 N2 Am D A

a2z Mde AFAet AL fopol| whel thekdt ouE AR EHH, WA 2~E A Y3}
A ¥ A2~ AF(NEXUS thinking)oll thsf]l A8 "ok ot

71Ee &, AduA, A%, BEX, 2 &4 ZoF AddAy JAEA S AT Zgdeas A
THoR REEE Sy AIEAe FAsigen, FEAAEY Tt HA skt ol
= T A Apelo] Hatet #AE A JE A g BRE ofuet Ao gl 2EF
25 HZ 5 AT (Pittock et al, 2013). & d= &, odA, 4 ok 1HE AYS
oj=ahA @2 AIE 2HYsta =, YA, AF A AEFS STHNA AAE A
713 A& 7k dAe & Wl a4 E Z8s5l7] = ok (Bizikova et al., 2013).

ol TS SHSHY] flal 4 FE e dH #A 2 FIoEdes Feta, ols)#
k7] YA 53 BRAM THHoE E4E Heodo] dFEdY. Hitsts A"
% % 2F e Ad Fo 7 Sl thuley] AsiA 2u Az da IAF7 =,
AdA], A=, EA, 3 &7 A=" A7t das™ (Liu et al, 2017), F+2 < A A <t
oAb A AL EFEA dA2E BE Y ALY olF e AFSIL Jhsdte, o
G Al A AAHol o] F F A Tt

oje} Z2 M ze] F9 HAL HAAALY 1@ glo] ALV T JNEE olF= Aol
M, olH3 FHL FH 22 AW =& TAHLE AETFSAS AAS= AolA Al
SHATE ol % oA Fa® F7FE s AUA FEZel tid A4 AnFHAeH, HA
A JIRE 4 HAo

o]= “The Limits to Growth“ XA (Meadows, 1972)o) 4 Al
A, L9 A BIFsS A ALY FE2ES oS3

ot

olF FI=EANA =, oA, HF, EA B FF Fa i Fsddde asilen,
A Fh=dde dUAGEYH B} AFERN sl B & wE d3E BF
el A =7t AFHIL ek oA F FHERE =(FAdE M 242 NF
il AR} A e & AR HFEte] BAEH(FAO, 2014), 7+ QAES W)



2 RRolit 7%e AL FuE sk o We $He
A A o] tH(Hoff, 2011).

2 A7]ES FEN ARdade @i d7EA @den 2011d EolA JHHE
‘The Water, Energy, and Food Security Nexus Solutions for the Green Economy’® 4 A
2 T3l A g SAsA T Bl JMEHE StEe E-duA-A#E dXEE FA4 A

l

F-ANA 1 sHA sFH L, Nexus 2014: Water, Food, Climate & Energy &+3]o A A A
T EE o] AHH R Fs2agste ©dd 5 AlxHol Z[EZHQ] VHXEo] F =2
H, A9, g7 2 A FEA AI2H AAE thFojok I Hell FY7F o] FoH
t} (Dodds & Bartram, 2014).
ole} e AAHS FI oy AFAES AR O BR Hazs 3d == 4 2EE
FAAAAE AEFEer] o B4 HIWH ARHAA YA =E oo} o] A
=3

o YM2es E, olUA, A% FE P d34H AsYgEAS UEUY, ol8d Fs

o] &=L o A AYAHASNA B BS w5 (Hassan et al., 2018)

o B-oUR-AF WAst Al Bof 2 A5 AL BASY] %o 2 Hop
MAE AR AUA EHE e Mg Has A7DA e wde e
(Hoff , 2011

o YX2As= A2 Y AMZ2 gE BE (B AH) 19
and Webber, 2012)
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a2 9.

1] -oUA-Al% Jeddd #1

=

=

Water
-Giroundwater
-Spring water
-Surface water

“Water withdrawal
-Heating water

A. Encrgy for water

A : Liu et al. (2017)

-Transporting water (virtual water)
/

B. Water for energy
-Hydroelectric power
~Thermoelectric gencration
Power plant cooling
-Fracking

Energy
=Gieathermal
-Micro-hydro
-Shale gas

C. Water for food
-Agricultural irmigation
-Rainwater harvesting
-Water footprint

Human Well-being
Global Su

Human Environmental Security

o= 92,

— a

E—-

Food
=Fishery production
=Aquaculture production
-Agriculiural production

E. Energy for food
Food production
-Food transport
Groundwater pumping

A —— D
I, Fouod for water
-Biofucl

2] 2-oUR-AF oAy #2

=A] : Liu et al. (2017)




(2= 2. 3] AA-S-olUR -2 F=dAd

%% : Biggs et al. (2015)

0
for

(2= 2. 4] 2-ol9AI-AF YL z gy

E4] : World Economic Forum (2011)
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q :
Rasul (2012)
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Z] @ Flammini et al. (2014)

(2™ 2. 8] AE et -olHAl-A YL mdyd=

%% : Biggs et al. (2015)
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214 YA X H71 A&

drzel 8 HHL 212804 AHE &, duA] 59 A9 olF E EE4
Mt Zlolw o] & AE3elr] 3 AdE A
S(water indexZ+ [E 2. 219} [298 2. 9] yephdn} )|
intensity), 7}d<r(virtual water), @ =AF=(water footprint)e] d&] &&=
AEAE = &9 AUAE FAs] 93] ALHE 59 Hm/MWhS 2v)sim,
= iz BHAA Y E 4HF, O83 ERAES JPEFet AnRe Al FEskr] 9l

o
LM
rlo |
il
-0
T
K >
2
=4
D
=

olfo] Wad o Fe FF AW WHIINY B AWFL ondT & AN
ANE B QEAE @ B @A ghe (29 2 1009 (29 2. 11 veht o

(23 2. 9] 74t & YWAb= ALt 1
=X] : Velazquez et al. (2011)

[ 2. 2] & A4&EH Ao U EAN

x| do| A
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M
(=]

CIHIANEl= TRl OHXIE ZTSHZ| 5] At
m’/MWho| CtQ2 HE7|

|
=
of
- SEUHA0M 2 QHAIEE WZAIYAN ABE 2o %It auTo
=
A
T
X

Ol
m
rir
Mo
10
09
njo
lo
=]
Ot

= QIEIAE|

(Water intensity) | - =ZHETA0M F QHAIE|= =0| AFEEX| ¥ HElZ AXEZ M=
oM Lo ZE A LHE
- 5 FE0IM dALE OHM o X[Ql Ho|RQEE MEeXel WHEC B
2 TS AFE
e - JHd e A™E dUStEH 52 A XN AHEE= 22 FO
(Virtual water) | - 7t AAXE 2HEHOM2] 71 E
— - & g2A=E 7t 21 HE0 AH[XA HEE=O AMHEEl= 7t
= exh? —
Xl =gt

(Water footprint)
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[ 2. 10] oY A] A4t =AM AE Z QIEIAIE
=& : Lamberton et al. (2010); Desai (2013)

£X*] : Mekonnen & Hoekstra (2010)
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o117

kWh/m»)<& or]st=

Aeze [ 20 3AM A¥dutet 2o =

THAAM AHEEHE B9 AV

oA <lEl A El(energy intensity)7} d2l &= ow, T Fk

s [29¥ 2. 12], [28 2. 1319 YERG bR} o)

(% 2. 3] olUx] K5 Ao X =4

X+

a E
Ho| 4 EX

O L{x| QIEA|E]
(Energy intensity)

o
OlLfX] QHAIE[E & S80M AH8E= Tl ©7 A8™E 2ot
1 chel= kWh/m?

HIESH 4o & S52 USH YMENH § B2 oUX AE&0] 2
23t

Aot+5 B2 AT 4% UHX MEF2 HisS(aquifer2l 0|, F
=g, 3Zo| FF S0 et Jo

=& O H-s5 P80 EoY HuUXE:2 XEY 59 % g o=
gt 540 s Ben, oqUHX 285 =017 fl8 ++E 22{dloF &
ShEl=X2[E flet HUX] MEF2 ohH+o =& =22 0| oF
of olsf =< E

(2= 2. 12] 48 o R] QARIAIE]
E4| : Hoff (2011), Mohtar & Daher (2012)

(22 2. 13] shoaA2] 3748 oUA] ARIATE
&% . Hoff (2011), Mohtar & Daher (2012)
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4lol A AwEntet oA ARgoll mE CO.o A #HkgCOeq)=

37 Ag=e [ 2
ousl= o] Ak3lEr A 57FEHCO, equivalent, CE)o] @] &% Jdow, 71 F &L
[ 2. 1416 vhehg mpsh 2.
[£ 2.4 7 A5 B9 2 54

X% Mol o 54

O| Azt g A - SYOIM ARBEl= HYS HEE O|AStEtAst 2HTMAE HiESH= Of
st HX| AAE =gt
(o -l o0 O/ Slsf 4 HIZHS WY 4 AT ELATEHCE)
Equivalent, CE) o EtR|IE FAHkkgLE = S0l A= Kot
[ 2. 14] A AL & oluix] 2 CE
&%) : Lal (2004), Canakci et al. (2005), Jackson (2010)
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214 dA 2= A AL

71E F3EY YA e H A, 2l Y, Avds &4, 9 3d AH Jide] o
3 A= [28 2. 15]01A4 9 o] WA~ 1"%-5‘, Ag WHE, AYd 2AY, 24 534
of W&t EFE 4 JdoH, E-dyA YAz, E-olyA-2A Iz, E-oluXx|-2 7
Yz g E- ]ﬂxl EX-7]1% A 2zo] A Abdle ool 8.ofs o] St
o Y BiE: F, o|UA, A, EXolE, 7%, A
o A& WY& ghw(disciplinary), ¥4 5 *H(analysis approach), SW, &, =3
o AYH =AY FAH FF, Bt FF, 371 5, A9 @9, A FE, M
o9
RN AYEH 2AYES BAASE Aol B T, oAbt AY 2 Ze o
BHE ZA3t=d & 93FS vH (Daher et al., 2017)
o A &EZ: o]s)(understanding), ®&FA] Al(governing), 7 2 A Al(implementing)
2 BEEE Y ARY T, A AAE olar WUF 2 AI2" 4 Fol
T3
(2" 2. 15] @A 54 9 9l g2 7AA UL A 2

E/‘\i : Dai et al. (2018)
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-2 [EEAIRE PYPR

O Al =] JA-IAE (energy intensity)
SEER-E IR
23 32 A 24 Ed(software §l)

s BA T
S A A AU S B
24

c O O O

. A~
2 WY A FF
3 . i=]
63_] o = .,4@' =i

3 dl(software {1<)
A EA Y EY A EEo Ay FRE A4S A
J

o o o o
(AN S

[J UWOT (Urban Water Optioneering Tool)
o XA WY BEA FF

T
o Ry 2 . A#A B4 md(g]l UWOT tool)
O FF  TA AFE Al2EH oYX ALEE B4
o BA&EZA . o]

[ ] MRNN (Multi-Regional Nexus Network)

o NaH WY A D A 52

o BE 2 . AR B md(software P-)
o & EA A=E Y E3 YA ASF 24
o A EZ . ofg

0 Al=¥l o]y 2(System dynamic approach)
o AYA WY A FF

o B3 32 . Eg md (software &)

HA &
o A AY o] ZA7H =3 oA A
o BA=A . o3

0 2=2% A A (Jordan’ s framework)
o AgH WS . 7} £
oy g o T 2d(software §l+)

27 ; aEddAe] e &0 B3 dUX 482 AT A Y =7
A

O
O
o BAZA : $aAA
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L E-olldA-27 A 2

[0 UWtoA (Urban Water to Air Model)
o A& WH : BEA FF
28 g2 AgH

o #24 wd(Pacific Institute; A spreadsheet model)
o =7
o

D EA FACA | A A i7" R
Nexus Challenge Level : o]s& < l+=(understanding) <+

[] WESTWeb (Water-Energy Substantiality Tool Web)
AgH W9 =N FF

2y g2 Az A nd @ xyol tidgw WEe 783 2, online tool)

c O O O

524 A FFONA oA A ek B}
242 of3)

[] GLEW (Great Lakes Energy Water model)

o AelH Wel A 7

o 2y Y2 : AlEd ol =Y (Studio Expert 2008)
o 532 : Great Lakes Aol A FHolA A8 T & &4
o EHEZ : ol

[J REWSS (Regional Energy & Water Supply Scenarios model)
o el W9 AY 7
o By &2 . AFH B4 md(open source REWSS)
o EZ . FxY

(e}

4 R oA FForRE A% 4 4F &4

o A Wel : FH £F

o ¥ 2 . AEY ol md(software §S)
o BA : Jux, &4 AHE B Fo2RE AUAA FA JIF A
o BAEZ . A A

[0 CMDP (Competitive Markov Decision Process Model)
o AYA B =7 FF
o B3y 24 : Algdeld Ed(software §l&)
o B . gad 9F % Axde] £a
o) S|

A1
= -
FHEA o3

=
[0 MA (Meta-system architecture model)
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o A Wb w7t FF

o By g2 . AT 4 md(software )

o EZ . I} @9lo A oA, AL, stHF Al2E A
o ®AEZ . ol

o A HY . =7} FF

o By A . T ZA(software $=)
o F& YA 57 & AHE
o) J

(] Modified AQAL (All Quadrants All Levels)

o Az WY AY B =7} FF

o 2 2 . 53 md(software 1<)
o FHZ : 7|EWSlo| MY F-oyA] BEF Fsddd B4 9 A A8 Pr)
(@]

-
LY

(] Mixed-unit MRIO(Multi-Regional Input-Output analysis model)
o APA WY : 7} D H=F7}A(transboundary)
o By A . AFH FA Ed(software §le)
o FZ . oA AAtelAY &5 AR H B IF AAAH7Hife cycle
assessment)
o BAEZA . o]

(] TIAM-FR (TImes Integrated Assessment Model)

o AgZA WY . &7} @ HZ7}A(transboundary) =
o 2y g2 . T3 ZIAMINES Paris Tech Center of Applied Mathematics; NS)
o EA 7]3?—‘%'3@%: I3 AR HHS oA G4 LS AT
O

B ol

Me
2

] WCCEM (The Water and Carbon Conscious Electricity Market)
o Agd W9l Tk P FA 2
o By Y2 AEHold Ed(software §l5)
o =2 . =rhH AY ALAM §4 ALFH eAste MEFE Fo)7] 9
EFAAM 938 3o}

Al 8
o BAEA : o3

e
b
b
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[J RRR (the integrated rainfall-runoff model and power system model)
A& WY tE WY (multi-scales) 3
=g g4 . 53 =d(software §1-)

s

274 8 559 A9 Axdo LE 9T B4
=S|

RUn

c O O O

[1 WATER (Water Analysis Tool for Energy Resources)

o Agz WL 5 Hel(multi-scales)
o 2g &2 . Az B wd(Argonne National Laboratory; online tool)
o A : A8 AoA & ALEF 2 FE HU}
o

[0 WEAP-LEAP (Water Evaluation And Planning System and Long Range Energy
Alternatives Planning)

A4 Wel o o H el (multi-scales) <&

vy g2 . TP ZA(SEL WEAP and LEAP software)

52 & B YA o 2472 AA Hrt

2

a2 A A

s

o O O O

fo

[] ZeroNet DSS (Decision Supporting System)

o AeF W AY Fz

o 23 A . B3 nd(@d FEF software)

o 2 . fodMe] AU BB T JAAA Y =T
o BAEA . PgAA

O YAz H7F 1.0 (Nexus Assessment 1.0)
Agd Hel o AY 2 F7h FF
2y g2 AgA B nd(d]FF 7], online rapid appraisal tool)
22 AdA 2D AHeEka Wi x gy}
=S

R

d

c o O O

(] TAD-NAS (Insitutional Analysis and Development Frameworks combined with value
chain analysis)

A2 1Y = FF

2y g2 - A B4 Zd(software )

D=, A, dlU R AETbe A A=A B A JF @t

c o O O
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] E-dyx-az dA = =F 2.0 (WEF Nexus Tool 2.0)
A HY - T} £
2y 2 AEY ol (gD

T

1z u}

o

Pl

= O © 1 [¢]

c O O O

fr

2R E-oUR-Alg da s A Ho)
_]

EER I R

(] DEA (Data Envelopment Analysis)
o Agz WL v5 Hel(multi-scales) 5
g ¥ AYgH B md(software $12)

o1 BHA

o X
o B : A BeE 9 AH &Y AR £eA W)
o BA

[0 WEFO (Water, Energy and Food security nexus Optimization model)

A4 el tF Hel(multi-scales)

2y 32 0 5 ED(WEFO tool)

524 A2 AGFH Aesddd 2 2F HF 9 34 o
]

o O O O
o2t

M

1%

o BoldA-Ag UA s/ BoluA-EA S F A2

[ ] MSA (Multi-sectoral Systems Analysis)
o AT WY BN 2

¥ 2 - AHEA B4 md(Matlab tool)

o X
o B : Aol mA0| vAE JF3t tRol AU BEL o3 A
o £ y

[0 GCAM-USA (The Global Change Assessment Model in USA)

o A H  AY FF

o w3y g2 . 53 md(open source tool)

o EHZ A7 va UHRA FEoA & AHE 9 F8F B4
o BAEA . WEkA A

[ PRIMA (Platform for Regional integrated Modelling and Analysis)
o AA H : AY P =7} F
73 g2 . B3 md(Velo)

o K
o B : AL ANY F Y& AT, AU, B, BN FEABA &
o BABAH A A
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(] MuSIASEM (Multi-Scale Integrated Assessment of Society and Ecosystem Metabolism)
o Aeld Wl - AY @ F} 52

23 32 . B3t nd(d g )T, free online tool)

O
o B oA, A, B Fre ANFAA 2 A BA B}
le) J

[] Foreseer

o A&z WY : =7 L W7} (transboundary) &

o 23 A . =3 wa(l B e x s} online Foreseer tool)
o F& . &F, oyA, EX o]&, 24Vt TA 4
R

[] Modified SWAT (Soil and Water Assessment Tool)
o A& WY . H=r}H(transboundary) %=
2y g4 . 5% 2 (open source model)
7V FEod Y FAkd Bokd AAAH 4

. ola

o
o & W=
o 3] :

(] TRBNA (Transboundary River Basin Nexus Approach)
o AYA WY : WFr}A(transboundary) &
2y g2 . 53 2 (UNECE, NS)

O
o BAH . W=rbH §oo Eoofux)-2 -8 A2
O

b

w7 7}
BAEZ o3
(] CLEWs (Climate, Land, Energy and Water)
o A WY : thF Ml (multi-scales) +F
o 2y 24 . 53 ZA(KTH, OseMOSYS)
o BA . 7|&F JFoRZTH A #HE AR A dF Wt
o BAEH : o3
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: Dai et al. (2018)

A

=
=

(23 2. 17] AANF 259 MHA 4T 50 RoF AT
_23_



E5 23 oluA HEe ABAAA Ads (19 2 1819 o] MAH FEelA AA
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A oUA WA, £ BHWTES, FPEF B) L FFES A UA s
3 2o F2 A9 AARA BRIAY B REe AASn ATk ANE FE
17 Rzol pelE H7h 2 A

o YA AFE FE A4 & A9 2] £ v
o 2 AMNAH FEo] AT

Aol 7 oY R

rr

(24, A9, @7k gE7hE gehe) B3 ouA REe) ABE ZFE F Ak WA
BHE B 4% AR /AT T FEe AW BE(EE 24 /D A8 AY
EE G2 $EY ANE g2o] FE AdHAW, tdre] 45 484E 0] 949
At mAH A ANA G2 e) el Wasi.

(2= 2. 18] AAA & DjAlA YA AL A=
%A : Dai et al. (2018)
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ROl BE HBL o}S2E A BAL T AP ¢
Liu et al., 2017), 2.2.24 A += 42~
A AN )} B (B

Aurdom ¥z BAL 97 UL [E 2 7l Jehduie 2o 444 wE A%
Hol s HIWOR BRY & glov, 279 EE 54 2 FUHL (& 2 8]
of aoksol itk o]gt 2 WWES F WAz BAo| b U BEHT U P

[} =
Sols Trrd B4 PHE0 YAz AT AE 8 AU Ao,
2o AR oR s B AToIA o WS AYS] AFIHT A= FAlolth

(£ 2. 7] UMA XQ upH=

=
=& 8tH| (discipline) HiH 2
Questionnaire Survey
Abz|apst
(SRS Ontology engineering
- Integrated Maps
Input output analysis
PEDS| Computable general equilibrium model
Econometric model
- Ecological network analysis
- Integrated indices
Benefit-cost analysis (BCA)
sz
PSEES] Life cycle assessment
AAED 2EXM System dynamics model
Agent-based modeling
E7 Statistical application
S| nE Physical models
s 2 Integrated modeling
- Optimization management models
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23 TA E¢8 A2H E-oUX-387 dAXx

T FAT AT SV 2 28 &% VIR =AY e s A A 2 3
AE&52 HAsA FEFEHA Bk A w@ol HAET 9tk 20039 nEAA AF
H AR AAEZHWorld Water Forum)ell oJstd, & &A= @] & FXo=21 ]
8 Zo] ofygl AEH FL T TAHE B Bew, BA EEE A=EE
ggFor Jse Aol W Tash

EA A zEE R a9 AzE(EE, A, AAl, AR, 87, =, 713 A2EDS
st glon, ojfd s8] A="ES 4 Sy Aol A gl o]F Aol
deate =X =ad A2E2 &5 9 B skeATE AT AAH] B o8-S T4
o7 ol glen, [18 2. 20]A%t 2ol HE, =55, AFAY, I, s s,
steale] T FAHoE FAHE A

(29 2. 20] =A] 2 78 O
& : GAO (2011)
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A DY olgre] B Rt Bad Axwe Bl
Basu Aol dsbs BHe B dueo

AR 5 97 el B4 B Beld 2 olelee T gl

A E B S AEHA 54 54 nelsokshd, o
W whsl o] oux st §4 FEE Estel mEshe

(23 2. 21] EA] 255 /e
%A : Pena-Guzman et al. (2017)
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232 A EE Al2Ho] duA| e BAH = YT

SA HelA Eoll Bl iR ARl =
ApE ol AA AU A AREFel & dF= FI

woll, HtH o2 T A ~AYL] A+
= duUA Al2"EE Jhto g FHQUT a8 BEA HAA B3 A=A oA
AHE-2 %}‘:‘E"Sl AF7F Y= Eoke ofHdon, TF IH Alx" 2 FAHATA T

ofo
N
iths
ye
Ao
of
‘:o{n
o
ox
flo
=2
£
N
>
ofo

)
2
=)
=
rok
of
o
ftlo
=
R0

TA EdAA"e Asdife cycle) BHAA oA AR FHo] we TAE BF F
™ (Friedrich, 2002; Nair 5, 2014), th2F 20013 AA U A] F 7%7} ZA|EL=S] A}
fHE Aog HuFEQT (James K 5, 2002). Zhou 5(2013)& = AA-$9o #AA
ANA AJA ALEFFS At A A A|A F & AlZ=H0] 10%9] odUXE A

gole o BT

Duan & Chen (2016)2 [19 2. 22]°lA yEhdnkel o] F=rolA 103 oA ARE-
g 3o & FEoA AFEHE dUyA= o 1% 7HFO R, 7EY AT gEA F2 9
A7 &8 A" /\}QH AT AGEHHT 1Y Duaniﬂr Chen (2016) 4

A Ewd A 2Eo Qa3 F oA Fo] 2006E e 2014 371A HEF] AsEls A
g Hole A& st HT 1593t T2 F B AIEHe 2 HJ_ *ég Holx &
ook A w2003 3,580 Mwm?, 20143 3,760 Wwim®), HZ 1083 F3Fo] F YA A
£20 2005 59 MtceFE 20143 68 Mtce7t A &3] Z718dth HlojA e AL Ad
1037F A7 1Imel A 24m7bA] Dol A HA HG5 A A=A Ad] o] Z7}89 1,
ol & T3 AZH A 9 Tadd wet 2A B3 A2 A AHEE o
UA = Ad 371 Ao 2 A9starh

(23 2. 22] 0 YA A& (B @ YA BolA = AFEE, & 1 & 204 dYA]l AHEE)
=4 : Duan & Chen (2016)
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A AR AAF A5 F FrAY AAS XIG BEA B AL 24T~
(Green House Gases, GHGs)E w| &3t} 24712 wj&de 11ds] U= 471, eldg,
g 3 HE miEEs ghEl met o)ttt o] dAFdA v E T o YA ALE
2 A o FHBAE A= AeZ BAEew, Duane Chen (2016)2 [1H
2311 A e} o] Wold EEd Alay U g@AhuEFS F ehnEFdA g2 RE
A2k A2 Busgth

i‘l’ 1

&
2.

o
=

(23 2. 23] B D ofulx] AlAE & wjEY

=% : Duan & Chen (2016)
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233 =N Be@ £4¢ 9% Azd golugx

el ae =4 AGAe} BelArt =4
Ab AR E A o 2 719 E stal Aok Al
o A

Node] A& s e 97 o
W golguat B4 A9} oo} #dE wWete WAE st Aow, 1960t 2o
e BT FEWel ALsn] e AED, o]FE U WY BASS B

ANz=" goluydas B3RS A#Aet s dAddsS BEAstrd A ol
(Forrester, 1961; 1968), Al2~®l U] 3=wiof 9o|% ]
and Chang, 2011). o2 FA-Y AFA=L FA A

& e AdAAA wEol A" ol as A 85| = S

2
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E/\] E,,_gy /\]/\Eﬂ oﬂ/\] izhs} }\]/\Eﬂ ,57].2 _ﬂsﬂ Q’xﬂﬂ' %x%(dynamic) xJ:LuLM o]
Z 8 stokSimonovic, 2003). olel we} T A =8 Al2Hlol] HAZ o] & HIR O
2, BA 58 A" B34S ddstr] 9% A2E goluy s A U
o, At & Y AZEs Rad F e o5 AUl tF $4 E24E 9
g 4 9= FAHS 7FA 3 A tHSahlke and Jacobson, 2005).

NzEl Tl 2 54 Bag Alzde SE BAamu oz} %A oy, =4
a7 Azgoz WE FsA HLrbssith ol weh sEe EARED F4l
N’ goluEl s Aol ouA ALET Ba WEFe ness WAx B
77 HAH oz AN A
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234 A E43 A2 tojygla AT AL

Shrestha $(2017)& A28 Thol=l 28 o] §3 £A B3 A28 B-373-Ux 9
Az 2de 2Eae], B4 Zod Azl g 28 Z-UA-84 A4 B4
2 Ba =4 EAt AW ARAL A BLS BY AYS 9T BT 5 9

% HUth o1 A% =4 Be¥ AsY U HAH B-oluA-83 YA2E AT

EPH

Fe AdEeEe AEEY gk
BAAT, T AUAAEF, CO, 5/HFE B, oA 739 Bt AR sl obyf [

Y 2. 258k (29 2. 26)% Qo] UG AL BAon, A5, FH, FF L B 20
of g 98 ARE BEI LE mdg AuH S

(2" 2. 28] BA] 28 S-oUA-E4 GAL Adat A=

&7* : Shrestha £(2017)
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(a) Overall view (b) Residential water (c) Non-residential water

(d) IWEC (e) Energy (f) Carbon
[ 2. 26] E-oHA|-H4A oy ZEdE Qi #A =

Z% : Shrestha 5(2017)

(23 2. 271914 yehdnkel o] oA &nls F4 2 A A9 25 ARSolA i+
st on, g HAGANA F EA = AUA Y oF W0%E LHEtA F B4
=l oF BRE 7ostes Aoz SAJAHUT. oldd we} U A ALg ) ga WS
das e 2 AHE BEE A FHolok sk, 24 &, AAHE S, Al
%k AFE AR e AR AUA AREFe] e Al vl A= =2 A

2 Yeyt

o B ot &= A

[2d 2. 27] =Al 2@ 2 A &, AUA AR R 2471A HiET

=X] : Shrestha £(2017)

_39_



ful

A A 7+

o= A7t

=

T

L& Alolg 5 o
gtk =3 gAE A

a7 A, (27 2. 2813 o] 20159 FH 2034

7HA A EEH = 7]

3w
ﬁloﬁam
W .
L] 3%
13,
_Z_ELAT
ﬂu%aa
Lo X
™R R
M%
on W
Eﬂ,_ﬂ,_
T
ﬁoxEM
WZ__@
=
lOMOT._._
On_mo
EE‘UI#O
¢ L
W T4
A
ER
Ml
o Y
3 < <
oo <
T OB R
- B
ﬂ%ﬂ_w
& ™
.. %
(IR

ofp

o

oT
]
o
__A_.E
“
g

Ho
ofo

AF, oUIA] Ab

o =Y

o=
o

[ 2. 28] Alu=] 8 ojH] A

(2017)

=

(o]

: Shrestha

VS

A

3

stk Bugz Age A7 ke A

[¢)
_40_

&+ T

2 2d st
[e)

o)
=l

77 28

s

A28 Thel

)

0
il

71 4

Zarghami®} Akbariyeh(2012)
()

o)



128
—T

. Zarghami & Akbariyeh (2012)

VS

A

=

(L7 2. 29] BfEI = AJAF] fo]ye] A thoo

of

thol e

P Eé]l

2. 3019 BtEE = A~

=2
=

obd Ao = EAHNH. [

o
1

~

;OE
o

il

1
v

ol

_A’I_



Weak management === Good management
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Aglend-use) e Y LEE JHst Azd tholdE s RS 2
& Agste] 85 MAS 4L BY LA FR g B, waA A J)50s ¢
5 A, Axd g A8 a4 AY B 3F S0 mosha

[2F 2. 31] §= =A] 2-oYA] YA A Tfojo] 1
=x : Stercke £(2018)
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242 NZ2E T4 84 : A €8 A2E A2EH gojyex 14
(29 2. 35, [19 2. 36], =+ [& 2. 10]allA ¢t 2

23 =1
T, =5, ATAE, g, 54, s, shAE, Aols, R o F
> o7 I a

s
Atk oo B AFME &g HA 2 JAGBAAE 2D T

[23 2. 35] ©A] 253 AJAH fd

=X : Wakeel et al. (2016)

(2™ 2. 36] Ztastd EAl S-olUA|-Ea FAL

=X : Duan & Chen (2016)
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[# 2. 10] 7]|EATE =4 28 A2F tojye] 2o QlupiH 7

Shrestha £(2017)

Zarghami & Akbariyeh (2012)

Stercke S(2018)

- Surface water (-)

42 - Surface water (- - Surface water (-
=T ) - Ground water (-) )
e/ B85S 0 X X
- Chemicals for water
ySE~y ol X X
SHEl treatment (+)
- = (0] X X
- Returned water (-)
. - Natural recharge (-)
X| o4 St X X
|5t 2 - Natural discharge (+)
- Water extraction (+)
7|1E} £=X2| - Reclaimed water @) o
- Birth (birth rate) (-)
- Death (death rate) (-) - Birth rate (-)
°I-'|-|- - Population growth rate (-) | - Migration (migration rate) - Death rate (+)
= - Residential water use (+) () - Immigration rate (-)
- Landscape demand (+) - Emigration rate (+)
- Domestic demand (+)
- Leak rate (-)
= A Al - Water loss - Distribution leakage rate (-
== - Loss reduction (+) 9 0
- Residential water use (-)
- Commercial water use (-) | - Industrial demand (-)
IH0|'9' - Institutional water use (-) - Landscape demand (-) - Water-only end uses (-)
° - Industrial water use (-) - Domestic demand (-) - WaterQenergy end uses (-)
- Golf and parks water (-) - Other demand
- Agricultural land (-)
- Infiltration inflow (-)
- Reclaimed water (+)
- Chemicals for WW
ol ZRl X X
ks treatment (+)
- Biosolids transportation
(+)
ESTET ) X X
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243 AN Z2" T4 84 : YA QAHAE, |48y s T

24244 =23 =g AMzHle] T2 FAF tlEo] Ade AHRFH o]

e =-oulA-84 gy Bl F9 A 248 IHstof dH. 53] =A =
& HgE 9 & AEF T oluA ZoF(HA JdAE)S 2l 75 A eAAF S
2 s ofsts % C BT T AR A9, AL Jed, o 2
AAE ghol A shH, OIE%’P AURA QARAE Hel= A7 o
Aoz HkgEojol ity Z|EATe RS T (& 2. 114 H=,
g, w5, &FARS, skl SFT%%E], Ao, WFAAANA A
HAE AElstlen, 7€ d7olA fofjt g2 [O1 2. 374 yEly

[# 2. 11] BA] 28 2 YA ARAE HY

aH O LAX] QIEHA|E| (kWh/m?) BaEd

- Rothausen & Conway (2011)

x| A ~
S 0.0027~0.05 - Nelson et al. (2009)

- Wilkinson (2000)

- Dale (2004)

- Anderson (2006)
0.21~4.07 - Stokes and Horvath (2009)
- Scott et al. (2009)

- Raluy et al. (2005)

- Muhoz et al. (2010)

t
ob
1

- Cammerman (2009)

- Muhoz et al. (2010)

- Kneppers et al. (2009)
- WEF (2009)

- Cheng (2002)

- Friedrich et al. (2009)
- Kenway et al. (2008)
- Lundie et al. (2004)

- Wang et al. (2016)

0.01~164 - Li et al. (2016)
Chal . ' - Wakeel et al. (2016)

(Xl‘E_)'\_ & Xl-é-l-f'\_) - Miller et al. (2013)

- Tan et al. (2015)

- Tan et al. (2015)

- Lemos et al. (2013)

- Venkatesh & Brattebg (2011)
- Hardy et al. (2012)

- Amores et al. (2013)

- Zappone et al. (2014)

- Lassaux et al. (2007)

- Mo et al. (2014)
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k| o LX] QIElA|E|(KWh/m®) Hngsl

Hardberger et al. (2009)
Racoviceanu et al. (2007)
Maas (2009)

0~8.14

(2 =N 5%3)

Kelin et al. (2005)

Park & Bennett (2010)

Cooley et al. (2006)

National Research Council (2008)
Younos & Tulou (2005)

0.36~68.69

~

o
=

gl

Hi- == 0.2~49 Wakeel et al.(2016)

1.5~50

Apostolidis, 2010

ol
>
olo

O
4> | 4>
2]
4>

Friedrich et al. (2009)
Kenway et al. (2008)
Lundie et al. (2004)
Wang et al. (2016)

Li et al. (2016)

Wakeel et al. (2016)

- Miller et al. (2013)
Mizuta & Shimada (2010)
Cheng (2002)

Lemos et al. (2013)
Venkatesh & Brattebg (2011)
Hardy et al. (2012)
Amores et al. (2013)
Zappone et al. (2014)
Lassaux et al. (2007)

Mo et al. (2014)
Hardberger et al. (2009)
Racoviceanu et al. (2007)

st 0.05~7.50

Munoz et al. (2010)
Gruenspecht et al. (2010)
- Coffey (2006)

Anderson (2006)
Apostolidis (2010)

GPSC (2006)

Knight et al. (2007)

Mol g

Apostolidis (2010)

ox
Ju
(@]
(@]
N

Apostolidis (2010)
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(28 2. 37] ZA] =3 BAFE oyX] QEIAIE] ¥
=% : Lee et al. (2017)

7h HT

Astr B AFxF g AR YA LHlF A mE2W AEFEG st did
A oA Aol dubH o2 27% U] &2 ZoZ YERG Mo 5, 201D. ]9} AR
A7 AEdFLo] o8 HauEAow, At Hgod ¥ w2 AUATE AHEEHT] W
woll A3t F5 Al=Ho] XSG F7 Axdrt A oA E of 30% t] 8= 3}
A THGoldstein & Smith, 2002). vl A= A AR ALEH F 1-2%7} A&k HZ
AREE T Jlow, A EYoto| A= T%7t A st BEZE 9T A AL AHEEHE A
o7 RuEATH

N

Ashe S Ao BB UL As 9, ASF BT oA B8 5ol o
= S, [F 2. 120 712 AFAA AAY olEH A AWAES BFAA =
4E A AMAEE AAF o} Tk
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[# 2. 12] R4 2739 oA ARIAIE

el CEREERE REES:] L
(KWh/m?/m)
- i 3
Theoretical 0.0027 Density of 1000 kg/m Rothausen &
hvsical 100% efficiency Conway (2011)
phy - Without friction
relationship 0.00273 Nelson =(2009)

At peak efficiency

0.01 kWh/m* are consumed when
Case study 0.01 ~ 0.05 water is withdrawn at 36.5m
while 0.05 KWh/n? at 121 m

Cohen =(2004);
GAO(2011)

utH o2 =.F&g AAo| Q3 dUAs =Fg TR Aoyl AF4E, B0 A&
#%, H 2EARC POl AL F7t@Th J1E B BE AGE =55 B
AUA ARAEE [E 2. 131 438 @ 2ot
[E 2. 13] &84 89 o|A] QARIAJE]
X /7 1K Ol X|] AL HnzEd
(KWh/m?)
From Colorado River to Los Angelas (US) 16 Wilkinson (2000)
From Coastal Branch to Aqueduct (US) 231 Dale (2004)
Anderson (2006)
Water pipeline supply (Australia) 33 Stokes and Horvath
(2009)
SSDP to PIWSS (Australia) 0.21 Scott £(2009)
Shoal haven River (Australia) 24 Anderson (2006)
From Tortosa to Aguadulce (Spain) 4.07 Raluy &(2005)
Mufioz =(2010)

3

g g

AR TA g9 A8 E AT 35 A28 3 AeAgs sl AHeH
AR = A oUA F 2-3%° ] 2THTRCA, 2010). Fl=olA= HFAY 2L TF
A3l 4%e] AR 7} AEEE AR HAlE oW (Goldstein & Smith, 2002), e
Yot = Ay 2 352 f8l ol itk Be 5% A7 A= ATHCEC,
2005). o9} 2 AAe FAA aF dUA= A F2A ALH AeAY 34
of e} Eebzitt iy o g Aty E ARFRT FEEIHEC H7] wito| AxESF
AYFARTG A& AqyA7F AFE D HCooley & Wilkinson, 2012). [¥ 2. 14]o] =&
AaAd 8 283 oUA JARIAEZE 895 1o, [ 2. 38134 [ 2. 15]9]
v Ay AHAE YA A"HAEZE A EY Y.

o (r =
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[ 2. 14] A9 3 YRE A2 1o ofl|A] IRIAIE] 3L ojtettta 571
X /21% Ol A X| QIEHIAE| M S HnEd
(KWh/m’) (g CO2 eg/m’)
Australia 0.01-0.2 Cammerman (2009)

Spain 0.11-15 Mufoz 5(2010)

New Zealand 0.15-0.44 Kneppers 5(2009)
us 0.184-047 WEF (2009)
Canada 0.38-1.33 Maas (2010)
Taiwan 0.16-0.25 Cheng (2002)
Durban, South Africa 0.19 481 Friedrich S(2009)
Adelaide, Australia 1.92 1884 Kenway &(2008)
Auckland, New Zealand 0.21 54 Kenway S(2008)
Brisbane, Australia 0.68 586 Kenway &(2008)
Gold Coast, Australia 0.21 206 Kenway &(2008)
Melbourne, Australia 0.09 69 Kenway &(2008)
Perth, Australia 0.98 1030 Kenway S(2008)
Sydney, Australia 1.10 1044 Kenway &(2008)
Sydney, Australia 0.34 406-452 Lundie S(2004)
China 0.43-0.67 - Wang 5(2016), Li
5(2016), Wakeel =
(2016)

India 0.17-0.71 - Miller &(2013)
Qingdao, China 0.73-1.08 - Tan S(2015)
Taipei, Taiwan 0.26-0.51 - Cheng (2002)
Aveiro, Portugal 0.79 766-898 Lemos S(2013)
Oslo, Norway 0.39-0.44 70-80 Venkatesh & Brattebg

(2011)
Spain 0.23-6.99 - Hardy &(2012)
Tarragona, Spain 0.85 736 Amores =(2013)
Turin, Italy 0.85 323 Zappone &(2014)
Walloon region, Belgium 0.39 - Lassaux < (2007)
Tampa Bay, Florida, USA 3.00-3.60 1585-1911 Mo £(2014)
Texas, USA 0.38-0.48 - Hardberger &(2009)
Toronto, Canada 0.64-0.73 111-128 Racoviceanu =(2007)
Province of Ontario, 0.68-1.11 184-300 Maas (2009)
Canada
San Diego, California, 6.20-16.4 1855-4903 Mo £(2014)
USA
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(1 2. 38] AaAE] AR 5788 ovX] QARIAE]
=& Wang (2014)

[# 2. 15] A& 38 A2 g2 oy ARIAE

Process oL x| QIEIA|E| F N
(MWh/Mm?®)
Alum 0.26 Kelin 5(2005)
Polymer 1.24 Kelin 5(2005)
Rapid mix 8.14 Kelin £(2005)
Flocculation basins 2.38 Kelin 5(2005)
Sedimentation tanks 2.32 Kelin 5(2005)
Lime 0.32 Kelin 5(2005)
Filters 0.00 Kelin £(2005)
Chlorine 0.05 Kelin £(2005)
Clear well storage 0.00 Kelin 5(2005)
Filter backwash pump 3.25 Kelin £(2005)
Filter surface wash pump 2.03 Kelin 5(2005)
Decanted washwater to 5.28 Kelin £(2005)
rapid mix
Sludge pump 1.03 Kelin 5(2005)
HrE 22 AU FEL AT A FAYCE B BAU e 54 AgeA F
8% 489S ¥ 5 Ak BEiE QuE FeAY AgRg o ge ouxs) Be
2 AR AR g ML Aze 71 283 o 2 o

=ha
UAE A3t O Axfbes 2951 de FAolth g d2, g4 ouA] QIEIA
El= olHdd 16 kWh/mPolA 2011 3.0 kWh/m*e&2 =A Zo]Eth (Elimelech &
Phillip, 2011). ZZejy} B3t 359 oA QARIAIE Hele A5Ae AAY QA <
HAERT ¥ Yo, 7 g2 [ 2. 16]9 Yeld nvle} 2.
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[ 2. 16] G4 A& 71e2 oYX ARAIE

S ot OLIX| QAHAE| o
2 oy ]
=T e (MWh/Mm?) =
Reverse osmosis (RO) Brackish
0.36-0.47 Park & Bennett (2010)
water
RO for seawater 0.79 Cooley et al. (2006)
Nanofilteration 0.92 National Research Council (2008)
S National Research Council (2008),
Electro dialysis 0.5-1.7
Younos & Tulou (2005)
Multistage-flash-distillation National Research Council (2008),
26.42-68.69
Thermal process Younos & Tulou (2005)
Thermal + electrical 47 Younos & Tulou (2005)
Multiple-effect distillation ) )
o 39.71-105.7 National Research Council (2008)
Sea water oldest and efficient
Vapor compression 29.15.85 National Research Council (2008),
Seawater + thermal process ' ' Younos & Tulou (2005)
gk, w5
AR S5t AFe BEe Fo aulAA 47 G BARTES $U84
THEFCE FEHH, T AABY <AdAEH FF A= =FF Ao FFUAA
of Fdatth. [19 2. 39]0l Hi-m Aol AGE oA QAHAEZE 29Fx o] 1o,
a2 @ AduEE Wt 3¢ ¢ 5 I/
(23 2. 39] A998 vli-g4 Y QURIAE
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i,

28 H

dE&re vdE&TEY HAF & A& A Y e dUAE % = 5‘4(Sldd1q1
Fletcher, 2015). 7Hutte] -5 44 22 & oA AHEEHE oA F2(38.5%)
4 FEQCTNES €53 =2 2oz Yelutti(Cuddihy et al, 2005). =2 AHS &%=
A A E = [ 2. 17]9] vebt Ao

M of & of af M

ko

ol g oA AnBY Axe 7HAHH APl A AHEEHE &4 wied FE U4 otk
A S 7tgste dH AHEEE duA e AA o AFEEE oUA F 97% S
ZFE™(Nair et al., 2014), Hl=moA = =l AFEE= AH dUA F 75%+ 7HEsk= T
AHE He AeE B ltkSanders & Webber, 2015).

[# 2. 17] &5 AHE &= oHA] ARIAE

MEFH OlAX] QUEHAIE| (kW h/m?) Huzd
heating 50 Apostolidis (2010)
swimming pools 7.5 Apostolidis (2010)
washing machines 35 Apostolidis (2010)
dishwashers 2.5 Apostolidis (2010)

AuAQ s ArHe FYHOE Yo HEE W UAS BasA Lo,
S5 THT A S5 BEol oJUAs} AgHT
AL B4 A

stEA g £FS A% AdUA M 24 A, BRAGdAE BA £ 349
AR AREFS] 94%7F  skEAER Pl AHEEE Zo® UehsTHRacoviceanu et
al, 2007; Friedrich, 2002). A& % {IAE 2 HA A st ] #Go] g oA <l
Bl A E| 9} o] abslel A UM gk [3E 2. 18]0 Qo= o] Stk
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(£ 2. 18] A1 9 YX|E stpx2] p7ge] o|A] QIRIAIE] 3l o]ibstets 71
L X| QIEIA|E O|AMSIELA = 7}2E
x|21/21%] ol x| QI : |E| [Lt2tEre S 3lo T
(KWh/m°) (g CO, eq/m’)
Durban, South Africa 0.58 353 Friedrich £(2009)
Adelaide, Australia 0.69 674 Kenway £(2008)
Auckland, New Zealand 0.84 219 Kenway £(2008)
Brisbane, Australia 0.57 499 Friedrich £(2009)
Gold Coast, Australia 1.00 991 Kenway £(2008)
Melbourne, Australia 113 835 Kenway £(2008)
Perth, Australia 071 748 Kenway 5(2008)
Sydney, Australia 0.45 423 Kenway 5(2008)
Sydney, Australia 0.48 672-719 Lundie 5(2004)
Wang &(2016)
China 0.13-0.50 - Li 5(2016)
Wakeel £(2016)
India 0.05-1.40 - Miller £(2013)
Japan 0.30-2.07 - Mizuta & Shimada (2010)
Taipei, Taiwan 0.39-0.44 - Cheng (2002)
Aveiro, Portugal 0.84 659-851 Lemos S(2013)
Venkatesh & Brattebg
Oslo, Norway 0.67-0.81 55-62 enkatesh & bratte
(2011)
Spain 0.41-0.72 - Hardy S(2012)
Tarragona, Spain 1.09 128 Amores 5(2013)
Turin, Italy 0.47 126 Zappone 5(2014)
Walloon region, Belgium 031 - Lassaux 5(2007)
Tampa Bay, Florida, USA 4.50-5.10 2457-2739 Mo £(2014)
Texas, USA 0.32-0.36 - Hardberger &(2009)
Toronto, Canada 0.47 22 Racoviceanu 5(2007)
Province of Ontario,
0.34-0.70 92-189 Maas (2009)
Canada
San Diego, California,
3.50-7.50 1041-2249 Mo £(2014)

USA
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[Z219 2. 40]l Ao} o) shrxeldel ret fA, +4 29 HE,

Ay 49, A% ALA, NE/E 2 22 JFd] w5

3k oko] o7} AnlETh YukH o7 13 Ay A= oE

Hfert o dA 5 &g
Ao mar, A% AL oA Hefol 7Hg 2 AA oo

dEge wo

[e2re]

A A Bl = [3 2. 19]9F [27 2. 41]0 2oF=o] U

[# 2. 19] stpAl2] S48 oY A|

(23 2. 40] 3FpA2] 54

rrg

™, 23 steA Y B LS 7]

£X%] : Wakeel et al. (2016)

1x} K2

22Xt X2| (KWh/m3)

g Xz

L] e Al g%t =Rl AHn2s
| (Wh/m3) | 22 SR I (KWh/m?) =
34 EoX|3Y | HpolerRE
Maas (2009)
0.02-0.1 - - - - -
Canada Kneppers &(2009)
California | 0.003-0.04 - - - - - Schwarzenegger (2006)
Radcliffe £(2004),
0.8-0.9; Sch 2006),
us 0.04 0.09-0.29 - 0.33-0.60 : chwarzenegger (2006)
049-1.5 NEEA (2001)
Lesjean & Luck (2005)
WEF (2009)
Australia 0.1-0.37 - 0.5-1 0.1 (avg) | 0.10-0.82 | 0.23-10.55 | Kenway 5(2008),
Radcliffe 5(2004)
New Maas(2009)
0.04-0.19 - - - - 0.49 -
Zealand Kneppers &(2009)
. 0.253
China - o) 0.302 0.269 0.33 (avg) - Yang £(2010)
\
Japan - - 043-207 | 03-1.89 - 0.39-3.74 | Radcliffe £(2004)
. Mizuta & Shimada
Taiwan - - - - - 041

(2010)
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(23 2. 41] 5% st4A2 B oAl AN el

£x : Lee et al. (2017)

yHstd, AA =-&gstn vk 2y o9}
AAT B duUAE o=z 3t JHo|th 9
A EAelg AN dE] AHEEHI v AiESE Wale 28-38 kWhim’e] oluA &
2 3hh(Anderson, 2006; Apostolidis, 2010; GPSC, 2006; Knight %, 2007). Z1&]iL o]
A} J7NEL s 87%} 50%5 Aol-&3HA T FAIOl 0.72~0.93 kWh/m’2] 3t
o2 3o oUAE Ao]go] o= i Munoz 5, 2010; Gruenspecht &, 2010;
Coffey, 2006).

PAR IS

St gukxl oz 7 R, HigE WREHY, gyl AREE olUA= gE T4
B3 B vla) Aoz Atk Apostolidis(2010)S 3 Fol A 0.02 kWh/m®e] o
A7} s WREslEd AMEET Y Rustit
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T Ao weEl AeAS BERE A (28 20 44]0A4 AWHE wiel o] wj4XA
(distribution reservoir T+ storage tank)ellAe] 4, =54 2 w4 A S(transmission-
distribution mains)® #Z-& FFHZNA £4 8l FFE(service connection)ol A

o 4= bFo] A £ Atk

=
aTr

M

(23 2. 44] 9AI0] TE A

FrEEEATY oet AEde [a3 2. 45]d49 Zo]l wiAE  Y<=(background
leakage)e} R ¥  d<F<(reported leakage), BRI E A & ul&F<=(unreported
leakage)2 W= 4 Utk HlA Foe #Y HIARS 22 A FEA TAEE
uj-g- A2 Fgoln, £d FF A&EF F Uk ol Q& & FFE AXY] AA F
TAE LA et 28U Wi e 1 FFAIRTeE QIS AA = &4 A
28715 gt} gpEras dud o R &

AeE Aolan

O o
iz o
o= Mo

oo

M

il
>
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M
=il

(2 2. 45] 3719} F4A17to] o
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HEZzAo (78 2 46]04 AW ule} o] AZFr] EA T A(meter inaccuracies), ©l
°ol8] ¥ 2 f(data handling error), =59 22 FAHA R AEoE QI3 &4
(unauthorized consumption)= jv|stth. & WEEHE AEHHN 24 FgHAolA &
AE = E4o] ofd, AHEATE AHES stale Aoy FEAGATE 85 AT W =

FatA W AAHA £4e ojna

(13 2. 46] 2L BF

oSt Le MEMI FEEUL Fol7] U3 FEAYAE AAHOE (1Y 2. 4713 &
o B&d Be ZEode FYstd F83m gon, YwHoE Y Zzade =
A, A, 2A), el W) wAR FAE T,

(2" 2. 47] v 2] 2238 A
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Ax2 Zt2F 386t 23 A2 EA 258 dAHAA At EE ARZTE AT
g FWe, Wsw), AFAel H el FAHAA AREE oFFe A4 Al AR" ¢
(WFwrc, WEywro), 1813 EA] 58 AAH A A5H AqUAE ikl 283 &
O Y(WFrotar Energ)®l FOE AT T AUA AHEEFES At HATAZEw, =F
THAE, BrAe ABEwD, MwT FHEw), & AHE AAHEw, st J+ FA
(Eso), st el AABEwD R W7 FAHEDANA AHEE = dvA 9 ArAg] R st g
of AME-H = ofFo] A4k Al AFEH oA HEEwrc, EEwwrd)s AT &A=
2 B Ed #AHAA AFEE dUAE Akt B olikste A 5 7HH(Chrow
Eerg) 2 ATAE R StEA o] AFEEE oFEe A Al BARE olibsteA SUMEE
(CFwrc, CFwwroE ot A4kttt

(23 2. 51] =AlEdE] 29 Q]
Hdo A Ahe ols F AR S AFAoE AAsr] AT TR & QAW
AE, oA QdEAEle} 'A J-FAEIE 2P F ouA ARFS AYssi=y
AHgE Eo] g AHEEr] %t & QARIAEI(WE coef for te) gtoZ ofE mdoA g
g AEEE 0.02mYkWhe 183std Asks 2 AES H4 oA el A E)(Energy
intensity gi, Energy intensity si), =& oA ARIAE](Energy intensity ), &3]
=] ARNAE](Energy intensity wt), vl-5<¢ o= 1€l A E](Energy intensity td), &
ARg oA AEIAE}(Energy intensity wt), 3t <4 olulx] A€ AE](Energy intensity
wwe), sk el oA AElAEl(Energy intensity wwt), WH oA A ElA El(Energy
intensity d) zto= Z+zb 0.0027, 0, 0.2 (2.1, 4), 0.2 (0.6, 1), 0.2 (0.5, 0.8), 50, 0, 0.3
(0.65, D, 0.02kWh/m® o2 mgjatdch. F ouA AL Al FAEHE g4 dAFS 2H4

fr o
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317] 913 &4 QA E(CF coef for te) 2+ 0.25 kgCOe/kWhE o] &34 th. RSk
oA Ztzte] QIHIAE ke 2.4.3"ol)| AWt uie} o] 7|2 2 HEE T3 ?4_‘5&754
o2 AEHE o2 AAFSAY FF 2do 1EstE YA E NHA wH FA(F
g, 518, dxE, HSE, Y 5), AL AR, # 4o, 2EAFT B), 5 E )
FA Y FAHAAE 23k, AEAE 5)E 1T E, oA, B4 A-AE ghe] awEojof
& otk

BEdoAes B4 Y EAE 7P EAE s en, Y =AY %7 AT
(Population)= 300,000, <1+ Z7F&(Population growth rate)2 0.001 1/€, 109 &5
A&-2(Ipcd)-& 100 hter/“é/" o2 u73tATh

Jo] AFH HAS B THE A BB AxY B-olUA-87 G4 s 21
s} = [:Lr;a 5200 UheRe vheh Rom, ajw male] W4 BAA 2 welE [E 2
200 4= o gk,

Aukd oz Ay AxE tholuus wmde] Ay 2 RAL wd Wl dBA AE
(Dimensional consistency test), %% Z&(Structural test), Z18la1 A AZFH A5 7]
A

Hke] .3 A (Historical consistency)o. 2 F3& 4 Sty & dAFoA= E4UE EAIE
7Vde EAolEE diHA HF ¢ F2F HAISUe FIdsdon, g% 1xsiE =g
M= EA T A g 2de Aesle] 3A 27 7ute] A.RAL st mdo] A

T8 =¥ d97) o

[Z8 2. 52] EA|Ee] oW oluitA ©
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#2200 BY 2 Wh, AN 9wl
ZH CELES A £
NRW a ratio / (1-NRW r ratio) * "Residential & 3
1 Apparent loss . . m
Commercial water use
2 Apparent loss ratio Apparent loss / (Apparent loss + Real loss) -
3 CF coef for te 0.25 kgCO»e/kWh
4 CF coef for wtc le-06 kgCO,e/mg
5 CF coef for wwtc le-06 kgCO,e/mg
6 CF of total energy CF coef for te * Total Energy for UWS kgCO,e
CF of wastewater CF coef for wwtc * Major chemicals for wastewater
7 ) kgCO,e
treatment chemical treatment
CF of water treatment CF coef for wtc * Major chemicals for water
8 ) kgCO,e
chemical treatment
9 Conveyance Water treatment m’
10 Conveyance energy Energy intensity ¢ * Conveyance kWh
11 Discharge Wastewater treatment m?
12 Discharge energy Energy intensity d * Discharge kWh
13 EE coef for wtc 5e-07 kWh/mg
14 EE coef for wwtc 5e-07 kWh/mg
Embodied energy of . .
EE coef for wwtc * Major chemicals for wastewater
15 wastewater treatment kWh
. treatment
chemical
16 Embodied energy of EE coef for wtc * Major chemicals for water YWh
water treatment chemical | treatment
17 End use energy Water heating energy kWh
18 Energy intensity c 02 21, 4 kWh/m?
19 Energy intensity d 0.02 kWh/m?
20 Energy intensity gi 0.0027 kWh/m?/m
21 Energy intensity si 0 kWh/m?
22 Energy intensity td 0.2, 05, 0.8 kWh/m?
23 Energy intensity wh 50 kWh/m?
24 Energy intensity wt 02 06, 1 kWh/m?
25 Energy intensity wwc 0 kWh/m?
26 Energy intensity wwt 0.3, 065, 1 kWh/m?
27 Groundwater intake Groundwater ratio * Conveyance m’
28 Groundwater level 20, 40, 60 m
29 Groundwater ratio 0.1, 0.5, 0.9 -
Energy intensity gi*Groundwater level*Groundwater
30 Intake energy ( 9y v 9 L . kWh
intake) + (Energy intensity si *Surface water intake)
31 Ipcd 100 liter/Person/da
y
32 Ipcd unit conversion 0.03 (day*m3)/liter
Major chemicals for .
33 Wastewater chemical dosage * Wastewater treatment mg
wastewater treatment
Major chemicals for .
34 Water chemical dosage * Water treatment mg
water treatment
INTEG (
. IF THEN ELSE( NRW a ratio < 0.01001 , 0 , - NRW
35 NRW a ratio . . -
a ratio reduction ),
0.01)
36 NRW a ratio reduction 0 1/Month
INTEG (
. IF THEN ELSE( NRW r ratio < 0.19001 , 0, - NRW r
37 NRW r ratio . . -
ratio reduction ),
0.19)
38 NRW r ratio reduction 0 1/Month
39 NRW ratio NRW a ratio + NRW r ratio -
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&4 CENEES EHA A EHg)
40 Population INTEG (Population growth, 300000) Person
41 Population growth Population growth rate*Population Person/Month
42 Population growth rate | 0.001 1/Month

NRW r ratio / (1-NRW r ratio) * "Residential & 3
43 Real loss . m
Commercial water use"
"Residential & . . . 3
44 . Ipcd unit conversion * Ipcd * Population m
Commercial water use"
(1-NRW a ratio-NRW r ratio) / (1-NRW r ratio) * 3
45 Revenue water . . . m
"Residential & Commercial water use"
46 Surface water intake (1-Groundwater ratio) * Conveyance m*
CF of total energy + CF of water treatment
47 Total CF of UWS . ) kgCO.e
chemical + CF of wastewater treatment chemical
Intake energy + Conveyance energy + Water
treatment energy + "Transmission & Distribution
energy"”
+ End use energy + Wastewater collection ener
48 Total Energy for UWS 4 . o kWh
+ Wastewater treatment energy + Discharge energy
+ Embodied energy of water treatment chemical
+ Embodied energy of wastewater treatment
chemical
49 Total water loss Apparent loss + Real loss m’
Groundwater intake + Surface water intake + WF of
water treatment chemical 3
50 Total WF of UWS m
+ WF of total energy + WF of wastewater
treatment chemical
"Transmission & . . . S
51 o Energy intensity td * "Transmission & Distribution" kWh
Distribution energy"
"Transmission &
52 o Revenue water+Apparent loss+Real loss m?
Distribution
Wastewater chemical 3
53 20000 mg/m
dosage
. Revenue water + (Wastewater collection ratio * 3
54 Wastewater collection m
Apparent loss)
Wastewater collection . . .
55 Energy intensity wwc * Wastewater collection kWh
energy
Wastewater collection
56 . 0.9 -
ratio
57 Wastewater ratio 0.9 -
58 Wastewater treatment Wastewater ratio * Wastewater collection m
Wastewater treatment . .
59 Energy intensity wwt * Wastewater treatment kWh
energy
60 Water chemical dosage | 20000 mg/m’
Energy intensity wh * Water heating ratio *
61 Water heating energy . 9y ) Y . g . kWh
Residential & Commercial water use
62 Water heating ratio 0.01 -
63 Water treatment "Transmission & Distribution” m?
64 Water treatment energy | Energy intensity wt * Water treatment kWh
65 WF coef for te 0.02 m3/kWh
66 WF coef for wtc le-08 m*/mg
67 WF coef for wwtc 1e-08 m’/mg
68 WF of total energy WF coef for te * Total Energy for UWS m?
69 WF of wastewater WF coef for wwtc * Major chemicals for wastewater 3
m
treatment chemical treatment
70 WF of water treatment | WF coef for wtc * Major chemicals for water 3
m

chemical

treatment
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