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Pressure restricted water supply method during drought using a
computer simulation and daily water supply analysis
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ABSTRACT

Due to global climate change, mega-droughts have occurred frequently. Since long-term droughts make it difficult to secure
the water resources, water supply needs to be restricted in a reasonable manner. In the event of limited water supply,
the waterworks need to develop a restricted water supply strategy. This study showed that analyzing daily water supply
could be used to respond to the first stage of a drought. According to an analysis of Korea's major water authorities,
there was about 7~21% of room for daily minimum water supply in case of a drought. Restricting the water supply
by lowering pressure is a good strategy for local water authorities with high water leakage rate since leakage is inversely
dependent with pressure. For this method, it is necessary to quantify water deficiency and pressure at each node using
a simulation. Since DDA-based software is not possible to predict changes in demand at nodes with pressure reduction,
WaterGEMS, a PDA software, was used to gquantitatively predict water shortages and pressures at each node. Locations
where water is deficient need to install booster pumps or to be dispatched with water tank truck and bottled water.
Without these support, lowering pressure could not be an option for water works. This paper suggests a method for
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waterworks to plan a drought by lowering pressure to restrict water supply using daily water supply analysis and PDA

based simulation.

Key words: Restricted water supply during drought, Daily water supply analysis, Pressure restricted water supply, Water
distribution network simulation, Emergency water supply
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(MOLIT, 2015). f-2jvtet= AEA Rl 544 A A
FO oF 66%7t o5 Aupd AFE ol o, &
ol Aad FEo= IRt AEA 7Hso] HIWs)
A wA¥skct  (Korea Meteorological Administration,
2017). AREA e RE §iAL Foha, WAo] 4
om, RRAYE Hof SHUA SAlo] ANHoR
= 5740l AT (Kim, 2005). o]2|gt 5
A W A on TRzl waw

sl AT ofHsol A

d

< 4y 1

t} (K-water, 2016).

7HaAloles A Ao m &-E-517] 913 A
A2l SAAE SHstolof gty FRoA= At
Aok ate] 712 wet S 2 AR A 9
AABE A AE vlASHE T (Ministry of the Interior
and Safety, 2015). E3t, 7[5 37} AZd =4
AFR O 87 Al - Ftoll AltgE 8 daE A
A A vhsto] PYA ] A A4 7hol=
ZHelE TH=th (Ministry of Environment, 2016).
Table 1-> &&= sl 7h= A 9171 #2E
iAol A AAJSEAL Yl ©AE Aldbga 7)ol
t} (Ministry of the Interior and Safety, 2015). &1}
o] 7tolEeelE ZhadtAlel WE ARtsaE 71e
AAIBFAA T, FAA Q] g et digh AdT
< tha EgSeiths AEE 7HAAL dSiE

BF Ao A S 34 o
O AZHA Al AR v Aol A o] ARV 2

F2 Agshs e AUTH (AWWA, 2019;
Lee et al,, 2012). AJ7Hga A1 2@ 241 WA §lo]
Aol e Ao BE HiET 4 Qloks Aol
UARE, 5= ARE Eetel] oA S o= A%
shal, W WO =o) Hlg4 Atk 7t HH, 3
o A7NAL B o] IHAFAYA Asshe 2ol A
ofg] 7k EA(FZ4, 5715 34 57 2A8E -
now, dAom w2 o ufol AT HdolA
o] Wk ©ol Stk (Yang et al, 2014). =
0] & AAAIE W] ool WhE 9] Apo]
7 AR, fgo] W2 A A= ool gt 4=
oA Zpo|7}F HHAEE 4= Qlok o]e} 22 o] f- &2 AlXE
5 oA & ti= Sid A9 fs S AR
of A&sl & a7t Utk Frao] B2 AAAE A
o Alghara BHAE 288 & dart lok ey &
T g Ao = T &
wAI7F 7171wl s A o] Rl
s/30] Q. webA], Ao A7} 4
oA HEA TET AP HEZ Fast
T7F He A9s A 22y HE 5o v
R AA = F55ko{of L, booster pump 5] A
= nEstofof gtk Ar|A o= W] ofE w55t
Al e= E53F AAF0] S 5o Hrkd
(Kim et al., 2015b), ZHeFoll &J3t Alghg= WH | ax
7F AA Zlojth

Table 104 783 w52 7I=o] 19 a4
AA] 1 Fat Aol tigt A ol= YzollAl =8
5} A 9Ft} (Ministry of Environment, 2016). A &-8-4=9]
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Table 1. Classification of drought stage and standard for restricted water supply
Drought Stage 1 Stage 2 Stage 3 Stage 4
Stage (Abnormally Dry, Blue) |(Moderate Drought, Yellow) | (Severe Drought, Orange)| (Extreme Drought, Red)

Reducing less than

Water Supply 10~30%

Reducing less than
30~50%

Reducing less than

50% Water outage
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[e]
7} s-nere] PO wet 271A 2 BREY §45a
Frksstchs dAlsl] AW SFE Al
DDA(Demand-Driven Analysis) ©| 21} Ao A2l 4=
Sof el gga] Wel AS Tejsle] A
oAe] T §HERFI 252 BAl Adkshs
PDA(Pressure-Driven Analysis) ©]&o0| QJt}h (Baek et
al.,, 2007; Shih and ReVelle, 1995). DDA ©|2-& 7|5t
om suHde suels A9 47k w343 BA
glo] 4 A Hol X (Node)ol Ao 2 7=
(demand shortage)& AHg3st= Zo] E7}ssict (Wu,
2016). DDA ©| 29} 352 B YL (S o

2 449 §5587 35 B g ol o3t A
S

4o Ba S)ol 4 Helo] ARl AT} 28 Hlw
A&l AitE HoF 4 9t (Baek et al., 2007). 9]
A3t AL 7t X O] FagaaFol] v H
Q1 Aol Haabelel 2ol Q145 DDA w9l
5402 Qs AT AR o] v
BiQl A 24 o] dagrHe FEHA Y
2 4 T} (Ang and Jowitt, 2006). L1}, PDA 34
o 7 AReINY 84FFel YASE-84TT B

A|(Head-Outflow Relationship, HOR)o|| u}e} Hal= A
13 Ao & DDA EEEo] 7Hxl BG4l A
o] BAYeYS BT = = ideltt (Oak et
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(Bentry, 2017; Rossman et al., 2020).

B ool BAe gl meEel sggrel
FoAL] vhAS 18 SEAIAT SRske A
o] Ege Fi glojth 19 Foapolu AERE

=
) geua 19 Hag

=58 14 FEg Tatel,
7] 1A (A EAN S g A=F o &8
Sz WS AABEE ESE PDA WAl o] A g o4
S 283l 2 oA o) BRI P g4 F
AHS o E3stal, ol A dE] 5 &gl
7Ve3HAE Hrbske], W E] ot A|skg4rt
4g TMsEAE B e AAR
2, S+t HiH
2.1 97 ChA X1
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Table 2. Water supply at each drought stage for the CR water district

Drought Water Supply Ratio Water Supply Water Deficit Ratio | Water Reduction
Stage Classification [96] [m®/day] [96] [m®/day]
Usual supply 100 631 0 0
age 1
[Abnormal?; ]gjiought, Blue) 9 568 10 63
Stage 2 70 442 30 189
(Moderate Drought Yellow)
Stage 3 50 315.5 50 315.5
(Severe Drought, Orange)

vy >
CS Reservoir ML
&10

SHAMY | CR Reservoir

GC Reservior A
A s -
608
N y Y Target
- G SJ Reservoir
ity Srsar
f-‘r’ CD Reservoir A e
CHME A 2 1]
SHER qoeaun L%
JS Reservoir $17
Target Water District & olcte
(a)

o5 HAAsto, A7l EaraS A Aol 9 o] dd 4= 9l #utk ofvel, WHIH (=& =
S SAE G D G AAE wHESITH AE T AEFREE AT 5 = 7lsol Sl
OOAAA Y] 67 TS F stuhel, CRHFA] & MBS o83t Algtgs HAfdl  AH3sich
H9S giez 3t OOAAA = F4el+ HOR(Head Outflow Relationship)-2 WaterGEMS2] W&+
8420407 LAEo] glom, olff Fig. 13} Zo) 3F¢l power functiong ©]-83}9] 1 (Bentry, 2017;
GC, SJ, JS, CD, CR, CS9] 6719] vt oz & Wagner et al., 1988), Z]<=(Power Function Exponent)+=
Ho] AeE 3331 itk o] = CR Hl$1A9] | 0.55 AF83}9]1, threshold pressure= 002 7} 3}

d BAFeEFS 27 m/dolth. OOAAA L HFE o (Switnicka et al, 2017).
3} Al4=¢l 147878 183to] 631 m'/dayS CRA| 2]
A o1 HuFdeahoz A s

| =8 F(1d g R A=t 314t} Table 2 3 7:|J__',I' =1 E

= CR w9 9] 7} 7Hg Ao g 35S = - = X T

T =
Oi]TJ— AT ol AT} HE HMS E5} =
31 1E HTo Eo === °|_|' —75—7| 7|E EHI'I 71'
8 28

2.2 ATEQ0]
WaterGEMS (Bentley Systems, Exton, PA, USA) A&
ZEY o2 285} ch WaterGEMS: PDA7|Hlo]7] T

2o dEHF= A7t EFw FEe A AE
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Table 3. Peaking factors at each service population with non-exceedance probability of 80%
Population
8.5~10 10~25 25~40 40~70 70~100 100~200 | 200~400 | 400~700
[%1000]
Peaking Factor 1.6215 1.5852 1.5385 1.5108 1.4787 1.4381 1.4017 1.3528
Folty. 53, 1Y Haged2 g =AM ARl N o, o
- W 3 @
o] Iol Az AT FeFol i, ANIEo] ot o B e sl
- N W e
o] EHdE #std HEER, BABlue) THA A 000020 i i i
B 4 ol golok RRshe FHrY F4 : /N E
ol weh he g malth §4RlT AL A | / | \ i
HEReto] AXEsL ufe Ak FHAF A H 0 ooz : : :
BRe) i Table 37 B, At 19 Fake o
ol 7HTRAL 7P AL, 80%9] W23 BHEE ' i i i
Has A g|do] ol oFAtho] o|ARFRE X ! ' !
e }_01 E] ] 01 ] —4 ] ° ]— = ﬂ 0.00004 ! 13% Reductlcﬂ 11% Reductiol !
A% F Qe grolth LN
0.00000 (e I Lae™7 1

o & £
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11 3
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A diet et Aol fiAIRt ol& 1Y T : &
- Daily Water Supply(m3/d) o)
aEeltal 7?@'551, Tt 8T Ao =4 i , . 2
oz saste] YTHal 5O o] Ghek Hye Fig. 2. Analyzing daily water supply of whole year. g
ol gsle] ZHay] ZERS B+ HH o) % _
1_ o @l dTE SRR T M g 19 wagewen Uk oin, $eu
A= 19 59 AEE 7L fleu= oA gl A AR AeE AAS AAS o 7]Zo
= = = HT 70 o 2= 27 = v~
A5k Aol A=Y diAle vtes 83 AR
|t} Fig. 2= 19 gF A& 2224 3 4 = TR, of =S wrarl el
o|tt. Fig = 1Y g5 X —EEEA Za A== R o SN A
22p o ggo|E]2 7jato2 AAFL Ao|th Fig 21} Table 3] ek ATFS Av= 147870]1:} °l =4
T6 T o = _1_.——— -101_.}\_ . . 9—]@-11:‘—]?‘5]”2“—1‘1‘:":]5_]'1?—:] A%]:_Ll‘lo] JJKH:L
o] grde BAMEY, 5o Wit o= | A gE 0/ (— o] Zltl=LAak
: - i i i Zegko] H|L 68%(= 1/14787)] 2,19 gy
Aol A=A dA &+ Aok ST A 19 3 u] 2% el E A|UEe 1o Hgda &
A5 47,783 m/dayo] =], H| 2SS 98% Zo|A] B TaUwL Aolmg, o] Awo| Ivt &
= A8Y Ay 14 #x 8 Al 99EE A0 gagu Agie] 2He 37 orS Aot 19 |
42394 m/day2t 52931 nrfdayolch. VIZMEE WY Goeor o) of 3200) A7ho.R Table 19] 15k
= A& AS ol Amof ot FF2 E017] A AHA)el| dat tigo] shsatct el 19 Hags
gtolth. 7)o 1Y Hagsgoes AllEA & FS FH5tolE AUES Ao EHLE QJAANE
= IS B 1Y BAasES 7o ®E oF 12.7% 7| A 0] AT 7pst Ao|m g, AT ARE AF
o] 4=8K(5,392E/Y) d3ol H= Aolth 1Y g tefo] Z2sg M7to| slssin Z2r2 9at A3
T 71Fo2 b oF 23.5%2] ER(eF 10,537% npEo] ek 2 9l Aolr}.
/9) AzFo] 7hsstA "ok olHet A Bl&2 A%t Table 49} Table 5of wb2@ 19 2o, 24 9 H3
= AR WA 3t A WA 10 ~30%  gaere 2 qAER F4AT Sof wet zolr)
of diul7h 7k’ Aol wWEkA, 1Y Hagsd =23 A @ HaTswe AR o6 e
SE= ol 19AE@AETEA) =& 7 AR T o) E3Rao)| A H] 2 TFEFS0] 90%S} 98% = THE Ao
Al HHIZE Zhs e slolst o] o2 Sl ol 24 EAYATL FEH A
FEARARY 1Y Fd 22 A=TE v, A 3] =g A] thokst 4222 AFLE)7] Wjioltt ZF T A
FRSIE o]&sto] BAT 5 ik MAFHshe 19 59 19 FHF5gd 19 JaF5E uee
T 7P wol =& AREske el adie, 1Y 2 B3l Ado w2, 7} TASLS o 7~21% $Fo
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1 AlZ2iojdat 1Y F4E BAS 0|80t 27| 2ol 2lst Aistgs W
7 AFE 7ML Qe AR ZAE QY 44T Alojtt. o] AlofA x= Fdlolth
7 e 1 A g ] 7-21% FEo R Eo
A FestolE 1Y 2AaFeE 30 goagFo|n 19 g5 Akl (m*/d) = (Eq. 1)
2, Anigo] Bkl et oA 7k glom ag g LBEET (2L S0 75Tt
TN FeHos A e ol BE g gaagp el (m/d) = (Eq. 2)
ot et Aletgape] Al nlee] Hasks 9 19] 3 7342 x (14104 X 20019 — 0.6727 x £°0207)
o ajd W& FREolA Aol dejal dxE
e Ax Zad Aol 140 t
Flg. 39} Fig 4t A7) w2k o0t ogvell Al 12 g Y 2008
Atoll wE 19 FHd ¢ Hagaegs Sl 1o bR —
o g i glolth o] aed FARAe O "ReL0%r
0.60
%:_—SH :L/\O];F'Oﬂ EHB_]— Z]‘/l\"—‘?:}-‘/l\"i OE]EI_/‘\—!'% ‘?_E‘IE‘ 040 < Max/Avg. of water supply
7/'_]\5 ]__o]‘q‘ 7], /\E/\]’CQX]'—- /}—:.‘_‘] 1?_:'1. v]::]’—./_'“_ﬂolf X}- : o Min/Avg. of water supply
0.20
BE HRoR, 1Y Hd 9 HagseHs Foks A 0.00 , , ,
o] %J_x_]o]x]q_]—) x].g__é 3]_7] 0131_5_)_ = xﬂ ]%]_ 0 1,000,000 2,000,000 3,000,000

Eq. 13} Eq. 25 AMg3l= Ax 7158 Aolh Eq. 1
9} Eq. 2= ZHz v 23488 90%S} 98%0f|A] F4=¢l
Foll W2 1Y Hdf 9 Hagaske] Aol Aok

Service polulation

Fig. 3. Maximum and minimum water supply over population
with non-exceedance probability of 90%.

Table 4. Average, maximum, and minimum water supply of major cities of South Korea with non-exceedance probability

of 90%
City Servic.e Avg. Watser Max. Watfr Min. Wat;ar Max./ Min./ Av.g./
Population Supply (m°/d) Supply (m’/d) Supply (m°/d) Avg. Avg. Min.
Seoul 10,388,055 3,217,209 3,435,130 2,991,087 1.07 0.93 1.08
Incheon 2,806,943 961,734 1,018,058 900,293 1.06 0.94 1.07
Suwon 1,178,509 333,282 356,952 308,099 1.07 0.92 1.08
Bucheon 880,907 265,210 285,732 243,349 1.08 0.92 1.09
Paju 281,807 146,788 158,125 134,599 1.08 0.92 1.09
Gwangju 255,779 92,437 95,682 86,332 1.04 0.93 1.07
Yangju 199,143 74,420 85,231 63,067 1.15 0.85 1.18
Euwang 160,700 48,204 52,806 43,279 1.10 0.90 1.11
Susan 147,185 47,783 51,425 43,897 1.08 0.92 1.09
Jungup 115,840 36,237 39,439 32,704 1.09 0.90 1.11
Dongduchun 99,228 31,792 36,450 26,685 1.15 0.84 1.19
Nonsan 98,910 29,037 31,124 26,760 1.07 0.92 1.09
Eumsung 84,916 26,148 29,090 22,849 1.11 0.87 1.14
Kumsan 40,087 16,186 17,803 14,446 1.10 0.89 1.12
Yecheon 33,575 12,606 13,715 11,433 1.09 0.91 1.10
Danyang 20,047 10,325 12,010 8,561 1.16 0.83 1.21
Bongwha 18,888 8,601 9,493 7,620 1.10 0.89 1.13
Muju 16,915 11,794 13,435 10,059 1.14 0.85 1.17
Boun 16,174 6,262 7,057 5,338 1.13 0.85 1.17
Goryung 14,022 5,800 6,283 5,268 1.08 0.91 1.10
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Table 5. Average, maximum, and minimum water supply of major cities of South Korea with non-exceedance probability

of 98%
City Servic'e Avg. Wat;ar Max. Wat;ar Min. Wat;ar Max. / Min. / Avg. /
Population Supply (m?/d) Supply (m°/d) Supply (m’/d) Avg. Avg. Min.
Seoul 10,388,055 3,217,209 3,522,843 2,897,892 1.09 0.90 1.11
Incheon 2,806,943 961,734 1,041,612 876,740 1.08 0.91 1.10
Suwon 1,178,509 333,282 366,922 298,129 1.10 0.89 1.12
Bucheon 880,907 265,210 281,023 234,603 1.06 0.88 1.13
Paju 281,807 146,788 155,552 129,820 1.06 0.88 1.13
Gwangju 255,779 92,437 100,669 83,839 1.09 0.91 1.10
Yangju 199,143 74,420 82,734 58,385 1.11 0.78 1.27
Euwang 160,700 48,204 54,751 41,334 1.14 0.86 1.17
Susan 147,185 47,783 52,931 42,391 1.11 0.89 1.13
Jungup 115,840 36,237 40,923 31,334 1.13 0.86 1.16
Dongduchun 99,228 31,792 38,493 27,821 1.21 0.88 1.14
Nonsan 98,910 29,037 32,043 25,918 1.10 0.89 1.12
Eumsung 84,916 26,148 30,396 21,543 1.16 0.82 1.21 3
Kumsan 40,087 16,186 18,496 13,753 1.14 0.85 1.18 ch?)
Yecheon 33,575 12,606 14,172 10,939 1.12 0.87 1.15 8
Danyang 20,047 10,325 12,690 7,881 1.23 0.76 1.31 %
Bongwha 18,888 8,601 9,883 7,230 1.15 0.84 1.19
Muju 16,915 11,794 14,145 9,348 1.20 0.79 1.26
Boun 16,174 6,262 7,415 4,980 1.18 0.80 1.26
Goryung 14,022 5,800 6,507 5,065 1.12 0.87 1.15

1.40

120 1oL o) g7l whel AEE 4ol Tel st ol
120 - Q17 sfobslof S, T i FuIEe] e B
r=gorarces T 54 AL Systolol Gk wek B do]
Rz =10.3679
0.60 =
P T—— Sk, A BFF ol A BRIt A7

o o Win/Avg, of water SUppy 4 Ao 2J AHEFE wslof & Aolth o8
Aol AESL7] SIsIA Al B o] Ho] é*ﬂom ]
e 0 1,000,000 2,000,000 3,000,000 Al &Y o)]ASE B3 57 YA ¢ E - Node)} ¢
Service polulation E_'ﬂ'o] 1;(1—.8_‘. s Re _10L]‘—5—]_ 7-101 7]__01_7] ]IH_l?_o]E]_ o]
T e o o PN 215 ol SEAYA} booser g 2131
" U A9} ARE HE2 Bas o) Bastl, wet
32 MEH0IZ 0j88 sigErie Zermmoy of O TEAC CEA ST SO
- - v U an/\ =TT A dﬂ’é‘io:]‘r‘ﬂ
e HetsT 28 913 OOA| 7] M2 FolA] CR la=el e
AetFs Adshs 27k WY FollA] gehlse] o2 7ot o3t AFEE WaterGEMSS 0]8-5}0]
ofgh Wi e dig 220 A o)Al gtgo] Yok 5 A[EH 0|4 stk 15 TATAHTE 10%)E =
=R oA Fo] 1ho.x] gk BHte] QAnk Tk o 3t 734 537} Aol A B Eo] WALt 20
ofejo] Won@ g} Zojule Aol olk b FoJuA(IEHE 30%)E o) & ATk 1037) A e)A
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| AlEelordat 1Y ST 24S OI8S 24| &Rl 2t AletEs Uy
Drought Stage 1 Stage 2 Stage 3
Stage Classification (Abnormally Dry, Blue) (Moderate Drought, Yellow) | (Severe Drought, Orange)
R ing 1 h R ing 1 h
Usual Supply Reducing less than 10~30% edutgggsg; than educmSgOO/jss than
631 m®/day 568 m®/day 442 m®/day 316 m®/day
Water Supply Deficit Nodes (red color)
2 P, i - ~ - b
> N e .
0 nodes 2 nodes 5 nodes 17 nodes
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Fig. 5. Results of demand deficit by nodes using WaterGEMS simulation.
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Table 6. Alternative water supply for five locations(nodes) with Stage 3 drought
Classification Location 1 Location 2 Location 3 Location 4 Location 5
Water Deficit 2.0 134.0 31.0 18.0 4.0
[m°/day]
5 ton(m®)
water truck 20 5 3
3
wator teuck 1 13 2 : :
1.5 m’ 1 m’ 0.5 m’ 1.5 m®
Bottled Water ) 1.5 LX1000 1 Lx10007} 1 LX500 1.5 LX1000
Remarks ) Booster pump is Booster pump is Booster pump is i
required required required
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Fig. 6. Water deficit (red color) / water demand (black color) =T TEH—= TXE= oH T Al=
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