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ABSTRACT

Simplification of large water supply networks is used for reducing computation times and for
making it easier to manage, monitor and analyze. The effect of networks’ simplification on raising
the efficiency of pump optimization process is investigated. The key topic of this paper is to
produce more optimal pump schedules by using simplified networks. In this research, twelve of
demand allocation methods are used after the simplification process and the best one is selected.
Then, the simplified network is used for finding a better pump schedule than that produced from the
original one under the same conditions, by using Genetic Algorithm (GA) in WaterGEMS V8i
software. The produced schedule from the simplified network is applied on the original network to
check its performance. Two examples are studied. First, Scheduler Samplel is reduced by 52 % for
pipes and 50 % of nodes. The schedule produced from the simplified network, after applying it on
the original network, gives a better solution than that produced from the original one by 9 % in the
energy cost along a week and by 12 % in the time for optimization. Second, New El- Minia city
network is simplified by removing 82 % from its pipes and 77 % of its nodes. The schedule
produced from the simplified network saves the energy consumption along a week by 1.7 % and the
time for optimization by 74 % after applying it on the original network.

Keywords: Pump optimization, pipes network, simplification, demand allocation.

1. Introduction

Modeling of a hydraulic system is a main issue, and it is not always convenient to model
every component in the network. Skeletonization of the network to a simplified one reduces its
complexity for calibration, operation and monitoring purposes. However, the level of
skeletonization used depends on the intended use of the model (Lamoudi et al. [7]). Maschler
& Savic [8] specified two main ways to simplify a network model, which are simplification of
network model components and black box simplification. Mohamed and Ahmed [9] used the
first way in three levels to study the effect of network simplification on the chlorine
distribution. They found that increasing network simplification could effectively increase the
error in water quality modeling. Gad and Mohamed [4] simplified a network by using the first
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way in three levels and the impact of network’s simplification on water hammer phenomenon
was investigated. They found that increasing of simplification degree gave inaccurate transient
pressure results. Moser and Smith [11] simplified a network by using the second way. They
combined a strategy of model falsification with network reduction techniques to obtain reliable
and efficient diagnoses. They found that this methodology had a potential to detect leak
regions; even with a small number of sensors. Preis et al. [13] used the second way to reduce a
network by 93% of its pipes and 97% of its nodes. They used the simplified model with
statistical data-driven algorithm and GA to estimate future water demands. The simplified
model reduced the computation time by 89%. Paluszczyszyn et al. [12] used the second way to
present an online simplification algorithm, which can be used to manage abnormal situations,
and structural changes to a network, e.g. isolation of part of a network that due to a pipe burst.
This approach allowed preserving the hydraulic and energetic characteristics of the original
water network. Skworcow et al. [15] used the previous approach for reducing the network,
while maintaining the energy distribution in the simplified network. The simplified network
was used for minimizing the energy cost and leakage, while achieving operational constraints.
Georgescu and Georgescu [5] reduced a real network by using a numerical network model and
data recorded. By using the Honey Bees Mating Optimization Algorithm (HBMOA), they
could save about 32% of daily energy consumption.

Many researchers harnessed GA for finding optimal pump schedules. Moreira and Ramos
[10] reduced the daily energy cost of a real network by 43.7%, by using GA with a manual
override approach. Behandish and Wu [2] used the Artificial Neural Network (ANN) with
GA to reduce the daily energy cost of a real system by about 10-15%. Amirabdollahian and
Mokhtari [1] utilized fuzzy genetic algorithm with uncertain hydraulic constraints to
determine siting and sizing of tanks and pumps. They concluded that this approach reduced
the computational costs and improved the network performance. Puleo et al. [14] coupled
linear programming with GA. The proposed hybrid optimization model dominated on the
traditional metaheuristic algorithms in terms of rapid convergence and reliability. Blinco et
al. [3] developed a GA model to solve multi objectives pumping operation problem. The
objectives were reducing cost, energy and Green House Gas emissions (GHG). They
developed an interface, which allows users to employ this approach to their networks.

According to the above literature, simplification of water pipes network has been utilized
for various aspects related to water distribution systems. Despite the enormous computational
power available in these days, the requirements of water distribution systems become more
complex and complicated in terms of size, objectives, and constraints. So, there is an ongoing
seek for techniques or algorithms that can rapidly identify feasible solutions.

This study aim to investigate the effect of water networks simplification on pump
optimization process to find better solutions in fewer times under the same hydraulic
conditions and GA characteristics.

2. Theoretical considerations
The pump scheduling problem is treated as a single objective optimization problem subjected
to some constraints. The objective function is given as follows (Giacomello et al. [6]);
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Where T = number of hydraulic time steps during the operating period; NPumps =
number of active pumps in the pump station; y = specific weight of water; C,; = cost of
electricity (in pecuniary units per KWh) during time t at pump station p; #, = overall
efficiency of pump p; Q, = discharge of pump p during time t; H,; = acting head of pump
p during time t; and 47 = hydraulic time step (typically 1 hr).

This objective is restricted by physical and operational constraints. Physical constraints
describe the hydraulic behavior of the network (conservation of mass and energy), while
operational constraints are identified by the utility throughout the network to meet its needs.

The conservation of mass at junctions is defined as follows;
ZQ{j.r =4 (2)
J

Where Q¢ = discharge in pipe ij at time t; and g;; = demand at junction i at time t. Mass
balance in tanks can be illustrated with the following equation;

Si
ZQi,j.r - E (Yi.f - Yz‘.r—Ar) =0 3)

Where S; = cross-sectional area of tank i (assuming cylindrical tank); Y;; = water elevation
in tank at time t; Y,, - ,, = water elevation at previous time step; and Y;,= The water elevation
in tank i at the beginning of the operating period. Both Egs. (2) and (3) are written for every
junction at each time t. The conservation of energy equation is introduced as follows;

H;,—H,;, =R;|0;,[" "0, 4)

Where Hi; and Hj; = heads in starting and ending junctions of pipe ij at time t; Rjj =
resistance coefficient for pipe ij; and n = exponent of discharge term.

factor when water enters a centrifugal pump p is defined as follows;
Hp.t = Ap ]27.I + B/J Q/J.I + Cp (5)

Where A, and B, = two resistance coefficients; and C, = shutoff head. Both Egs. (4) and
(5) are written for every pipe ij and every pump p at each time t.

The operational constraints usually contain restrictions on nodal pressures, tank levels,
and boundary conditions. Firstly, pressure constraint which means that the pressure should be
above some minimum required value, H™;;, for each hydraulic time step t at each node;

H;, > H; (6)

If necessary, a maximum value of nodal pressure could also be added. In addition, the minimum
and maximum water levels at all tanks must be constrained for each hydraulic time step t;
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Yi, =™ (8)

Where Y™ and Y™ = minimum and maximum water levels in tank i. In addition to that,
each tank has to be operated in a way to ensure that the water level inside tank i at the end of
the day, Y;r, is more than that at the beginning of that day, Yio. This leads to reassure that tank
balance will be achieved in the following day. This constraint can be expressed as follows;

Yir2Yig (€))

The operational constraints also contained velocity limitations which are;
Vmin < Vij,t (10)
Vi < V™ (11)

Where V;;, = water velocity of pipe ij at time t, V™" and V™ = minimum and maximum
water velocities in the pipe.

Furthermore, it is possible to calculate the search space of the pump optimization
problems. If you have N, of pumps, N; of pump speed settings and H, of hydraulic time
steps in your duration time, the search space is S = N ( N, * Hy).

3. Case study
Two examples are given in this study to illustrate the benefit of the network
simplification in the pump optimization process.

1- Example 1: Scheduler Sample 1

SchedulerSamplel is a municipal water distribution network available in WaterCAD
User’s Guide [16] as shown in Fig. 1. This network contains 554 pipes and 458 nodes with
looped and branch system. There is one source of water feeding the network with fixed
water level = 184 m, and a circular elevated tank of 14 m diameter with a height of 27 m as
shown in Fig. 1. The initial tank level is 17.37 m at the beginning of the simulation time
(24 hours). The network has a pump station containing 5 pumps and the total average daily
demand is 93 L/s. Elevations of the network nodes, average base demands for the different
nodes and time demand pattern are considered. The distribution system composes of
95,432.00 m of different diameter pipelines. All of them are ductile iron, and the head loss
in each pipe is computed using Hazen-Williams formula. In addition to that, Fig. 2 shows
the day hours when pumps are turned off and turned on in this network.

ST
e

Pump station

Fig. 1. Schedulersamplel network-‘(:[-he original network).
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Fig. 2. The pump schedules of the Schedulersampleloriginal network.

2- Example 2: New EI- Minia city network

New EI- Minia city is located about 250 km south of Cairo on the eastern bank of the
River Nile, and has a drinking water distribution network as shown in Fig. 3. This network
consists of 1348 pipes and 943 nodes, and there is one source of water feeding the network
with water level = 150.96 m. This network has a circular elevated tank of 19.4 m diameter
with a height of 62 m, and the total average daily demand is 170.7 L/s. Elevations of the
network junctions, average base demands for the different junctions and time demand
pattern are taken into consideration. The distribution system composes of 188 Km of
different diameter pipelines of Poly Vinyl Chloride (PVC), and the head loss in each pipe
is computed using Hazen-Williams formula. Furthermore, Fig. 4 depicts that the pump
station is working for 24 hours daily.

Fig. 3. New EI- Minia city network (the original network).

Pump 0:00 24:00

station

o, [ off
Fig. 4. The pump schedule of New El- Minia city network before optimization.

4. Methodology

First of all, simplification of network model components method, which includes
deletion of trees, removal of small diameter pipes and trimming of short pipe segments
including dead nodes (with no or little demand), is used intuitively to simplify water pipes
network to make it easier for both analyzing and optimizing. Secondly, twelve of demand
allocation methods (available in WaterGEMS V8i software) are used to redistribute the
demands of the removed nodes to the simplified network, and the best method is selected
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to give the closest picture to the original network. For reducing the energy consumed by
the pump station while achieving the physical and operational constraints, pump
scheduling optimization is accomplished by using both the original network (without
simplification) and the simplified one (with the best demand allocation method), with the
same constraints and GA options in Darwin Scheduler (a tool in WaterGEMS V8i).
Finally, a comparison between the performance of schedules, produced from the original
and the simplified network has been done within the original network, to explore the effect
of network simplification on facilitating the pump optimization process, in terms of
percentage of saved energy and time taken for optimization.

5. Results and discussions
5.1. Simplification process

We adopt simplification of network model components procedure to reduce our networks.
Deletion of trees, removal of small diameter pipes and trimming of short pipe segments
including dead nodes (with no or little demand) are some techniques in this procedure. These
techniques are used to skeletonize the studied networks. This kind of simplification does not
contain any changes in pump stations or tanks. Schedulersamplel original network is
reduced, from 554 pipes to 264 pipes (52%) and from 458 nodes to 231 nodes (50%), and
shown in Fig. 5. New EI- Minia city original network is reduced, from 1348 pipes to 243
pipes (82%) and from 943 nodes to 221 nodes (77%), and depicted in Fig. 6.
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Fig. 6. New El- Minia city network (the simplified network).

Twelve of demand allocation methods, some of them are available in WaterCAD User’s
Guide [16], are used to reallocate the demands of the removed nodes to the simplified
network. The best method is that produces flows in the pipes of the simplified network
very close to flows in its corresponding pipes in the original network. These methods and
their index values are listed in Table (1).
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Table 1.
The twelve demand allocation methods and their index values for the studied networks.

*Index value (L/s) for | *Index value (L/s)
Demand allocation method Schedulersamplel for New EI- Minia
network city network
Billing Meter Aggregation 229.96 547.26
Nearest Node 229.96 547.33
Nearest Pipe-Equal Distribution 230.09 548.42
Nearest Pipe- Distance Weighted 228.57 549.05
Nearest Pipe- Closest Node 228.83 549.50
Nearest Pipe- Farthest Node 234.38 547.62
Equal Flow Distribution 433.87 542.94
Proportional Distribution by Area 312.67 546.90
Unit Line 255.39 537.50
Proportional Distribution by pipe’s length 284.09 549.68
Proportlo_nal D|str|but|on_ b_y Area based 278.73 539 93
on basic demand of original nodes
Equal Flow Dlstrlbu_tlc_m based on basic 298.89 53875
demand of original nodes

*Index value is the sum of discrepancies between the flow of pipes, produced by the
previous methods, on the simplified network and the flows of the same pipes in the
original network.

From Table (1) the best methods for demand allocation are Nearest Pipe-Distance Weighted
for Schedulersamplel network and Unit Line for New El- Minia city network. Then, we use
the simplified network with the best demand allocation method in the optimization process.

5.2. Pump optimization

Darwin Scheduler, a tool in WaterGEMS V8i, is used to find optimal pump schedules
under predefined constraints. This tool utilizes GA for its goal.

5.2.1. Scheduler sample 1 network

The objective in this network is reducing the energy cost along a week. The week has been
choosen as a duration time to explore when the tank can achieve its balance (tank balance means
that initial tank level = final tank level) in the week, despite violating the tank constraint on the
first day. However, the demand and the energy tariff are assumed to be constant throughout the
weekdays. This network is subjected to some constraints as tabulated in Table (2).

Table 2.
The constraints of Schedulersamplel network.

Constraints Values
Pressure Pmax = 140 m of water and ~ P,» = 14 m of water
Velocity Viax = 6.1 m/s
Number of pump switches (on / off) daily Max number of switches = 4
Initial tank level = Final tank level on any day
Tank .
during the week

By using the simplified network of Schedulersamplel and under the aforementioned
constraints, the schedules shown in Fig. 7 are produced. The optimization process took 23 min.
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Pump 1 |
0:00 24:00

Pump 2 e
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Pump 4 | ||
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Fig. 7. The pump schedules produced from the Schedulersamplelsimplified network.

The optimization process is repeated with the original network of Schedulersamplel
under the same constraints and the same GA options. The produced schedules are
presented in Fig. 8. It is observed that the optimization process was achieved in 26 min
with an increase of 11.5% compared to the simplified network.

0:00 24:00

Pump 1 |
0:00 6:00 24:00

Pump2 [
0:00 6:00 8:00 18:00 24:00

Pump 3 T I
0:00 16:00 24:00

Pump 4 [ I
0:00 4:00 22:00 24:00

Stand by [ I |

o, [ o
Fig. 8. The produced optimized schedules from the Schedulersampleloriginal network.

In Table (3), a comparison between the previous schedules (Figs. 5, 6 and 7) are made
by applying them to the original network with full tank level on the first day of the week.

Table 3.
The performance of the previous schedules along a week.

Schedules Energy cost Pressu_re Veloci_ty Tank constraint
($/week) constraint constraint

Figure 7 1088 _ No_ _ No_ Tank balance is a_chieved on the
violation violation second day with 15.28 m

Figure 8 1190 _ No_ _ No_ Tank balance is_achieved on the first
violation violation day with 17.37 m

Figure 2 1231 _ No_ _ No_ Tank b_alance is_achieved on the
violation violation third day with 12.51 m

From Table (3), it is obvious that the energy cost of the schedules produced from the
simplified network in Fig. 7 is less than the energy cost of the schedules produced from the
original network in Fig. 8 by 9%. In addition, the time taken to produce the schedules in
Fig. 7 is less than the elapsed time to create the schedules in Fig. 6 by 11.5%. On the other
hand, pump 3 in the schedules produced from the simplified network in Fig. 7 has six
switches per day which violate the number of pump switches constraint.

5.2.2. New EI- Minia city network
Reducing the energy consumption is the objective in this network while achieving the
constraint as listed in Table (4).
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Table 4.

The constraints of New El- Minia city network.

Constraints

Values

Pressure Pmin = 30 m of water
Velocity Viax =2 m/s
Number of pump §W|tches Max number of switches = 4
(on / off) daily
Tank Initial tank level = Final tank level on any day

during the week

The optimization of the simplified network of New El- Minia City with the constraint
presented in Table (4) produces the schedule as shown in Fig. 9 in 17 min. However, the
optimization process under the same constraints and GA options when repeated with the
original network of New EI- Minia City, the schedule in Fig. 10 is produced in 66 min.

Pump 0:00

station

. o

10:00

13:00

20:00 24:00

[ Jofr

Fig. 9. The pump schedule of New EI- Minia city simplified network.

Pump 0:00

station

4:00  6:00

I On

9:00 11:00 13:014:00

18:00 20:00 24:00

] off

Fig. 10. The pump schedule of New EI- Minia city original network.

The difference between the obtained schedules in Figs. 4, 9 and 10 is summarized in
Table (5). The schedules are applied on the original network with 0.15 m as the initial tank
level on the first day in the week.

Table 5.
The performance of New El- Minia City schedules of Figures 8,9 and 10 along a week.
Energy .
Schedules | consumption Pressu_re Ve|00|fcy Tank constraint
constraint constraint
(kwh/week)
. S I Tank balance is achieved on the
Figure 9 22526 No violation | No violation second day with 1.58 m.
. s I Tank balance is achieved on the
Figure 10 22922 No violation | No violation fourth day with 7.75 m,
. S o Tank balance is achieved on the
Figure 4 23071 No violation | No violation second day with 10.15 m.

From Table (5), it is obvious that the energy consumption of the schedule produced
from the simplified network in Fig. 9 is less than the energy consumption of the schedule
produced from the original network in Fig. 10 by 1.8 %. In addition, the time taken to
produce the schedule in Fig. 9 is less than the elapsed time to create the schedule in Fig. 10
by 74 %. Also, the schedule produced from the simplified network in Fig. 9 achieves the
pump switches constraint unlike the schedule in Fig. 10 which violates this constraint by
eight switches per day. On the other hand, Figure 4 shows the schedule of New El- Minia
City network before optimization without any stops leading to a higher energy
consumption compared to that of the optimized simplified network.
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Finally, Table (6) clarifies the effect of network simplification on facilitating the pump
optimization process in terms of producing pump schedules with less energy consumption
and take minimal time for optimizing. In terms of reducing the time taken for optimization,
simplification of Schedulersamplel network by 51% in average has led to 11.5% save in
time, and about 74% has been reduced after simplification of New El- Minia city network by
80%. These percentages can be supported by the view that the software can deal with a
simplified network easier than a complex one, especially when it comes to optimization
problems which require a lot of iterations to find the optimum solution. So, the more the
network is simplified, the less optimization time it will take. However, the remarkable
difference, in decline of the optimization time between the two examples, is due to the
difference in number of pumps in each example. By this | mean that, the first example has
five pumps with size of search space equals 2*(5*24), but the second one has only one pump
with 27(1*24) search space size. Consequently, the bigger the search space you may have,
the more time it will be taken for optimization. Owing to the fact that, New EI- Minia city
network has started its lifetime recently, with demand equals only 170.7 L/s (around 145.41
L/s go to the surrounding villages), the percentages of saved energy are not sensible enough,
and subsequently the saved energy in the first case is 5 times higher than that in this network.

Table 6.
Comparison between saved energy and optimization time for the original and simplified
networks of the two case studies.

Optimized Time for Saved
Example Network Simplification pump optimizing
. percentage
schedules (min)
Original No No — —
SCheigL‘xgﬁL“p'el Original No Yes 26 3.33%
Simplified Yes Yes 23 11.62%
Lo Original No No — —
New 'ﬁétv'\v"o'pf Y ™ Original No Yes 66 0.65%
Simplified Yes Yes 17 2.36%

6. Conclusions

Simplification of network model components technique is used to skeletonize water
distribution networks. Twelve of demand allocation methods are utilized to preserve that the
overall system demand is kept unchanged in the reduced model. The best one is selected and
used for finding optimal pump schedule. A comparison between this schedule and that
produced from the original network after applying them on the original network is made.

Although, the studied simplification technique doesn’t reduce the search space S. However,
the time elapsed in the optimization process is reduced by 12% in example 1 and significantly
by 74% in example 2. Also, pump scheduling, created by using the simplified network, resulted
in energy savings of 9% in example 1 and 1.7% in example 2, when compared to schedule,
created by using the original network, with the same GA characteristics.

It is recommended that any suggested simplification technique used for pump optimization
process should preserve both hydraulic and energy characteristics of the original network.
Otherwise, the proposed schedules must be checked within the original network.
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