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Abstract

Water distribution systems are important large-scale social infrastructure facilities for maintaining human society. Large-scale social
infrastructure facilities are increasing due to urbanization and industrialization. However, one of the problems caused by the progress
of urbanization and industrialization is carbon dioxide (CO,) emissions. In this study, a Life Cycle Carbon Emission Analysis (LCCEA)
model was proposed to analyze the amount of CO, generated during the life cycle of water distribution systems, such as installation,
maintenance, and repair. Based on the proposed LCCEA model, low-carbon optimal design was performed and compared with cost-
optimal design. As a result of applying the LCCEA model to domestic and international water distribution systems, the low-carbon
optimal design showed a decrease in total and annual CO, emissions compared to the cost-optimal design. In addition, when CO,
emissions were converted to costs and compared, the low-carbon optimal design showed better results in terms of cost. The LCCEA
model can be applied to various water distribution systems as well as domestic and international water supply networks used in this
study, and it will show good results in the design and operation of water distribution systems.
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2.1 Life Cycle Carbon Emission Analysis (LCCEA)
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Fig. 1. Schema of each stage in water distribution system
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Fig. 2. Flowchart of LCCEA
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2.1.1 AM|I2EA|(Fabrication stage)

A XA = g TS A0k e TS AR E AA
Sk Aol ok whebA], Al 2T A= 371 A1, 25
AR B/ S ok T2 A=xoh7] QoA o] AR
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Table 1-& THEH T AJOFS Lpehd Ho|c}.

Table 1= 7]59FO 2 Hoop stress 3212 Z-8-6o] T 5
£ AF-S B35 Eq. (1) Hoop stress -5-2]0]t}.

UHoap = - ( 1 )

Table 1. Standard specifications of pipes (Piratla et a/, 2012)

Pipe pvc | pvco | mppe | DPuctile
material iron
Nominal
diameter 200 200 200 200
(mm)
Pressure 1378.95 | 162027 | 1378.95 | 2413.16
(kPa)
Mean outside
diameter 22987 | 229.87 | 216.05 | 229.87
(mm)
Mean inside
diameter 19482 | 21514 | 16739 | 217.17
(mm)
Mean thickness | ¢\ 737 2433 6.35
(mm)
Density

17.26 8.18 15.02 31.40
(kg/m)
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2.1.2 RA| - EHA|(Maintenance stage)
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18 o

2.1.3 SliA|=H|(Disposal stage)
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2.1.4 MAETA|(Reuse stage)

B Aol A AIFRHLCCEA Rl TS shite] 2
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o] A== Fi-& BASH A e E2kAE S PVCO A
-8 T AE TR SHOlA B A QIek(Ditta et al.,
2004; Garcia et al., 2006; Ito and Nagai, 2007; Keane, 2007,
2009; Buratet al., 2009; Kameda et al., 2010; Cho et al.,
2010).20179S 7|2 PVC H7| & TF F250 THE &
639,648:=°] A8 =] 0™, o= AA| H7]E2] °F25%°]
TH(VinyPlus, 2018). Janajreh ef al. (2015)°| T2, PVC |
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2.2 Modified Hybrid Vision Correction Algorithm
(MHVCA)

MEVCAS HIEtF2| 28 545] 202/ 3 o2
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and Lee, 2023). Fig. 3-& MHVCAA S vl 19
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Fig. 3. Flowchart of MHVCA

* MHR : Modified Hybrid Rate
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7T A eha 22/ dA IRt 7o) oflF=7of] thiet CO, 2

B
2,

o
o 1% oX mx
O
T
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ot Ay A4 AE Q16 vl= @ Aol A AR A&
I E 9o]e] EPANET 2.0} Visual Basic 6.0-2 $535fo] =
OJSFATHUS EPA, 2000).

3.1 Goyang 2t

2 Aol A AIFeE LCCEA B &S =i jof] f1R]sL Sl+=
Goyang Tl -85} CO, HiE= w4I5H3A T Fig. 4=
Goyang TH42] ot}

Fig. 40l 2™, Goyang ¥442] 73-%- 5hte] #17-2], 2574
o] A4 9 307l 9] To 2 FA = o] Stk Table 2= Goyang
W W dH O] e a7e vERd Hot

Goyang ¥H40] 73 Table 291 Zo] AHE o3& 7Hh
O & Pol|F71Eet 1 HH FaFo 2 AAste] ROty
t}. Goyang 2] 7t A3 A Q74U 15 moO|H,

Hazen-Williams Al5== 110°]c}. 2 2HE A F-d2>
S5 28 49 Aot PRl o @ g 212
1091 1072 31T}, Goyang TaFo] AAIRH5 7P
2 H|-§-& Yehi= AAIRE ¢F329,7268 0]t} o] HH
/ ’
| |
Fig. 4. Layout of Goyang network
Table 2. Demand by node in Goyang network
Node No. Di?:)nd Node No. De;;l;nd
1 0.000 12 0.434
2 1.771 13 0.434
3 0.816 14 0.729
4 0.677 15 5.156
5 0.868 16 1.250
6 0.781 17 0.920
7 0.729 18 0.642
8 0.556 19 1.372
9 0.486 20 1.441
10 0.347 21 0.365
11 0.486 22 9.253
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Table 33} Piratla et al. (2012)2] 1723} 2 Hoop stress
_J_/\] © 7]1:]]—0 =2 Goyang J,]-D]-oﬂ JJJ_Q_%L]_- 7} E 7]1] = /\}1‘] o]-
Ak ¥ FAE 7|6te = B9IH S A5l Table
4= Piratla et al. (2012)©] A|A|gF thaFgH TEof thgh 2173 o]
o2 e, o, W, Bk 5 9 otk

Th-2 Recio ef al. (2005)7F AP 7 of b2 Al 2
2730l T CO, HiEZolt

Table 51| k=, PVCEHO] 737 Te] Al 2A] 9] 2o
w2t ©F 0.3094¢-CO, BHE o Hagol Higdt=s 22 d
4= oIt} Table 6-& Goyang TH-S A A|617] SJaf AR =

o] 270 mhE Al e R4S ol

Table 3 2 6= 7§02 Goyang THd2] 2|4 /dA1& X3
st H A A LS E&3517] 98] MHVCAS AF&5H%A
oo AAAE F302] W8 Bl 2AdATS A S AT
MHVCA 9] wiZiRle= e 245 Fsl 285kt

Table 3. Cost of pipe per diameter for Goyang network

Internal Internal
. Cost . Cost
diameter ($/m) diameter ($/m)
(mm) (mm)
80 37.890 200 47.624
100 38.933 250 54.125
125 40.563 300 62.109
150 42.554 350 71.524

Table 4. Standard specifications of pipe (Piratla et a/,, 2012)

. Mean outside | Mean inside Mean
Pipe Pressure . . .

material (kPa) diameter diameter thickness

(mm) (mm) (mm)

PVC 1,378.95 229.78 194.82 16.40

PVC-O 1,620.27 229.78 215.14 7.37

HDPE 1,378.95 216.05 167.39 24.33

Ductile iron| 2,413.16 229.87 217.17 6.35

Table 5. Characteristics of the standard pipes (Recio et a/., 2005)

Pipe Inner diameter | Outer diameter | Production of pipe
material (mm) (mm) (kg-CO»)

PVC 6.9
RD315 299.6 315 (3 m of pipe)

Table 7-& Goyang o] M AAAE 1el 4 g MHVCA
O v A& HEPdH Fo|

Table 701l T2 H, Candidate glasses= ¢112]1& W A43
7Fo]™, Centralized global search rate = 53853 B4
A dst= &, Division ratet= 2| &AM BeFS A4 5t= o

7N, Compression factor ¥ Astigmatic Correction-=
MHVCA Y 4t of Wik 91 M 915 45t mi7is o
olth. A A4A FA o wet M 2 AAE VM e R HIG
A DA I A4 Z| A DA S vl wsHIT. 24 A
ot 7+l A CO, vil&=H Total CO, emission), 97+ CO, &
2H(Total CO, emission per year), A o57](Life cycle), A=
A] CO, B (Carbon emission of fabrication, Cy), T4 A]
CO, &% (Carbon emission of replacement, C,.), T+ TF2] ]|

2 48] A CO, v &K (Carbon emission of repair, Cyp), 78
A A] CO, ¥ll&FH(Carbon emission of rehabilitation, Cp), A
A& A] CO, HlE=H(Carbon emission of reuse, Creuse) 2 A
A] CO, & Carbon emission of disposal, Cq)= H| 53,
o}, 2 Aol A] Bl w ek H]-§- XA /4 A|K(Cost optimal design)
0] 749 H|-87kS T #5}o] 2| 4-2] H|-80] Q optimal design)
9] 7%, CO, TAYFT-E a1 2sto] 2|40 CO, Y =o] e}
U= 2[4 Aol T}, Table 8-2 Goyang ¥ 2] XA/ d At

Table 6. Specifications of each pipe for Goyang network

;?;:nrg; lr (i’;::;:l Surfacezarea CO; emission
) P (mnr?) (kg-COy)
80 93.470 1,835.134 0.568
100 116.837 2,867.397 0.887
125 146.046 4,480.308 1.386
150 175.256 6,451.644 1.996
200 233.674 11,469.589 3.549
250 292.093 17,921.234 5.545
300 350.511 25,806.576 7.985
350 408.930 35,125.618 10.868

Table 7. Parameter setting of MHVCA for optimal design of Goyang

network
Parameter MHVCA
Candidate glasses 190
Centralized global search rate 0
Division ratel 0.1
Division rate2 0.7
Compression factor 50
Astigmatic correction 30
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Table 8. Comparison between cost-optimal design and low-carbon
optimal design (Goyang network)

Cost optimal Low-carbon optimal
design design
Total CO, emission
per year 1,450.185 1,445.984
(kg-CO»/yr)
Cost per year ($/yr) 11,063.147 11,066.556
Life cycle (yr) 16 16
Cr (kg-CO») 3,350.982 3,367.816
C: (kg-COy) 12,686.213 12,751.867
Cyp (kg-CO») 0.000 0.000
Cren (kg-CO2) 9,464.305 9,265.972
Creuse (kg-CO») 2,366.076 2,316.493
Cq (kg-CO») 67.533 66.577
Total (E;_zcg’:)‘“io" 23.202.957 23,135.739
Cost ($) 177,010.359 177,064.903
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Fig. 5. CO, emissions per year based on life cycle (Goyang)
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Fig. 6. Layout of Zhejiang network
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Table 9. Demand by node in Zhejiang network
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Node | Demand | Node | Demand | Node | Demand
No. I/s) No. I/s) No. I/s)
1 25.00 39 22.45 77 29.69
2 34.05 40 31.73 78 38.23
3 32.93 41 59.19 79 98.64
4 30.52 42 46.83 80 68.23
5 73.38 43 33.70 81 45.33
6 55.95 44 22.53 82 87.61
7 119.87 45 22.06 83 27.97
8 28.25 46 24.51 84 50.04
9 40.13 47 21.13 85 95.49
10 32.86 48 20.27 86 94.66
11 52.07 49 36.82 87 80.23
12 33.28 50 56.30 88 85.17
13 124.01 51 59.13 89 245.52
14 27.67 52 35.86 90 63.24
15 61.54 53 28.54 91 30.03
16 18.45 54 44.65 92 23.50
17 73.14 55 18.40 93 133.34
18 39.22 56 53.24 94 34.76
19 13.15 57 34.73 95 55.02
20 25.56 58 58.81 96 35.96
21 86.02 59 77.97 97 86.73
22 58.90 60 61.95 98 47.11
23 42.38 61 70.68 99 36.17
24 65.64 62 21.56 100 72.68
25 57.84 63 17.12 101 39.17
26 39.74 64 31.01 102 40.04
27 102.51 65 21.44 103 50.11
28 24.80 66 49.63 104 92.70
29 23.81 67 30.67 105 57.36
30 37.18 68 25.58 106 17.17
31 40.31 69 15.47 107 4.64
32 35.14 70 17.18 108 18.26
33 50.07 71 31.63 109 47.86
34 55.19 72 30.90 110 0.00
35 43.86 73 16.73 111 73.50
36 75.77 74 30.89 112 46.51
37 37.74 75 34.59 113 105.32
38 69.01 76 96.22 - -
= 5ol A A LA RN H-& A AACtE T H @7

N

IREAHgol ZFs stk 28 & 4 9)

al

RelF717 20 Ak
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Table 10. Cost of pipe per diameter for Zhejiang network

Table 13. Comparison between cost-optimal design and low-carbon
optimal design (Zhejiang network)

Internal Cost Internal Cost
diameter $;)s diameter $7S Cost optimal Low-carbon optimal
(mm) ($/m) (mm) ($/m) design design
150 24.530 500 134.024 Total CO, emission
200 35.200 600 180.158 per year 399,069.996 314,607.083
(kg-CO/yr)
250 47.388 700 234.740
Cost per year ($/yr) 402,364.516 317,586.848
300 61.160 750 261.228
Life cycle (yr) 16 22
350 76.450 800 291.742
Cr (kg-COy) 893,844.674 982,136.944
400 93.610 900 355.322
C: (kg-CO») 3,688,775.272 3,971,561.576
450 113.784 1,000 426.690
C,p (kg-CO») 0.000 0.000
Cren (kg-CO 2,380,327.978 2,598,385.235
Table 11. Specifications of each pipe for Zhejiang network 1 (kgCO,)
Creuse (kg-CO») 595,081.994 649,596.309
Internal ||~ External Surface area | CO, emission Ca (ke-CO) 17,254.003 18,868,382
diameter diameter (mm?) (ke-CO») Total CO —
(mm) (mm) g otal 102 emISsion | 3¢5 119,932 6,921,355.828
(kg-CO,)
150 175.256 6,451.644 1.996
Cost ($) 6,437,832.258 6,986,910.656
200 233.674 11,469.589 3.549
250 292.093 17,921.234 5.545
1,000 I Cost optimal design
300 350.511 25,806.576 7.985 ] I Lov-carbon optimal design
350 408.930 35,125.618 10.868 800 — =600
J o)
400 467.348 45,878.358 14.195 = Q
g 600 — £ 500
450 525.767 58,064.797 17.965 E) ] §
500 584.185 71,684.934 22.180 % 400 £ 580
600 701.022 103,226.305 31.939 £ - i S
« — Ceo
700 817.859 140,502.471 43.472 8 ] "
750 876.278 161,291.102 49.904
800 934.696 183,513.431 56.780
900 1,051.533 232,259.186 71.862 0- Car Ce Cp  Cn Cree C,
1,000 1,168.370 286,739.736 88.718

Table 12. Parameter setting of MHVCA for optimal design of Zhe-
jiang network

Parameter MHVCA
Candidate glasses 190
Centralized global search rate 0
Division ratel 0.1
Division rate2 0.7
Compression factor 50
Astigmatic correction 45
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% Ik, At HA Ak 1§ HA A R T Iz o
84,462 ke-CO,THE9] CO, W& o] A7w|9L 00, A2k oF

Fig. 7. CO, emissions per year based on life cycle (Zhejiang)
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jiang Vo] A A A}, A eha: 2|2 AAE2 v 2]
AARbE T el 5717F 6d o] Atk wheba], AZF s
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& 2|24 A It ot 2] 9F 50,022 ke-CO,THE T Wtch T
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