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are stored in a binary results file (OUT file). Finally, a report file (RPF file) containing some results
statistics is written. The whole process is summarized on the right hand side of Figure 1.

Figure 1. Block diagram of EPA SWMM and the Toolkit.

The performance of the interfacing functions provided with EPA SWMM follows the same
structure, that is, as soon as the project is open, the input file must be read. Afterwards, the calculation
is executed, thus being able to perform a step by step analysis. Finally, the results are written in a
binary file that must eventually be read. This tool has 9 functions that can be used in order to manage
the project. These functions are listed in Table 1 as group 1. However, it is not possible to obtain partial
results from the said simulation, or to perform data modification until the process is complete.

Table 1. Functions included in the Toolkit.

Function Name Description

Group 1. Project management functions (already available in EPA SWMM)

swmm_getVersion Retrieves the version number of SWMM engine
swmm_run Runs a complete simulation with SWMM
swmm_open Opens the project for a new execution
swmm_start Initializes SWMM engine
swmm_step Executes next time step
swmm_end Ends the SWMM engine when the simulation has ended
swmm_getMassBalErr Retrieves the continuity errors when the simulation has ended
swmm_report Writes results in text format in the report file
swmm_close Closes the project when the simulation has ended

Group 2. Get functions

swmm_getCount Retrieves the number of elements of the specified type
swmm_getNodelndex Gets the index of a node from its identifier
swmm_getNodeld Gets the identifier of a node from its index
swmm_getLinkIndex Gets the index of a link from its identifier
swmm_getLinkId Gets the identifier of a link from its index
swmm_getNodeType Retrieves the type of a node from its index
swmm_getLinkType Retrieves the type of a link from its index
swmm_getNodeValue Retrieves the value of a specified parameter of a node from its index
swmm_getLinkValue Retrieves the value of a specified parameter of a link from its index
swmm_getLinkNodes -
Group 3. Set functions
swmm_setNodeValue Sets the value of a specified parameter of a node from its index
swmm_setLinkValue Sets the value of a specified parameter of a link from its index
swmm_setLinkGeom Sets the geometry parameters of a link

This performance mode was conceived in order to work with a different user interface, developed
“ad-hoc” and well-integrated in other programs. Its most evident application would be the integration
of the EPA SWMM engine within a geographic information system. However, the process is slowed
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down because of file access. On the one hand, it is required that the input file is written for every
execution. On the other, in order to process results, EPA SWMM must write the results file and the
external application should read it. These two operations require a great deal of programming efforts,
and they may consume a significant amount of time.

An alternative to this performance mode is the development of a new set of communication
functions. These new functions, integrated as a Dynamic Link Library (DLL), could address a wide
array of problems present in applications and programming languages. The final objective is that,
eventually, both EPA SWMM and any other application based on the EPA SWMM engine use the same
library. An application that is external to EPA SWMM can therefore replace file use for information
exchange, thereby ensuring time savings.

The Toolkit replaces the file reading and writing operations with two new groups of functions, as
shown on the left hand side of Figure 1. The first group—referred to as Get Functions—is composed of
functions associated with retrieving information either from project data or simulation results. The
second group (Set Functions) includes all the data modification functions. All the functions within this
second group are simultaneously the most relevant and the most sensitive, since these functions will
allow successive simulations by modifying data without having to access the files. For instance, by
using the function swmm_setLinkValue, it is possible to change the slope or the Manning roughness
coefficient of a pipe during run time. Table 1 summarizes the functions included in the Toolkit.

The optimal sizing of a storm water network might be taken as a first example. This issue is
typically addressed by testing different combinations of diameters and slopes, which are ranked by
using an objective function. The objective function includes the cost function for the new conduits
and penalization terms when the constraints of the problem are not met. However, the whole problem
has seldom been studied, even more so when considering the transient flow. Most authors have
usually tackled this problem with oversimplified hypotheses. For example, in order to avoid having
to perform a runoff analysis for every case, some authors use a constant inflow at network nodes
instead of performing the hydrological model. Another example consists of using a steady flow model
based on uniform flow. In this way, no duration is defined so that the calculation process is faster.
However, it leads to the appearance of inaccuracies that increase with the size of the network and the
discharge increase. Therefore, the steady flow model based on uniform flow is evidently insufficient
when addressing situations for which surcharge or flooding risks exist.

If the temporal distribution of the rain water is included, then it becomes unnecessary to execute
the hydrologic calculation every time. First, given the modular character of EPA SWMMV, it is possible
to execute a preliminary hydrologic calculation to obtain runoff hydrographs that enter in each element.
With these inflows to the nodes, the hydraulic calculation can be performed as many times as it is
required. The repeated modification of various network parameters will be necessary, but by using the
Set functions, this no longer implies the constant rewriting of the input file. Because this operation
requires a significant amount of computational time, the parameters will be modified directly in
memory without accessing the writing of the files.

Finally, the binary results file EPA SWMM produces is not easy to manipulate. This file presents
basic statistical summaries of the results (these summaries include items such as maximum discharges,
maximum levels, volume balances, etc.). If more detailed information on a specific object must be
obtained, the [REPORT] section on the project file must be modified to include this information in the
result file, and then filter this latter file in order to look for the specific information needed. Since this
process might be complex, it has become preferable to read the results obtained after each itineration.
It is no longer necessary to read the result file, and the calculation process may be done faster.

Figure 2 shows the flow chart of an optimization process that is based on the evaluation of an
objective function. The left flow chart represents the process that is based on the EPA SWMM native
interfacing tool. On the other hand, the right flow chart, instead, represents the same process but
implemented using the Toolkit. It can be observed that several operations can be avoided. As the
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number of iterations increases so will the amount of time that is saved. Bear in mind that if evolutionary
algorithms are preferred, the number of evaluations of the object function might be highly elevated.

‘ START ’ ‘ START ’

( A
SET WRITE
PARAMETER *INP FILE
WRITE RUNOFF
*INP FILE MODULE
RUNOFF MODIFY
MODULE *INP FILE
e 2
ROUTING CALCULATE SEIY
MODULE PARAMETERS PARAMETERS
READ ROUTING
*.0UT FILE MODULE
CALCULATE
PARAMETERS
ASSESS ASSESS
RESULTS RESULTS
NO NO
FINISH? FINISH?
L Main Loop ) Main Loop )
YES YES
END END
(a) EPASWMM 5 (b) SWMM 5
Interface Toolkit

Figure 2. Comparison scheme of optimization algorithm performance using EPA SWMM 5 (a) and the
Toolkit (b).

3. Validation Protocol

3.1. Velocity Tests

Given that for simulations over extended periods, the calculation times can be relevant; this aspect
has always constituted a preoccupation for the program's developers. The program was originally
developed in FORTRAN [15], with its successive adaptations. This way, when the original FORTRAN
routines were converted to C language, the developers proceeded to make comparisons in terms of
execution times [16] as well as result precision [17].

A series of tests will be done in order to support the previously mentioned statements. On the
one hand, velocity tests have been carried out in order to measure calculation times for both options
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(EPA SWMM 5 Interface and SWMM Toolkit). A total of 9 cases in which network size, rain duration
and rain-runoff simulation are modified have been performed for each option. Just as it was done
during the SWMM 4-SWMM 5 transition [16], and with the hopes of ensuring equality of conditions,
every case was processed with the same computer.

In order to see the effect that is obtained as a result of modifications in network size, three specific
networks have been chosen and they are shown in Figure 3. The first network (Net1) corresponds to
the network that is available in the program’s manual [14]. It is rather simple, as it consists of 5 nodes
and 4 pipelines. The second network (Net2) is obtained by simplifying the sewer network of a district
of Bogota (Colombia) and consists of 82 nodes and 83 links. Finally, the third case corresponds to
the Xirivella network (Spain). This network possesses all the elements that are typically found in a
network, such as pumping stations, sewer overflows, waste water treatment plant, etc. It has 916 nodes
and 931 links.

Net 1 Net 2

Net 3

Figure 3. Networks used for calculation time evaluation.

On the other hand, three different rain situations have been tested. In the first situation, once
again the expected rain that is provided in the SWMM user’s manual sample is used. It consists of
a 6-h long rainfall period, with intensity values that change every hour, and a 12-h long simulation.
The second rain period corresponds to the data collected in a rain gage located in Almassora (Spain).
All the records corresponding to October 2000 have been processed, with a 31-day long simulation
and a rain time interval of one hour. Finally, for each of the three networks runoff, hydrographs
obtained with the rain in case 1 have been collected. These hydrographs have been assigned as direct
inflows in each of the nodes, and the hydraulic simulation has been done exclusively, thus avoiding
hydrologic calculations.

In order to compare the differences in simulation times, the 9 cases (three networks x three
rain events) have all been simulated using both the EPA SWMM native interface and the Toolkit.
Execution times have been annotated for every case. For the comparison, a small application that
allowed the measuring of the time employed in the calculation with millisecond precision was used.
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Ten simulations were carried out for each case in which some parameters such as slopes or diameters
were changed. Total spent time was also measured for every simulation. The results of this test are
shown in Table 2.

Table 2. Execution time comparison (in milliseconds).

Case Case 1 Rain (6 h) Case 2 Rain (October 2000) Case 3 Direct Inflows
Net1 EPA SWMM 610 20,791 470
€ Toolkit 460 20,775 430
Net 2 EPA SWMM 6731 313,803 4441
€ Toolkit 4460 300,704 4280
Net 3 EPA SWMM 598,329 5,438,193 144,220
€ Toolkit 135,549 4,935,524 126,308

It is possible to draw certain conclusions from the previous results. On the one hand, the greater
the size of the network, the more time is required to calculate it. These data are obvious; however, it
can also be observed that, the greater the size of the network, a larger percentage of time is spent in
archive manipulation. When the Toolkit is used, there is a 25% time saving for network 1, 33% for
network 2, and 77% for network 3 if the rain lasts 6 hours. It can also be observed that memory data
manipulation slows down the process, that is, as the time that is destined for calculation increases, the
relative importance of the time employed in archive data decreases. This is also an expected conclusion;
however, when analyzing the results obtained in case 2, what is stated in the previous paragraph is
ratified, since the Toolkit reduces the calculation time for a month-long rain by 0.2% for network 1, 4.2%
for network 2 and 9.2% for network 3. Finally, the previous execution of the hydrologic calculation
to write the results as direct inflow in a new archive supposes time savings of 10% in every case. Put
differently, once the new archive without hydrologic data but with an entrance hydrograph for each
node is obtained, the Toolkit may reduce calculation time by 10% when comparing this with the same
operation using the EPA SWMM interface.

Short but intense rain periods are generally used in the optimization process, very similar to those
seen in the case that was previously described. In these situations, one can observe how the Toolkit
may significantly contribute to savings in calculation times. The larger the network, the more time
saved. As has been observed, the saving may exceed 75% for very large networks.

3.2. Function Validation

Along its diverse history, SWMM has experienced numerous changes. The idea of the
development team has always been that of maintaining reliability of the calculation, and this has been
done through the implementation of a rigorous quality assurance testing program [18]. In this case,
the validation process has followed a similar philosophy to that used in the aforementioned quality
assurance program, thereby guaranteeing the perfect coincidence of the results obtained with the
Toolkit. This way, and just like it was done during the SWMM 4-SWMM 5 transition, three tests have
been performed [19]. These tests are based on two ideas.

First, in order to ensure the compatibility of the Toolkit with EPA SWMM, a series of tests have
been carried out to compare the results of both tools. The tests were conducted using the example
network suggested in the SWMM 5 User’s Manual [14]. This network is presented in Figure 4,
in which control sections S1, S2 and S3 have been established.

Second, a much simpler network was used to study specific control structures, as is the case of
weirs, orifices and pumps. The reason for using a specific network for control structures derives from
the way EPA SWMM calculates these types of devices. This way, different situations may be simulated
(normal behavior, orifices behaving as a weir or weirs behaving as an orifice for surcharge conditions).
Figure 5 shows a sketch of this network, which consists of a storage unit with a constant direct inflow
so that a steady flow regime may be reached. Likewise, the outfall is simulated as a free discharge.
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Conduits are long enough to allow them to reach the uniform flow in their middle points. Direct
numerical calculations can thus be done, and they can be contrasted with those obtained with both
EPA SWMM and Toolkit.

S2 S1 S3

Figure 4. Network used for the study of the Toolkit’s functions.

£

Qu

Regulator

=
]

Figure 5. Network used for the exhaustive study of weirs and orifices.

The tests could be grouped in two phases, depending on the functions that each of these tested.
In the first phase, only the Get functions were tested, and only section S1 in Figure 4 was used. The
tests in this phase consisted of checking that the results obtained with EPA SWMM and the Toolkit are
exactly coincidental without the need to manipulate information. The employed network was the one
shown in Figure 4 with a one-hour long rainfall and duration of the simulation of 12 h. The results
corresponding to both nodes and pipes were consulted. During the first test, it could be observed
that the Toolkit collected all the calculation instants. EPA SWMM, instead, only collected those results
corresponding to the report time step. This way, a 10-s hydraulic calculation and report time step was
employed in order to ensure equality of conditions. Likewise, in order to ensure the precision of the
results, EPA SWMM preferences were modified, so that the reported results were always presented
with a numerical precision of four decimals. Regarding the nodes, all the variables that could be read
with the Get functions were processed, except for those related to quality water parameters. The same
procedure was applied for pipes.

200



Water 2016, 8, 259

In the second phase, two sets of tests were carried out involving Set functions. These functions
allow the integration of EPA SWMM with any other external applications including more complex
algorithms of iterative character, such as design, control, or calibration algorithms. Because of this,
tests have been more elaborate for this group of functions. Next, a brief description of each one will be
done. The first set was carried out in section S3 of Figure 4, and it included the basic elements such as
storage units, junctions and conduits. The following parameters were modified:

e Storage Units: invert level, height (maximum depth) y and volume. Regarding the volume, it is
defined by a function which relates depth and surface area through three parameters: A, B and C.
The surface area of the storage unit varies with water depth following the function shown below:

S:A~yB+C (©)

e Junctions: invert level and maximum depth.

e Conduits: diameter, invert levels at entrance and exit, and roughness coefficient. Furthermore,
other tests were made in order to modify geometric shape and the corresponding geometric
parameters. The latter tests were no so exhaustive as long as not all geometric shapes were tested.

This set’s testing protocol will be briefly described. For each case within the set, three tests were
carried out. The first included the analysis of the results obtained using EPA SWMM with a series of
values of the analyzed parameter (10 different values ranging between a minimum and a maximum).
Next, these same cases have been processed using the Toolkit and without parameter modification,
that is, reading each of the 10 prepared archives. Finally, the obtained results have been analyzed by
performing 10 calculations in one single process that used Set functions in order to modify parameters.
As an example, Figure 6 compares the results obtained when modifying storage capacity. The data
collected for each of the storage volume include maximum discharges at entrance and exit pipes as
well as total flood values for the initial and the final nodes. The results obtained through the use of the
library have been represented on the horizontal axis. In the vertical axis, instead, those results directly
obtained using EPA SWMM are represented. As expected, the results are 100% coincidental.

EPA-SWMM Flooding [m?]

125

120

115

110

105

100

100 105 110 115 120 125
Toolkit

Figure 6. Flooding results comparison between EPA SWMM and a Toolkit-based application.

The second set was done for the exclusive study of control structures (orifices and weirs). Two
networks were used on this occasion. Because it was important to use a section that would present
discharge derivation, section S2 of Figure 4 was used. The characteristics of these elements were
modified by using the developed functions. This way, the performance of both elements was proven
to be the same regardless of whether EPA SWMM or the Toolkit was used. The same behavior was
seen in both cases.
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Considering that control structures may become very important for applications such as real time
control, a more exhaustive analysis was performed. In the case of orifices, EPA SWMM discriminates
the case of flooding conditions (behavior as orifice) from that of not-flooding conditions (behavior
as weir). Therefore, all the plausible situations contemplated by EPA SWMM were processed as a
function of depths upstream and downstream of control element. The transition between the two
performance modes is produced from a specific depth denominated critical height. Depending on the
case, EPA SWMM implements a different coefficient and exponent. The network shown in Figure 5
was used for this test. The detailed study that has been carried out helped to understand and perfectly
reproduce the behavior shown by these control structures. As a conclusion, both EPA SWMM and the
Toolkit presented the same results in all the cases that were analyzed.

4. Application

Usually, the design of a storm water network was solved by using the rational method. However,
methods based on the concept of return period do not take into account economic issues. It might result
in both overdesigned or underdesigned networks [20]. Cost-optimal design of hydraulic network
is a complex problem for engineers. Meredith [6] applied dynamic programming to sewer studies
including cost functions for pipes. Mays and Wenzel [21] also used dynamic programming to optimize
the design of a gravity sewer network with known pipe flow direction. Recent studies try to solve the
problem of designing sewage networks by heuristic algorithms [22,23]. Furthermore, costs associated
with flooding are rarely considered. Defining flood damage functions are another challenge for
storm water network design [24]. More recently, Guo et al [25] combined EPA SWMM with a cellular
automata and genetic algorithm hybrid algorithm to design large sewer networks. In all previous
studies, the inflows were considered constant. That is, the rainfall-runoff processes were not calculated.
Furthermore, most of these studies considered a normal flow regime.

In this case study, the design of a simple sewage network is used as an example of application
of the Toolkit. The dynamic wave approach is used for the hydraulic simulation. The network used
for this application consists of 6 pipes, 6 manholes and an outfall. Node and pipe data are shown
in Figure 7.

2=5.00m

z=750 m(_‘ ¢-2 z=633m C;'4 z=5.35m
p-2 P-4
L=180m L=180m
Az=0.7m Az=10m
C-1 C-3 C-5
A L=200m A L=200m A L=200m
Az=0.6m Az=0.6m Az=0.7m
2=9.00 mO 2=6.75 mO z2=695m
P-1 P-3 P-5

Figure 7. Sample network used as a case study.

Since the depth of the sewers should allow water flows by gravity, the design includes not only
the dimensioning of the pipes, but also the depth at which these pipes must be installed. Hence, both
the conduit diameters and their slopes must be calculated. It should be noted that diameters can be
coded as discrete variables and they must be chosen among those listed in Table 3. On the other hand,
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slopes are derived from the elevation and depth of the conduit ends. Therefore, they are continuous
variables that may assume any value. As it happens in every design problem, constraints have been
used for maximum velocity, capacity of the conduit and minimum slope. Another restriction was used,
based on a similar one proposed by Meredith [6]: the invert elevation of a pipe leaving a manhole
cannot be higher than the lowest invert elevation of a pipe entering the manhole.

Table 3. Cost of conduits.

Diameter (mm) Cost (€/m)
400 96.33 €
500 116.78 €
600 159.19 €
700 208.21 €
800 254.26 €
900 312.60 €
1000 319.36 €
1200 44221 €
1400 575.64 €
1600 728.31 €
1800 858.91 €
2000 1,055.72 €

When calculating pipe installation costs, a formulation which involves both cost of the pipe
according to Table 3 and the cost of installing such a pipe. In order to do so, a standardized trench was
used (shown in Figure 8). It will depend on both the diameter (D) and the maximum depth the pipe
can be installed (Az). The trench model used is shown in Figure 8, as well as all the data that defines it.
It is worth mentioning that the same type of trench has been used for all the pipes, regardless of the
type of terrain in which pipes were located.

b

b, !
. hy
Main Backfill
1

Selected Sidefill

Az
h,

Figure 8. Trench model used.

This way, the data required to define the trench include:

e DPipeline depth, Az. It will be defined by the design algorithm.

e Trench lateral slope, S;. For this case study, this slope is considered constant and
equal to 0.2 m/m.

e Base width (by). It is equal to pipe diameter plus 50 cm.

e Bedding thickness (h), also constant and equal to 15 cm.

o Selected sidefill height (hr), measured from conduit crown level. Again, it is constant and equal
to 30 cm.
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e DPipeline charge angle «. It indicates pipeline portion in contact with bedding. In this case, it is
equal to 90°.

e Ground elevation, z;

e Invert elevation, zg

Likewise, zg and z; represent the invert and the ground elevations, respectively. The latter is
calculated in the algorithm for all nodes with the exception of the outfall node D-1 for which zy = 2.5 m.
Therefore, using these values and pipe diameters it is possible to calculate the rest of the geometrical
parameters of the trench.

With the trench parameters, it is possible to calculate the volumes that correspond to each part
of the trench construction. These calculations must then be associated to the costs of the different
actuations that were performed on the terrain. A cost function associated with the trench is thus
obtained, which is the sum of the terms shown in Table 4.

Table 4. Costs associated with the trench model.

Material/Operation Cost (€/m3)
Excavation costs Cq 14.21€
Granular material costs Cp 1397 €
Selected sidefill costs C3 6.47 €
Non selected sidefill Cy 4.55€
Transport costs Cs 3.19¢€
Final costs (deposition) Cg 20.30 €

The geometrical calculation of the trench gives a cost function for pipe i that depends on the
diameter (D;), the depth (Az;) and the length (L;) of the pipe:

Ci = f(Di, Az;, Ly) (2

According to the object model of EPA SWMM, the elevation of both ends of each conduit will
be computed and must be modified during the calculation process. Because of the different nature
of the variables, two algorithms have been used for network design: a pseudo-genetic algorithm
(PGA) and the particle swarm optimization (PSO) algorithm. PGA is a modified genetic algorithm
that replaces the binary coding of each variable by an integer coding [26]. Therefore, PGA is meant to
address problems of discrete character. PSO, instead, is an algorithm more suitable for continuous
problems [27]. In both situations, modifications to the different generations have been performed with
the help of the Toolkit functions.

In order to modify the slope of conduits, only the elevation of the downstream end of the pipe
was modified, while the upstream end was fixed to the invert of the upstream node. The pipe slopes
have been limited to be between 0% and 5%. The slope has been coded differently depending on the
algorithm used. In the PSO method, due to its continuous nature, any value within this range has been
allowed. In the PGA, instead, the range was divided into 100 intervals. This different coding is one of
the reasons why PSO presents higher execution costs but better solutions than PGA.

Some restrictions were imposed. Maximum allowable velocity in pipes (Umax) was fixed at 4 m/s.
As it is common in optimization problems with restrictions, if they are violated, penalizations will be
applied to the cost functions. If the velocity in a pipe (v;) is bigger than the maximum velocity, a binary
variable 1 ; will take the value of 1 and the penalty will be the exceedance times the penalty cost (A1).
Finally, damage functions for flooding and surcharge conditions were assumed. As the target of the
design was to avoid both situations, these functions were high enough to discard designs with flood or
surcharge. Therefore, if the water level in node j (y;) is higher than the level that provokes surcharging
(Y, max), another binary variable d ; will take the value of 1 and a penalty cost (A2) will be added. Then,
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the fitness of a solution k will be given by an objective function F¥ that accounts for the pipe costs and
the penalties for constraint violations:

NL NL NM
B = Y Ch M Y o (o = omax) + A0 Y] 820 (0 = Yjmar) ®)
i=1 i=1 j=1

In this equation, C:-‘ is the cost of pipe i in solution k according to Equation (2), NL is the number
of links and NM is the number of manholes in the model.

In order to account for computational costs, nearly 7000 simulations were carried out for every
algorithm. All the simulations were done with an initial population of 100 individuals, and the rest of
the parameters were tuned for each method [28].

The optimal result obtained using the AG design model offers a solution that costs 290,441.68 €,
while the solution obtained using PSO design model is 287,518.02 €. Both algorithms yielded the same
solution for diameters, but since PSO is a continuous algorithm, its results are slightly better (1%)
compared to those obtained by using APG. On the other hand, APG needs less than half the number of
iterations than PSO. Furthermore, the rate of success of APG (as defined in [28]) is better. The summary
of these results can be seen in Table 5.

Table 5. Summary of results for both algorithms.

Algorithm PGA PSO

Best solution 290,441.68 € 287,518.02 €
Average number of simulations 771 1670
Rate of success 37.1% 32.6%

5. Conclusions

The EPA SWMM program is a sewerage network hydraulic simulator that is widespread.
However, its integration with other programs is quite limited [5]. Because of this fact, a function
library (known as a Toolkit) that allows the use of EPA SWMM algorithm in more complex calculation
programs has been presented.

The principal objective of the present study is the development, testing and application of a
functions library that allows the execution of multiple simulations with the EPA SWMM. This library
must allow data modification and results querying without reading or writing files.

The library is made up of three different groups of functions. First, the project management
functions will be enclosed in the group of interfacing functions provided by the USEPA within the
program. The second group consists of those functions that are associated with data and result
gathering. These functions can be referred to as Get functions. Finally, a data modification functions
(denominated as Set functions) were included in order to give the library a greater degree of flexibility.

This library has been tested in order to show an improvement in simulation times. With it, one can
avoid the writing of the data archive for every simulation. Likewise, the functions that are included
in this library allow the incorporation of the hydrologic calculation’s results into the project’s data,
and the writing of the binary archive as well as the results report has been avoided. In exchange, the
results are kept in the memory with the resulting savings in the calculation times. All this has led to
saving in calculations times, which in some cases has exceeded 75%.

Finally, the library has been subjected to a result validation protocol that proves the obtained
results are 100% similar to those obtained with the original program. The functions that are included
in the library have been directly contrasted with the results obtained with the original program, thus
obtaining a perfect adjustment for every case. Furthermore, because the library allows the reading of
results directly from the calculating tool, a rounding error is avoided as result precision increases. This
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way, results obtained from the validation process confirm 100% compatibility between those results
obtained using EPA SWMM and those obtained by the external programs using the Toolkit.

Once validated, the library has been applied to the design of a sewerage network in which the
diameter calculation and the slope adjustment have been combined. This is done by using a cost
function expression that takes into account not only pipe acquisition costs but also the costs associated
with pipeline installation as well (excavation, trenching and backfilling). For the development of the
cost function associated with each diameter, a parameterized-type trench has been defined, one that
can be used in other applications. The principal conclusion that can be drawn from this study case is
that it is possible to combine the Toolkit with an optimization program that modifies the network data
based on the results obtained from the simulation without the need to deal with files, thereby allowing
time savings during the simulation.

In this comparison, two different evolution algorithms have been used: one for solving discrete
problems (PGA) and another for continuous problems (PSO). This application was meant to contrast
the Toolkit utility in more complex problems that were based on repetitive successions of a single
simulation. As an additional result, it has been proved that the PSO algorithm (conceived for
continuous variable problems) produces better solutions compared to those produced by PGA.
However, PGA gets the best solutions with a lower number of simulations, that is, in a smaller
time and more frequently. This conclusion confirms what has already been observed with other
authors in continuous optimization problems [29].

There is some field for future research regarding this work. The work was done in response
to the problem of the design of a storm water network. Because of that, all the functions presented
in this paper are related to hydraulic objects, that is, elements involved with hydraulic calculation.
Hydrologic objects such as subcatchments or rain gages were not considered. Since the rainfall runoff
process is another important part of the hydrological cycle, it would be interesting to extend the scope
of this work to hydrological simulation. Finally, there is a growing interest in Sustainable Urban
Drainage Systems (SUDS). EPA SWMM includes these systems and their design might be boosted
with the help of similar functions for such a systems.

As a final conclusion, it can be said that the connection library with EPA SWMM represents a
powerful tool for applications based on changing network parameters, as is the case of the formulation
of sewerage network design. Besides, it allows saving of computational costs. All the aforementioned
results allows the possibility of applying this library to other applications of different natures, which is
precisely the case of the studies that are currently being implemented for sewerage network adaption
to climate change.
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Abstract: Water supply systems have been facing many challenges in recent decades due to the
potential effects of climate change and rapid population growth. Water systems need to expand
because of demographic growth. Therefore, evaluating and increasing system capacity is crucial.
Specifically, we analyze network capacity as one of the main features of a system. When the network
capacity starts to decrease, there is a risk that continuous supply will become intermittent. This paper
discusses how network expansion carried out throughout the network life span typically reduces
network capacity, thus transforming a system originally designed to work with continuous supply
into a system with intermittent supply. A method is proposed to expand the network capacity
in an environment of economic scarcity through a greedy algorithm that enables the definition
of a schedule for pipe modification stages, and thus efficiently expands the network capacity.
This method is, at the same time, an important step in the process of changing a water system from
intermittent back to continuous supply—an achievement that remains one of the main challenges
related to water and health in developing countries.

Keywords: water network expansion; water network capacity; intermittent water supply; theoretical
maximum flow; system setting curve

1. Introduction

The world population is increasing at an exponential rate and available water resources are
reducing due to pollution and the effects of the climate change that increase the severity of droughts
and favor other extreme events [1]. This places stress on many public services and dramatically
increases the gap between water supply and demand. In many countries, urban growth has exceeded,
and continues exceeding, the growth of supply infrastructure [2]. This growth generates the conditions
necessary for operators of water supply systems to embrace intermittent water supply (IWS) [3].
Many countries in Africa, Asia, and Latin America have IWS [4].

Reducing poverty and improving public health is an important part of the Millennium
Development Goals [5]. Achieving this goal is threatened by water shortages, lack of supply
guarantees [6] and poor quality of supplied water. Although it is considered that the drinking
water supplied through pipeline systems is safe, many studies show that deficiencies in the network,
caused by IWS, can create conditions so that water is not safe and reliable [7-13]. The lack of reliable
water supply systems in developing countries can undermine much of the hope for improvements in
public health [14], and have negative effects for drinking water system objectives [15].

IWS generally seeks to reduce the per capita water demand based on savings in capital and
operating costs. However, instead of being smart, this strategy brings negative consequences that
outweigh the positive factors [16,17]. Symptoms of system failure include very low levels of pressure,
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and insufficient supply in the remotest and highest points. Generally, intermittent supply is adopted
by necessity rather than by design and results in serious system impairment [18].

The best way to protect water quality is by maintaining positive and continuous pressures
throughout the network [13,19]. Thus, continuous water supply ensures security. The supply
change from intermittent to continuous is one of the main challenges concerning water and health in
developing countries [20].

The cost of risks to the health of users must also be considered (in terms of their incomes, medical
treatments, efc.) as it is much greater than the cost of replacing deficient pipes [11] that are detrimental
to continuous water supply.

According to several studies [21-23], IWS systems produce insufficient pressure in less favored
sectors or areas (nodes located on high points and/or far away). Such conditions may be favorable for
reducing water losses. However, they also produce inequity in the supply [18].

Insufficient funding and mismanagement [17] are two of the main causes of the origin of IWS.
System improvements in these scenarios do not derive from increasing the water supply sources, but
from improving system infrastructure and management. However, a shortage of funding does not
allow operators to make large investments, so they should look for profitable long term planning
strategies. In this sense, phased or gradual improvements can be a good option.

The growth of cities occurs horizontally and/or vertically, as a result of residential, industrial,
and commercial developments, and community facilities, efc. [24]. This growth requires expanding the
network capacity and the correction of anomalies or reduced system performance [25].

When undertaking the expansion of a water supply network, the goal is to supply a much larger
demand. However, when this expansion does not take into account the network capacity and the
influence of the new expansion, various scenarios may appear that reduce the capacity of the network
and threaten the quantity and quality of the service. Reducing the capacity of the network may lead,
for example, to intermittent supply.

Generally, the network of an IWS system has insufficient capacity. However, this situation can be
imperceptible because the operators manage to cover the demanded flows through differentiation of
supply schedules, sectorization, and use of household tanks. Increasing the network capacity in IWS
systems that seek to reach continuous water supply (CWS) is a task that must be carefully analyzed.

In this paper, the theoretical maximum flow is proposed as an indicator of network capacity.
This element is endowed with its true dimension as a quantitative element that is crucial in
decision-making, assessment, management, maintenance, exploitation, and design of drinking water
distribution systems.

The theoretical maximum flow is important to evaluate the behavior and evolution of a drinking
water system and its relationship with intermittent supply. It also serves as a basis for proposing
a greedy algorithm that enables the definition of a schedule for pipe modification stages, and thus
efficiently expands network capacity.

The case of study has two parts. In the first part, we evaluate the growth of the southern subsystem
of the city of Oruro (Bolivia), which was originally built to offer continuous supply. However, various
network modifications imposed an ideal environment for intermittent supply. In the second part,
we consider the possibility of increasing the current network capacity, as part of various actions to
revert to CWS. Based on the IWS classification given by Totsuka et al. [17], the system only suffers
economic scarcity and management problems, and not physical scarcity. Thus, only the actions related
to infrastructure improvement are analyzed.

2. Methodology

This paper discusses how poorly planned network expansions can lead from CWS to IWS.
We propose the use of the theoretical maximum flow as an indicator for evaluating the network
capacity, and then analyzing its relationship with intermittent supply.
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Generally, the capacity of a water distribution network is considered a qualitative concept, which
is usually identified from user complaints of pressure reduction [26].

We consider that network capacity represents the maximum demand (or flow) that can be met
while maintaining suitable pressures throughout the network, and strictly ensuring the minimum
pressure required at the node with the lowest pressure. When this flow does not cover the demand of
the population, the network has insufficient capacity. Given this scenario, the network responds
by reducing pressure at nodes to achieve total user demand. This situation may threaten the
continuity of water supply. Even though it is possible to use a PDD (pressure driven demand)
analysis, in low pressure networks, a more conservative and, thus, safer design is obtained by making
use of mathematical models using demand driven analysis (DDA), and representing its capacity
deficiency as a flow magnitude, since negative pressures have no physical meaning in cases of deficient
network capacity.

We propose the use of the theoretical maximum flow calculated with the pressure-restricted
setting curve, explained later. To evaluate the capacity of a system network with IWS, the maximum
theoretical flow is compared with the maximum flow required by the population in continuous supply.
It is thus possible to establish the potential of converting CWS into IWS. Intermittent water supply is
usually caused by the extension of the distribution network beyond its hydraulic capacity [27].

Therefore, a method is also proposed to increase the capacity of the network, as a part of
a project for gradual transition towards CWS, while taking into account that the system suffers
insufficient funding.

It is common to gradually carry out the process of expanding the network capacity with more or
less localized interventions on its components, so as not to endanger the service and ensure a greater
lifespan for the infrastructure [25].

Another important restriction on some systems with IWS is related to the economic constraints
of the water company. Therefore, we propose a gradual expansion of capacity divided into stages,
in which a schedule is defined for every stage (the optimal option being sought in each of these
stages). Taking advantage of improvements in network capacity, CWS gradually spreads until the
entire network is covered.

When a network requires expansion, it is common practice to use optimization techniques to find
a solution with lower costs and satisfactory pressures. However, these processes tend to define the
overall set of pipes regardless the necessary actions associated with stage-divided projects.

In this paper, the use of the theoretical maximum flow reduces the search space to an area equal
to the number of pipes evaluated and multiplied by the number of candidate diameters and number
of stages.

This advantage enables us to propose the strategic replacement of pipes in a context of economic
scarcity by a greedy algorithm that enables the optimal option in each of the stages to be selected—in
an attempt to reach an optimal general solution. A schedule of the stages for modifying the network is
defined in this way, and the result is a gradual and more efficient transition to CWS.

As the influence of each of the pipes in the total capacity of the network is known, another
advantage of the proposed method is the possibility of detecting bottlenecks in the network.

2.1. System Setting Curve

The setting curve is a very useful tool in the operation and management of a water supply system.
This curve represents the need for energy production at the source in relation to the injected flow in
the system, guaranteeing the minimum pressure at less favorable points. A distribution network does
not have a well-defined resistance curve [28,29], because the curve slope changes—depending on the
flow requirements and the resistance imposed on the network by user demand [30], from demand for
minimum flows to demand for peak flows. However, the setting curve maintains a stable position,
which is very advantageous and useful for solving problems related to water supply (see Figure 1).
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Figure 1. Representation of the network resistance and setting curves.

For the calculation of the setting curve, a reliable mathematical model of the network should be
available. Thus, it is possible to evaluate the losses in terms of various load conditions in the network.
Tracking the setting curve at all times ensures that the pressure injected into the households is that
which is strictly necessary to provide a good service. This produces energy savings. Similarly, adhering
to the curve moderates pressure fluctuations in the network, thus reducing the negative implications
of such variations in the life span of the network [29].

The setting curve is used for control purposes in pumping systems [29] and in energy optimization
of water supply systems [31-33]. An approximation to the setting curve is also used as a flow
modulation curve or as a setting curve for pressure reducing valves in response to changes in system
demands to optimize the operation of a district metered area [34,35].

The flowchart in Figure 2 summarizes the steps to determine the setting curve when there is only
one feed point. In addition to the mathematical model of the network, the minimum pressure at the
nodes (P,,;,) must also be given. This value will define the level of service to be achieved. Subsequently,
scenarios for different load states, j, defined by peak factor K applied to the demand of all the nodes
must be generated. Each load condition establishes an injected flow (Q;) in the network that requires
an available head at the source (H,) that ensures the minimum pressure in less favorable nodes Puny)-
These pressures are compared with the minimum pressure until a desired very small margin of error is
reached. The set of points thus obtained describes the setting curve. The hydraulic calculation for each
load state is performed with DDA. It is recommended that, like in pressures, elevation and head units
be meters; and the flow in liters per second.

212



Water 2016, 8, 126

Each node is assigned a
corresponding demand
Qi

v

Define a demand load through K
factor, and calculate the flow in
the supply source Q:

K = Q=JK-Q+leaks

v

Assign a Head in supply source
> node
H,

v

Calculate pressures (P;) and
AH =Py = Pry e pressies (7)
_ determine pressure in the most
Hae1 = Hy + AH
H, = Hyy unfavorable node:
o= Ha: .
Pung=Min (P)

A

Ki = Kjss

No

Include the point:
Q;, Ha
to setting curve

Yes

il .

A B
<‘/Is¢re anew sc%
\‘\I///
No
\ 4

Setting curve ‘

Figure 2. Flow diagram for the determination of the setting curve.

2.2. Theoretical Maximum Flow

We consider the theoretical maximum flow, as the maximum flow value that can be injected in the
network by ensuring that the pressure is not lower than a minimum value established as a constraint.
This flow represents the theoretical capacity of the distribution network.

The maximum flow through a simple pipe can be calculated by taking into account the upstream
and downstream boundary conditions in terms of gauge pressure or head. In a network the calculation
may be similarly performed. The downstream boundary conditions are set by the setting curve, which
was built to meet a defined minimum pressure (P,,;;). The upstream condition, which provides the
hydraulic potential of the network, is defined by the hydraulic head available at the source (Hs), which
can be a reservoir (Figure 3) or a pump. The theoretical maximum flow (Q;uxt) is determined by the
intersection of the setting curve and the supply curve (see Figure 4).
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Figure 4. Theoretical maximum flow for: (a) a tank or reservoir; and (b) a pump.

The theoretical maximum flow or network capacity can be increased by changes in the supply
source: by, for example, building new reservoirs or increasing the pump power or the number of
pumps; reducing minimum pressure; and modifying the network (adding reinforcement, greater
interconnectivity, making replacements, etc.). In our study, we address the latter case.

The theoretical maximum flow is strongly related to the setting curve which varies according
to the network configuration, and the changes in the pipes or the service minimum pressure. One
way to increase the network capacity without altering H; is by changing the slope of the setting curve.
This can be achieved by changing some physical characteristics of the network pipes.

2.3. Required Maximum Flow

For the process of increasing the capacity of the network it is necessary to have a point of reference,
a target point defined by the required maximum flow (Quax) and its corresponding source pressure
head. In CWS, the required maximum flow corresponds to the maximum hourly flow.

The required maximum flow is calculated from the demand, using population growth forecasts,
losses, and other future uses and water needs.
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2.4. Procedure for Increasing the Capacity of the Network

The process of increasing the capacity of the network is very useful for the transformation of IWS
into CWS. The process is based on changing the characteristics of the network so as to reduce the slope
of the setting curve until the value of the required maximum flow is exceeded, see Figure 5.

Head in source

\
Required —
maximum
flow

Final setting curve CWS

Network inlet flow

Figure 5. Network capacity increase process.

Because intermittent supply systems have hydraulic, structural [3,19,20], and water quality
problems [21-25], we consider that, in the transition process to continuous supply, replacement is more
effective than pipe reinforcement.

Starting with the current network, each pipe is replaced with another pipe with a different
diameter. This change is evaluated by calculating the theoretical maximum flow. Thus, it is possible
to calculate the increase in capacity involved in each of the changes. By incorporating the cost of
replacing a pipe p an expansion rate is determined:

pd 0

Gpa = Qmaxtf maxt, (1)
' C(dp) Ly
where g, is expansion rate produced by substituting pipe p for a new pipe with diameter d;
QP ax ¢ is theoretical maximum flow of the original network or the network modified in the previous
step; Qﬁéx ; is theoretical maximum flow after substituting pipe p for a new pipe with diameter d;
C(dp) is unit length cost of pipe p replaced with a new pipe of diameter d; and L, is length of modified
pipe p.

The expansion rate (Equation (1)) is very useful in identifying pipes that constrain the
network capacity.

Another approach for selecting the pipes to be replaced, which prioritizes the flow increase
over the cost, is by raising the difference in the numerator of the expansion rate (Equation (1)) to
an exponent, 7, as in Equation (2). In this way, the pipes will initially be modified to larger diameters.
This will subsequently offset the initial cost as smaller diameters will be required.
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By using the expansion rate in each of the expansion stages, the pipe to be modified or replaced is
identified (as the pipe with the largest expansion rate value).

The process outlined in the flowchart in Figure 6 enables us to define a new network configuration
by increasing its capacity after replacing the pipes that represent the lowest costs. The order of priority
for the replacement of the pipes is also identified, and this enables us to plan the process of gradually
increasing the network capacity. The total cost may be divided into stages based on this prioritization.
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Figure 6. Flowchart for the process of increasing the network capacity.
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3. Results and Discussion

The case of study has two parts:

The first step is to reconstruct the hydraulic conditions of the subsystem in the south of Oruro
in the period 1968-2013. Considering that the initial network is the main part of the current network
and that it has been maintained since the inauguration of the infrastructure, we will use the current
network model. Due to a lack of information, the growth of the urban area is used as a reference to
reconstruct the network evolution. As a result, the topology of the network during each of the study
periods is estimated. Considering the population and water demand of each of the periods studied, it
is possible to calculate the required maximum flow. However, to compare this value with the network
capacity it is necessary that both elements have the same dimensions. For this purpose, we propose
the use of the theoretical maximum flow indicator.

In the second part, based on the current network of the south Oruro area, we seek to identify and
prioritize the order of the pipes that require replacement under economic and hydraulic criteria, in
order to gradually increase the network capacity to achieve the necessary infrastructure to transform
IWS into CWS (24/7). Besides the theoretical maximum flow, an expansion rate indicator will also
be used.

3.1. First Part of the Study

The project “Drinking water for the city of Oruro” [36] was begun in 1968 and included the
main infrastructure for water supply in the southern sub-area of the city—a tank and the mains.
The subsystem offered continuous supply but is currently an IWS system. There are no records of
when the system became intermittent. Based on the theoretical maximum flow, the transition process
is analyzed in this part of the study.

Considering the size of the urban area [37], population growth [38], population density, and the
number of current users, it is possible to estimate the population growth of the study area, defined
by the urban growth (Table 1) during the given periods. Based on the current average supply of the
subsystem (84.32 L/capita/d) and a peak factor of 2.5 (representative of other areas of the city that
have CWS and similar population growth) the required maximum flow for each year can be calculated.

Table 1. Population and required maximum flow for the Oruro southern subsystem.

Year Population  Qjuaxr (L/s)

1968 13842 33.77
1972 16814 41.02
1985 33407 81.51
2007 37395 91.24
2013 37700 91.98

The urban growth of the city enables us to set growth scenarios for the subsystem supply network,
for the changes in the mains and for the inlet to the sectors (see Figure 7). Based on these scenarios, the
setting curve and the theoretical maximum flow or capacity of the network (Figure 8) is calculated.
A minimum pressure (P,,;,) condition of 20 m is adopted; the minimum elevation of the water level in
the reservoir (H;) is 3771 masl (meters above sea level), and the average elevation of the network is
3723.8 masl.

Comparison between the required maximum flow and the theoretical maximum flow or network
capacity is shown in Figure 9.

217



Water 2016, 8, 126

501-12

501-13

S01-16

o (d) 2007 : (e) 2013

501-12 501-12

Figure 7. Growth of the Oruro southern subsystem network.
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Figure 9. Development of the theoretical maximum flow and the required maximum flow in the
study area.

The studied system was designed for continuous supply. This is evident because in 1968 the
network capacity was greater than the required maximum flow. The network was designed to supply
water to a larger population and had a reasonable slack for expansion. This scenario was maintained
throughout the first period, 1968-1972; and expansions made during this period were developed in
favorable areas. These expansions were developed properly and did not significantly weaken the
network capacity.

In the period 1972-1985, the situation changed. The southern region of Oruro grew faster than the
rest of the city [37]. The network expansions to cover the new sectors were very large. In addition, the
selection of small diameters increased the pressure drop and network capacity was therefore reduced.

In 1985, the required maximum flow exceeded the theoretical maximum flow. This fact imposed
a reduction of pressure in the network. The nodes located in unfavorable areas were prone to run
out of water during peak consumption. People needed to protect their supply and opted for the use
of household tanks. This scenario led to inequity in the supply: nodes located in favorable areas
squandered water, due to lack of metering, while users located in unfavorable areas complained about
a lack of water. Eventually, a perception of water scarcity prevailed among the population and the
operator. A solution was sought.
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To solve the water shortage in less favorable points, there are two potential solutions: the first
option, though not very evident in scenarios of economic scarcity and poor management, is to expand
the capacity of the network by replacing and reinforcing the mains; and the second option is to opt for
intermittent supply (a widespread misconception derived from a lack of water and funding).

The adoption of intermittent supply limits the hours of supply in different areas, setting schedules
that seek to reduce the required maximum flow. This action may be useful initially as the main sections
transport lower flow rates during peak consumption and therefore sufficient flow reaches the points
located in unfavorable areas. However, population growth will require expansion and this condemns
the system to intermittent supply.

In this second period, the theoretical maximum flow and the required maximum flow curves
intersect. A point was reached at which the capacity of the network no longer met the demand of
the population with continuous supply (this situation has been maintained since then). Accordingly,
we can say that a policy based on an IWS approach was implemented in the south of Oruro starting
between 1970 and 1985 (see Figure 9).

In the third study period, 1985-2007, intermittent supply was consolidated. New expansion
further reduced the capacity of the network. The expansion of the S01-16 sector used diameters that
were too small and, in addition, supply was extended to an even higher point. These features made
it a critical point, which conditioned the setting curve severely and, consequently, the value of the
theoretical maximum flow.

Between 2007 and 2013, the subsystem was expanded with the S01-18 sector, which did not affect
the capacity of the network because the sector is in a lower area and the installed diameters were
suitable for the needs of the sector. It proved to be a good expansion, since it did not greatly affect the
setting curve and the theoretical maximum flow.

The reduction of network capacity is a problem not perceived when the network works with
intermittent supply, because water reaches all sectors, although at very low pressures; however, this
situation will be primarily responsible for inequitable supply.

3.2. Second Part of the Study

The capacity of the subsystem network in the south of Oruro is currently insufficient and, as
aresult, supply is intermittent. It is necessary to increase this capacity if the aim is to achieve continuous
supply. Due to a shortage of funds, the expansion is bound to be gradual and staged. Accordingly, it is
necessary to know the order of pipe replacement. The budget available annually for the process of
increasing the network capacity is Bs. 700,000 (seven hundred thousand Bolivian boliviano, equivalent
to €89,172). The transition from IWS to CWS requires that the network has a capacity for continuous
supply of 91.98 L/s.

Unit costs, which include all the elements necessary for the replacement of pipes, and which
depend on the diameter, are presented in Table 2.

Table 2. Unit costs for replacing pipes as a function of diameter.

Diameter (mm) Unit Cost (Bs/m)

75 385.02
100 399.66
150 442 .46
200 502.93
250 608.39
300 703.17
350 832.61
400 1,030.54
500 1,371.51
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When large diameter pipes are changed, the theoretical network maximum flow is increased
(see Figure 10). This increase is more pronounced in pipes P-1, P-2, P-3, P-4, P-11, and P-13, and
even more so in pipes P-12 and P-17. These last mentioned pipes are the most critical for the
network and represent bottlenecks; so, any action to expand the network must take them into account.
Augmenting the diameter of the remaining pipes causes minimal increases in the network capacity, so
their importance in increasing network capacity is minimal. Generally, the first upgrade of diameter
produces a significant increase in network capacity, while subsequent diameter upgrades do not
produce such a large effect. The curve tends to reflect an asymptotic behavior (Figure 10).
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Figure 10. Network capacity increase based on diameter change.

The expansion process was developed using the expansion ratio g given in Equation (2) forn =1,
2 and 3. The exponent was chosen depending on the theoretical maximum flow (Figure 11). The use of
the indicator with an exponent greater than 1 enables lower costs to be reached when the expansion
flow rate is larger; however, n = 1 can be used when the maximum flow requirement is lower. In any
case, it is adequate for making a comparison with indicators.
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Figure 11. Comparison of cumulative costs depending on the expansion rate used.
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To reach the required maximum flow of 91.98 L/s, the lowest cost is produced by the indicator g
with 1 = 2. The setting curve is gradually changed in five steps that define the order of actions for the
gradual improvement (Figure 12). With this prioritization, three stages of investment (last column of
Table 3 and Figure 13) are defined.
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Figure 12. Setting curve evolution in the capacity increase process.
Table 3. Results of the network capacity increase process.
. _ Modified New Diameter Qmaxt Pipe Accumulated Cost per
Tteration  maxn=2 " pi, (mm) (L/ss  Cost(Bs)  Cost(Bs)  Stage (Bs)
1 0.07540 P-12 350 42.63  562,303.90 562,303.90 562,303.90
2 0.15582 P-17 200 52.14  581,264.92 1,143,568.83 581,264.92
3 0.48497 P-11 350 61.76 190,736.95 1,334,305.77
4 1.00235 P-2 350 70.04 68,333.76 1,402,639.54  532,875.95
5 1.95625 P-13 300 93.18 273,805.24 1,676,444.78

Due to increasing water-losses produced after transition from IWS to CWS [3], and which
consequently increase the required maximum flow, it is necessary to implement an active leakage
control [39] simultaneously with the network capacity expansion to avoid oversizing the network and
wasting water.
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Figure 13. Stages of investment.

4. Conclusions

Although its use is generally applied to CWS, the setting curve is a useful tool for evaluating and
improving systems with intermittent supply.

The approach using theoretical maximum flow enables network capacity to be given its true
quantitative dimension. This is necessary for decision-making in the assessment, management,
maintenance, operation, and design of a continuous or intermittent supply drinking water network.
Specifically, in this paper, this approach enables us to evaluate a system with intermittent supply, track
its evolution from its CWS origin (first part of the study) to the current IWS, and propose solutions to
recover CWS (second part of the study). Thus, this study contributes to improve intermittent supply
systems, which remains one of the main challenges related to water and health in developing countries.

In the first part, we can see how poorly planned expansion processes can systematically reduce
network capacity. This reduction initially brought low pressure, flow failure in unfavorable areas, and
user complaints. The situation was perceived as water scarcity rather than reduced network capacity.
As a result, it was decided to opt for intermittent supply. Further expansion actions consolidated
this approach.

It is important to consider that the rational extension of the network not only involves laying
additional pipelines that reach the point of demand, but that this process should be accompanied by
the reinforcement, rehabilitation, or replacement of the network water mains.
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A process of expanding network capacity, as part of the transition from IWS to CWS with poor
funding, is difficult to implement. Consequently, gradually prioritizing pipe replacements, based on
achieving the greatest impact on the quality of service at the lowest cost, is a very useful criterion.
The characteristics of the method allow us to reach a more efficient process in small networks than in
large ones.
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