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Optimal Design of Branched Water Supply System with GIS
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ABSTRACT

‘The objective of this paper is to show an optimal design model for branched water supply system which also
can find the optimal location of pumping stations using linear programming. GIS is utilized in this model to better
handle the data and the results from the optimization.

The developed model considers hydraulic influences of some appurtenances such as supply tunnels and a
filtration plant. The model also considers tunnel construction cost which should be treated differently from pipe
construction cost. Different from other models presently available, the model guarantees a nonnegative pressure at
every junction node in the system

The objective fuction includes annual operation cost (electricity rate) in addition to initial construction cost, thus
producing a more reasonable decision. The model selects the optimal diameter not in the form of continuous
number but in the form of commercial discrete diameter (pipe size) using the pipe lengths as decision variables
instead of pipe diameters, The model not only determines the optimal pumping head for each pumping station but
also finds the optimal location and number of pumping stations.

GIS is used to handle hydraulic and budgetary data automatically and to visualize the results for the optimal
design of the system. The model has been applied to an existing water supply system. The results show that the
optimization model with the aid of GIS is helpful in the decision-making process for the design of more economical
systems, and can be put into practice successfully.
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1. Introduction

Pipeline system is needed in order to supply
water from source nodes to demand nodes with no
loss and safe. There are two types of pipeline
system in the aspect of pipe layout. One is looped
type and the other is branched type.

Generally, the design procedure of branched type
water supply system is as follows. First, discharge
in each pipe is assigned from node demands. And
diameter of each pipe is computed using discharge,
head loss, pipe length, roughness. The number and
position of pumping station is determined by
expert's experience. But here, the branched water
supply system is designed not acording to
traditional procedires but to optimal procedure using
linear programming and GIS.

2. Optimal design model

The optimal design model for branched system
using linear programming is

Objective function :

Minimize
z= (1§EI me i_;ci’j'mXi.f,m-'_;CPk Pk
(0
Constraints -
Subject to
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Where :

Mij = the set of candidate pipe diameters for the

pipe connecting nodes i and j

cijm = the cost per unit length of the mth

diameter for the link connecting nodes i and j

Xijm = the length of pipe segment of the mth

diameter in the pipe reach between nodes i and j.

CPk = the unit cost of pumping power at location k

XPk = the pumping head at location k

XPMAX = the maximum pumping head

Pk = the pumping power at location k

Lij = the length of the link connecting nodes i and
]

Hs = known elevation of water source which is a
fixed grade node

Jijm = hydraulic gradient of the pipe of diameter

m connecting nodes i and j
Hminn = minimum allowable head requirement at
delivery point n
Hmaxn = maximum allowable head requirement at
delivery point n

I = the set of pipe links that define the network

In = the set of pipes that defines the path to node
n (delivery point n)

N = total number of delivery points

Objective function is divided into 2 parts. One is
pipeline cost and the other is pumping cost. In
eq.l), first term in right hand side represents
pipeline cost which is the product of pipe cost per
unit length and pipeline length. Second term
represent pumping cost which is the product of
pumping cost per unit power and pumping pOwer.
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Constraints are divided into 4 types such as total
length constraint, head range constraint, pump
capacity constraint and none negativity constraint.
But continuous constraint in each node is not
needed because the discharge in each pipe can be
determined before computation of branched system.

Total length constraint is that the total length
between adjacent two nodes equals to the sum of
lengths of various diameter sized pipes. Head range
constraint is that the head at each demand node
must be located between minimum allowable head
head Pump capacity
constraint is that computed head can not exceed the
maximum head of pump capacity. None negativity
constraint is that pipe length and pump power can
not be negative

To find the optimal locations of pumping stations,
two step method is used First step of 2 step
method is to operate optimization with all pumps in
possible locations. After optimization, the pumping

and maximum allowable

heads of some pumps are risen remarkably, but
those of others are almost plain. Second step is to
operate optimization again with some pumps which
have pumping  heights  before
computation. And then the optimal locations and
pumping heads can be obtained.

remarkable

3. Cost functions

3.1 Classification by expenditure occurrence

For the sake of considering annual operation
cost(electricity rate) and initial construction cost
together, initial construction cost in the form of
single-payment is converted to the cost in the form
of uniform annual series. Initial cost is converted to
annual type cost in two ways. Two equations are
as follows.

B|A4E H2K 1996 F 12 A

Cl = C] Fa + Co (6)

C, = C/ (i + Fd + Fm) + C, (D

where CI is initial construction cost, Fa is uniform
annual series factor(capital-recovery factor), Co is
annual operation cost{electric charges), 1 is annual
interest rate, Fd is depreciation rate and Fm isasset
maintenance rate.

Eq(6) is called formular substitution method and
uniform annual seres amount is computed by
adding  the initial
capital-recovery factor to electric charges of pure

product  of cost.  and

amual cost. And capital recovery factor is

Fa - it

8
(1+0" — 1 ”

where 1 is annual interest rate, n is the number of
years,

Eq(7) is called simple multiplication method and
uniform anmual  series amount is  computed by
adding the product of initial cost and interest rate,
depreciation rate, asset mainfenance rate to pure
annual cost.

3.2 Classification by expenditure types

Cost is divided into 4 types of costs which are
pipeline construction cost, pump equipment cost,
pumping station construction cost, and electric
charges. The total cost is

W= W, + W + W + W, )

where W1 is annual amount of pipeline construction
cost, W2 is annual amount of pump equipment cost,
W3 s pumping
construction cost, and W4 is annual amount of
electric charges.

annual amount of station

Annual amount of pipeline construction cost is
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obtained by substituting initial pipeline construction
to eq.(6) or eq.(?7). And initial construction
cost is computed by multiplying unit length pipe
construction ~cost and pipeline length. Pipe
construction cost per unit length is shown in table
1 and annual interest rate is 10%, durable years of
pipe is 35 years, depreciation rate is 2.57%, asset
maintenance rate is 0.7%.

Table 1. Pipe Construction cost

cost

145 208 363
800 179 255 434
900 200 289 489
1000 241 351 592
1100 261 430 691
1200 308 486 794
1350 365 555 920
1500 425 645 920
1650 503 740 1243
B 1800 569 909 1478

Annual amount of pump equipment cost is
computed by substituting the product of unit power
pump equipment cost(625%kW), maximum pumping
power(kW) and pump spare rate(133%) to eq.(6) or
eq.(7).

Annual amount of pumping station construction is
computed by substituting the product of unit area
pumping station construction cost(875%/m2) and
pumping station area(m2) to eq(6) or eq.(7?).
Pumping station area(m2) is represented as linear
function of maximum pumping power(kW). The
formular of pumping station area is
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Annual amount of electric charges is computed by
multiplying unit hour electric charges and maximum

RO

pumping power and 8760hours(= 1 year)
4. Data management using GIS

For the purpose of handling data using GIS,
digital map is needed. Digital map is classified into
2 types. One is base map and the other is thematic
map.

Base map contains the locations of various
objects such as rall road, highway, river,
administrative boundary. Here the zone of base map
is the capital region of Seoul and the scale is 1 :
250,000.

Thematic map is produced for specific ‘goal. In
this research, there are two thematic maps. One is
node map and the other is pipeline map. Node map
contains not only the coordination of each node but
also node names, gound heights and water demands
as property data. Pipeline map also contains the
length of each arc betweetadjacent nodes.

Fig.l Administrative boundary layer
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Fig2 Water boundary layer

Using node data, pipeline data and cost data such
as pipe construction cost, pump equipment cost and
pumping station construction cost in another data
base, the input source code of optimization package
is prepared.

Optimization package is operated on DOS and
produces the result in the form of ASCH format. In
order to read this data, the ASCI formatted result
data must be converted to the data-base formatted
data. On reading the result data, computed
diameters in various colors and computed pump

Fig.3 Node layer
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Fig4 Pipeline layer

locations are shown on the digital map.

The figure of data flow is as follows. Where GIS
software is SPANS Explorer(Version 1.1, 19%), and
Optimization package is GAMS(General Algebraic
Medeling System, Release 2.25, 1992).

5. Applications

S

—

GIS - J

Optimization

Fig5 Data flow diagram
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using GIS, study area is taken. Study area is
northern part of Seoul. There metro water supply
system is under construction. Which can afford to
supply to the suburbs of Seoul at the rate of
200,000 ton per day. Intake station is located right
after the Pal-Dang dam of Han river. Total length
of pipeline is 55.%m.

Node data and pipeline data are given in table 2
and 3. In table 3, Diameter is result from traditional
method.

Table 2. Node data

0.0
3.0
104.0

—_
o

Table 3. Pipeline data

1 34 1350
2 115 1350
3 28 1350
4 08 1350
5 08 2000
6 43 1350
7 35 1000
8 53 1000
9 96 1000
10 6.3 1000
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Using .various typed data, . source code. of
IS prepéred and optimal
computation 1s operated. After computation, the
diameter of each pipe and the location & optimal
head of pump are determined. In this computation,
the locations of pump are the starting points of
pipeline of No.l, 4, 8, and optimal pumping head are
82.7m, 632m, 385m respectively. The diameter of
each pipe is given in table 4, and the optimal cost
is in table 5. Where diameter 1 and cost 1 are
results from traditional method and diameter 2 and
cost 2 are results from optimal computation.

optimization package

6. Conclusions

The cost resulted from optimal computation is
cheeper than the cost from traditional computation.
The cﬁrtai]ment cost is 1 million dollors per' yéar
(10.7%) in ammual cost aspect. (2 million dollors
(43%) is curtailed in initial cost aspect.) The

‘ Table 4. Optimal Diameter

Pipe | Di’arr‘iéter’.l -’—,;iafneter"Z
Nim. | (mm) | (mm)
1 1350 - 1350
2 1350 -1350
3 1350 1350
4 1350 1350
5 2000 2000
6 1350 1350
7 1000 1000
8 1000 1000
9 1000 1000

- 900(293m)
10 100 800(6007m)
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Table 5. Optimal Cost

= Cost 1 Cost 2
(million$/yr) | (million$/yr)
Pipeline 491 478
Pump 0.84 0.65
Equipment
Pumping
Station 0.35 0.38
Electric 391 950
Charges
(Eféf:l 931 831
Cost) (44.9) (42.9)

Fig6 The results of optimal computation

reason the optimal computation must be operated in
annual cost aspect is that the computation in annual
cost aspect is more reasonable because it also
considers pumping cost which occupies mmich
portion of total cost(30%).

The model selects the optimal diameter not in the
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form of continuous number but in the form of
commercial discrete diameter(pipe size) using the
pipe lengths as decision variables instead of pipe
diameters. The model not only determines the
optimal pumping head for each pumping station but
also finds the optimal location and number of
pumping stations.

GIS is used to handle hydraulic and budgetary
data automatically and to visualize the results for
the optimal design of the system. The model has
been applied to an existing water supply systems.
The result show that the optimization model with
the aid of GIS is helpful in the decision-making
process for the design of more economical systems,
and can be put into practice successfully.
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