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Abstract

Efforts for reducing greenhouse gas emission coping with climate change have also been performed in the field of water and wastewater
works. In particular, the technical development for reducing energy has been applied in operating water distribution system. The reduction
of energy in water distribution system can be achieved by reducing structural loss induced by topographic variation and operational loss
induced by leakage and friction. However, both analytical and numerical approaches for analyzing energy budget of water distribution
system has been challengeable because energy components are affected by the complex interaction of affecting factors. This research
drew mathematical equations for 5 types of state (hypothetical, ideal, leak-included ideal, leak-excluded real, and real), which depend
on the assumptions of topographic variation, leakage, and friction. Furthermore, the derived equations are schematically illustrated
and applied into simple water network. The suggested method makes water utilities quantify, classify, and evaluate the energy of water
distribution system.
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Table 1. Performance indicator to evaluate energy in water supply networks

. Minimum required energy by users Energy delivered
Energy supplied to users -
Natural input Supplied excess energy Structural energy loss
energy Energy losses in pipe friction
Energy losses in pumps
Input Output | Friction energy losses } .
Py Ly & Energy losses in valves Operational energy loss
energy energy
Energy losses in turbines
S Leak energy losses Energy losses in pipe leaks
energy
Tank energy compensation Energy compensation by tanks Energy compensated
Turbine energy generration Energy generation from in-pipe turbines Energy delivered
P | Losses in pumps
Tank
Shaft
. input Supphed
Reservoir

Natural

input

energy

Datum

Fig. 1. Schematic representation of energy components for water distribution system
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Table 2. Five different types of the state of water distribution system
Types Assumptions Equations Calculation
-Head: 2, =0 for i=1,-,n
No topography h; = Hy for i=1,--,n
Hypothetical state No leaks < Manually calculated
- Flow: = A
No friction loss oW @ lzjlql
-Energy: E, = QpHy
-Head: h, =Hp—=z for i=1,--,n
Yes topography S
- Flow: = :
Ideal state No leaks ow: Cr ;}1% Manually calculated
No friction loss -
-Energy: E,., Zqz i vZIqY(Hﬂ'iZY)
-Head: h,=H,—2z for i=1,---,n
Yes topography . = .
- Flow: = YL =Q,+ )
Leak-included ideal state Yes leaks ow i;q’ 7; = Or 7; ! Can’t calculated
No friction loss S S
“Energy: £, = 25 (g +1)h = (¢ +1)(H; =)
i=1 i=1
‘Head: ', =H,—z —Ah, for i=1,--,n
Yes topography =
- Flow: = /
Leak-excluded real state No leaks ow Xz ,v;ql Model calculated
Yes friction loss S <
-Energy: £, = Eqih i qu‘(HR % 7Ahi)
i=1 i=1
‘Head: 1", =H,—=z — AW, fori=1,---n
Yes topography ” - o N
- Flow: = Y =0+ )l
Real state Yes leaks oW @n i;q’ l; R ,v; ! Model calculated
Yes fiiction loss -Energy: £, = E (‘L +l/i>h”1‘ = Z (% +l'i)(HR AT Ah'i)
i=1 i=1
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Reservoir

N ii_ _ _4:'.?_\._._._ S

N Ak,

Hp

Hp

() Real state

Fig. 2. Schematic representation of head and flow in water distribution system
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Fig. 3. Schematic diagram of simple water distribution system

Table 3. Pipe attributes of simple water distribution system

Pipe Diameter (mm)| Length (m) Roughness
P11 300 1,000 100
P12 300 500 100
P13 250 2,500 100
P14 250 800 100
P101 150 1,000 100
P102 150 1,000 100
P103 100 1,000 100
P104 100 1,000 100
P105 150 1,000 100
P106 150 1,000 100
P111 150 1,200 100
P112 100 1,200 100
P113 150 1,200 100
P114 150 1,200 100
P115 100 1,200 100
P116 150 1,200 100

Table 4. Node attributes of simple water distribution system

Node Elevation (m) | Demand (CMD) | Emitter Coeff.
Reservoir 100.0

JI1 70.0

J12 80.0

J13 10.0 6
J101 10.0 8
J102 20.0 400 12
J103 30.0 300

J104 0.0 500 15
J105 10.0 25
J106 20.0 600

J107 -10.0 4
J108 0.0 600

J109 10.0 300 8

Q= O(QQHL)” ()

A7|A, g= FE7HEEo|th & AA oAM= FrE B oot
7] 915te] G A4 0=0.502 AAst o, Zt A o
A E| Al5= Table 4¢] LERH HEe} Zo] 513t
4.2 YoM At L oL 2] ALHED £

ol 2] At BA7 ¥ o] H-8-5 9l TdofA2 7t
v A E AA| Aeli(leak-excluded real state) 2t A A] A eli(real
state) ]| tS}o] EPANET2E ©]-8-of =3 =] Siet. g sfiAlS
ol =& A3H Aot I=E A= Tables 5 and 6°]
Lreti sict. 712 Adeli(hypothetical state) 3 o]/ 2] /=
(ideal state)o]l gk A28 At 9 yh=d Ayk= P4
o] 43 glo] dPAtm =R E (tds| Ak - gle B =
A 2 e 2] ottt

7 A, AeEE T2 o)A Ay R HE ofE
(Watt) =2 FA| == LA oflv 2= Eq. (1)Z2FH A4t
24 ek ol o, S e m? day ZHE mP/s 2 AT
Sh= Aol f-2fstofoF gt o] 2 A Akt TIA K sec) T
o qz|= otefjo] A o2 RE AT HHAREFHWh)S] &9l
2 o|R(EY)7F AL .

EY(Wh) = E(Watt) x 31,536,000 (sec to year)

x 1/3,600 (Joule to Wh) 3)
A7 AHAGO 2 b9 Ho] oJste] A7 A7k
HjE TR0 2 Sibe 4= itk

CRemission (CORe) = EY(Wh) x 0.0004594
(Wh to CO2e) 4)

1714 0.0004594= ¢-2yzete] MHujEAlT= e
FHWh)S AAsh=d] BjE == 24 7FARHCO2e)S 9]0
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Table 5. Node results of simple water distribution system

Leak-excluded real state Real state
Node ID
Flow (CMD)| Pressure (m) | Flow (CMD) | Pressure (m)
Reservoir | -2700.00 0.00 -3349.22 0.00
J11 0.00 28.79 0.00 28.19
J12 0.00 18.18 0.00 17.29
J13 0.00 80.82 52.42 76.32
J101 0.00 78.46 68.31 7291
J102 400.00 57.98 483.62 48.55
J103 300.00 44.38 300.00 34.08
J104 500.00 77.45 623.04 67.28
J105 0.00 65.19 183.06 53.62
J106 600.00 52.61 600.00 41.59
J107 0.00 84.89 34.41 74.01
J108 600.00 72.76 647.07 61.54
J109 300.00 62.50 357.30 51.31
Sum 2700.00 3349.23
Table 6. Pipe results of simple water distribution system
o Leak-excluded real state Real state
D Flow |Velocity | Headloss| Flow |Velocity | Headloss
(CMD) | (m/s) | (m/km) | (CMD) | (m/s) | (m/km)
P11 [2700.00| 0.44 1.21 |3349.22] 0.55 1.81
P12 [2700.00| 0.44 1.21 |3349.22] 0.55 1.81
P13 [2700.00| 0.64 2.95 [3349.22] 0.79 4.39
P14 [2700.00| 0.64 2.95 [3296.81| 0.78 4.26
P101 |1398.34| 0.92 10.48 |1656.76| 1.09 14.35
P102 | 784.83| 0.51 3.60 882.73] 0.58 4.47
P103 | 210.11| 0.31 2.26 272.92| 0.40 3.67
P104 | 225.53| 0.33 2.57 198.05| 0.29 2.02
P105 | 591.54| 0.39 2.13 | 641.37| 0.42 2.48
P106 | 189.63| 0.12 0.26 176.53| 0.12 0.23
P111 [1301.66| 0.85 9.18 |1571.74] 1.03 13.02
P112 | 213.51| 0.31 2.33 | 290.42| 0.43 4.11
P113 | 484.83| 0.32 1.47 | 582.73| 0.38 2.07
P114 | 591.54| 0.39 2.13 | 675.78| 0.44 2.73
P115 | 198.09| 0.29 2.02 182.23| 0.27 1.73
P116 | 110.37| 0.07 0.10 180.78| 0.12 0.24
S, AP 4to] o] §5= o A ¥ o] T B dH]of 9
sff getd 4 qiek
43 SRR Y2l o2 223 24

Jofl thiste] 5 47141 “gefiof] thieh s+ 2}

E vz tofrt o] 8 48 A4S AL 4= ek &
ol A<= Table 72 Zro] ZF 3 (node) 9] 2] A A} 3t
© 2HE TEEE F FFolHA](total energy supplied), A}
L2 FF = E ol A (energy delivered to consumers),
5 i AIShE Aol A & T34 o 2] &= (structural
energy loss excluding leaks), <& E3Fol= Ateof 4 o] 4
ZA o[ 2] 4 (structural energy loss including leaks), ‘=
ot upzhof o]3t of 1 2] £~ (leak and friction energy loss)
T}, Table 87} Zro] ZF H A (link) 2] 48] 4 23} gho 2 5 H
L EE = T E HiAskE Al ol A o] TrEuREe] o5t ofu

Z] 224 (pipe energy loss for leak-excluded state), +5-5 I

Sbot=Afefoll A o] Trznpo] oJgt of 2] &4(pipe energy
loss for leak-included state)©]l Tt o 2] Q.4 FATH
= A AISHTE Aol B =wo] et Aol of
d = (pipe) 0] €] 0] I, Wi H FO] 5 @ A5 7=
=G = 2] oo 2 At AV S A8
o, Ao == 2] 2 aFol thof A = theF
EAANE AA S 5 ot

A7 o] =8 A 7:1)4-7}0&_'—1;1 CEE =z 84S
f—itgs} , 1A T sFolvzl= AR dH e K Q" =
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Table 7. Energy components derived from node results

Components Sub components Values

The total energy supplied for unit time (Watts) 38027.65

Total energy supplied The total energy supplied for a year (Wh) 333122220.43
The CO2 emission for a year (CO2e) 153036.35

The energy delivered to consumers for unit time (Watts) 15959.23

The energy delivered to consumers for a year (Wh) 139802893.25

The CO2 emission for a year (CO2e) 64225.45

The energy required by consumers for unit time (Watts) 1532.81

Energy delivered to The energy required by consumers for a year (Wh) 13427437.50

consumers

The CO2 emission for a year (CO2e) 6168.56

The excess energy supplied for unit time (Watts) 14426.42

The excess energy supplied for a year (Wh) 126375455.75

The CO2 emission for a year (CO2e) 58056.88

The structural energy loss excluding leaks for unit time (Watts) 3633.33

The structural energy loss excluding leaks for a year (Wh) 31828000.24

The CO2 emission for a year (CO2e) 14621.78

The manageable structural energy loss excluding leaks for unit time (Watts) 6131.25

Strl;ig;ﬁji?glelrei};(ioss The manageable structural energy loss excluding leaks for a year (Wh) 53709750
The CO2 emission for a year (CO2e) 24674.26

The unavoidable structural energy loss excluding leaks for unit time (Watts) -2497.92

The unavoidable structural energy loss excluding leaks for a year (Wh) -21881749.76

The CO2 emission for a year (CO2e) -10052.48

The structural energy loss including leaks for unit time (Watts) 4194.13

The structural energy loss including leaks for a year (Wh) 36740546.57

The CO2 emission for a year (CO2e) 16878.61

The manageable structural energy loss including leaks for unit time (Watts) 6575.3

Str?;g‘iiﬁgiregai:oss The manageable structural energy loss including leaks for a year (Wh) 57599636.81
The CO2 emission for a year (CO2e) 26461.27

The unavoidable structural energy loss including leaks for unit time (Watts) -2381.17

The unavoidable structural energy loss including leaks for a year (Wh) -20859090.42

The CO2 emission for a year (CO2e) -9582.67

The leak and friction energy loss for unit time (Watts) 6576.8

The leak and friction energy loss for a year (Wh) 57612755.94

The CO2 emission for a year (CO2e) 26467.3

The leak energy loss for unit time (Watts) -1234.95

Leak and

friction energy loss The leak energy loss for a year (Wh) -10818188.24
The CO2 emission for a year (CO2e) -4969.88

The friction energy loss for unit time (Watts) 7811.75

The friction energy loss for a year (Wh) 68430944.18

The CO2 emission for a year (CO2e) 31437.18

(Eideal - ZZ;'etaZ)E /1\}15)‘% _/[i
= 7S AR AA] S H

fu-

100, o] St ofui 7] £

AA G o] oA A 2N B, —

E'eial)i /ﬂ';g % —/r: 9}\_(_)_{]:‘1’ u]_ :_:_}
‘et S AR A B O] AU 2N E,, — B )

o Ofk of[u1 1] £ o]
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Table 8. Energy components derived from link results
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Components Sub components Values

The pipe energy loss excluding leaks for unit time (Watts) 7811.75

Pipe energy loss for . -

leak-excluded state The pipe energy loss excluding leaks for a year (Wh) 68430952.39
The CO2 emission for a year (CO2e) 31437.18
The pipe energy loss including leaks for unit time (Watts) 13387.40

Pipe energy loss for . . .

leak-included state The pipe energy loss including leaks for a year (Wh) 117273659.84
The CO2 emission for a year (CO2e) 53875.52

A

ALt

B0 ¢ AN FLo 2 RE EEE =2 3454
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Ak B2 s ek el
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