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Abstract: The central part of Chile has been in severe unprecedented drought for more than ten years,
becoming a water-stressed area. ESVAL, one of the main water utilities in the Chilean water sector, is
responsible for delivering potable water to the population and securing long-term supply in the vast
majority of this area. In order to achieve this goal, ESVAL is implementing different measures, with
pressure management being one of them. This paper aims to describe the works executed in La Calera
city to implement a new advanced pressure management scheme on an existing pressure-reducing
valve with two main targets: reducing leakage and improving the level of service to the customers.
The results show that advance pressure management generates a 10.12% reduction in the minimum
night flow while, at the same time, helping to improve the level of service to the customers reducing
the number of times pressure falls below the minimum target set by ESVAL by 52%. It is concluded
that pressure management facilitates quick water savings by optimizing the performance of existing
pressure-reducing valves.

Keywords: pressure management; water losses; pressure-reducing valve; customer service level; Chile

1. Introduction

Water utilities across the world are facing common challenges in delivering water with
the right level of service and quality to their customers [1]. One of the major challenges
is related to water distribution networks aging quickly, and the rate of leakage and water
lost through them increasing [2]. Water loss has become a major problem for three main
reasons: it directly impacts the utility’s economic performance, reputation and associated
economic activities [3], increases energy losses and expenses as more water needs to be
treated [4] and could also generate a potential entry door of contaminants to the water
distribution network (WDN) [5], especially in intermittent supply conditions [6]. Indeed,
network pollution is identified as a major concern in the United States [7]. Due to this,
water distribution companies are establishing different leakage management strategies to
address this problem and reduce losses [8]. Future sustainable WDN will require smart
technologies, relying on information and communication for better water management. A
review of different approaches for this is facilitated by Kanakoudis and Tsitsifli [9].

The International Water Association (IWA) identifies four basic pillars in a leakage
management policy: active leakage control, asset management, speed and quality of repairs
and Pressure Management (PM) [10]. Out of these four techniques, PM has proven to be
one of the most efficient methods to address leakage reduction in WDN due to the direct
relationship between the network operating pressure and water lost by leakages and burst
frequency and the occurrence of new leakages [11,12]. The impact of PM depends on the
pressure [13] and on pipe materials [14]: pipe breaks in cast iron and asbestos cement pipes
could be reduced by 18% to 30% by reducing the average supply pressure [15]. Network
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operating pressure is also directly related to customer demand; thus, PM is an efficient tool
in water scarcity scenarios to secure constant and reliable service to customers with the
right level of pressure for the whole day [16]. However, PM for demand management and
consumption reduction is not as widely used as it is for leakage reduction purposes.

Worldwide, many WDNs are operating at a pressure higher than required, so the rate
of water loss can be reduced by reducing and adjusting the pressure [17]. PM has been
employed in some of the largest non-revenue water (NRW) reduction projects implemented
all over the world, such as West Manila in the Philippines [18], New Providence island
in the Bahamas [19] and in several countries of the European Union [20]. A good review
of several case study references in different countries employing diverse PM schemes for
different targets can be found in the literature [21]. The use of advanced PM models is not
just limited to WDN: the literature shows a reference for the application on buildings to
reduce water consumption between 20% and 100% [22].

There are several ways to manage pressure in a WDN to reduce leakage. A review of
these methods can be found in the literature [23]. One of the simplest ways is by optimizing
water levels in storage tanks. Generally, the level is kept lower during the night when the
demand is lower and not so much pressure is required in the network. This method does
not involve major investment, but its application is limited to operating conditions and the
location and availability of storage tanks [24]. Another common method is by optimizing
pump scheduling hours [25]. This method has a major disadvantage: pump optimizing
hours for leakage reduction usually contradicts energy-saving targets [26]. However, in this
case, the use of pumps as turbines under excess flow and pressure conditions to maximize
energy recovery has been proven to provide economic benefits to water utilities [27]. The
third method is by isolating different parts of the WDN and creating district-metered
areas (DMA). The creation of DMAs has been traditionally based on a trial and error
method, making its application difficult for vast WDNs. Recent modeling techniques using
algorithms have given impressive results in this regard [28]. DMAs are used for PRV
implementation [29] and for the localization of leaks in conjunction with internal valve
operation and water meter reading [30].

The use of PRVs in WDN could be considered the most used technique for pressure
management, with existing many references in the literature describing its application
to improve network performance and water supply [31]. Existing work in the literature
describes the different types of control that can be implemented on PRVs [32], simulation of
the performance [33], the optimal location and setting of PRVs on the WDN [34], including
the cost analysis of the implementation [35]. The first reference for the use of this type
of valve found in the literature dates from 1879 [36]. Currently, the latest research on the
use of these types of valves evaluates the balance between pressure reduction and water
age inside the pipes and the potential impact on water quality [37]; the age of water in
pipes increases as the pressure decreases. Performance under low flow conditions is also
addressed in recent years in the literature [38]; at A flow below 0.7 L/s, PRVs tend to show
unstable behavior.

While Chile has made a remarkable effort over the last decades to achieve a universal
level of coverage in water supply, the country is still facing a huge challenge regarding NRW
reduction [39]. The NRW in Chile is estimated at a value of 33–34% [40,41], with a total
annual cost of 197 million USD [42]. Water loss is a major concern for the utilities in Chile
since water scarcity problems and water use conflicts have arisen over the last years [43,44].
Despite the entire country of Chile having a large amount of water available on average,
the country is in first position on the high-risk index of water stress in the world [45]. Water
scarcity problems are most common in the central part of the country, where nearly 75% of
the total population lives, due to great variability in rainfall patterns [46]. Since 2010, the
central part of Chile has been undergoing an unprecedented mega-drought. It has been
identified as the worst event in the last 700 years [47]. This mega-drought, which originated
as a combination of exceptional climate events and anthropogenic force [48], is negatively
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impacting the society and the economy of the area [49]. Recent research forecasts that this
drought will continue in the near future [50].

ESVAL is a privately owned Chilean water utility, the activity of which is concentrated
in the central part of Chile. ESVAL provides drinking water and wastewater service for the
vast majority of the Valparaiso and Coquimbo Region. The company supplies water to more
than 650,000 customers through nearly 5000 km of pipes. ESVAL runs a sewage network of
more than 3000 km [51]. As the central part of Chile is affected by a long drought, ESVAL
put in place an aggressive program to reduce leakage and assure long-term water supply
to their customers. PM has been one of the techniques employed in this program.

This paper aims to describe and evaluate the results of a PM installation conducted in
La Calera city by evaluating the impact of the introduction of the advanced PM scheme on:

• Water saving by the analysis of the Minimum Night Flow (MNF) evolution between
the initial situation and the proposed one.

• Evolution of the Total Daily Flow (TDF)
• Level of service to the customers by the evolution of the number of occurrences, the

pressure in the critical point will be below the 15 m target set by ESVAL.

The result of this research proves that PM is an effective tool for achieving fast water
savings in WDN. Over the last 20 years, 79 cities worldwide have been identified as
suffering from drought conditions, including some of the largest megacities, such as Sao
Paulo, Cape Town, and Los Angeles [52]. The application of advanced PM models similar
to that exposed in this work can help to mitigate water scarcity challenges.

2. Materials and Methods
2.1. Description of Case Study Location

Chile represents an exceptional case in Latin America, where the drinking water and
wastewater sector were mainly privatized since 1998 as an attempt to improve the efficiency
of the systems. The water utilities are responsible for the construction and operation of
the network and must recover the cost through the tariffs. The government-dependent
body Superintendencia de Servicios Sanitarios (SISS), looks after the service provided by
the utilities and sets the tariffs. Water consumption per capita since the beginning of the
century has reduced by 25%. Currently, it is estimated as an average of 140 L per capita
per day, presenting big differences between different locations [53].

Located in the Quillota province, Region V, Valparaiso, La Calera is a village in the
central zone of Chile on the shores of the Aconcagua river with a population of around
49,000 inhabitants. It is 60 km east of Valparaiso city and 118 km west of the capital,
Santiago. Figure 1 shows the study area location.

La Calera city’s water loss was analyzed in detail by Sotomayor in 2012, estimating an
NRW value of 47%. This author concluded in his report that losses in La Calera are due
to physical losses [54]. This value is higher than other locations run by ESVAL, so it was
chosen to implement an advanced pressure management scheme and evaluate the benefits.
The advanced pressure management scheme is based on a model that relates the inlet flow
versus the headloss between the outlet of the valve and the critical points. This approach is
used to achieve maximum pressure reduction in the area while assuring the level of service
to the customer, especially during peak demand [20].

The climate in La Calera is mainly Mediterranean, with four seasons well established,
including a long dry season during the summer and a cold, wet winter. According to
the information published by the Center for Climate and Resilience Research on the CR2
Climate Explorer website [55], the average rainfall in La Calera from 2000 to 2019, was 351
mm, with an average temperate of 15 ◦C; January is the hottest month and July the coldest.

As of the date of writing this document, Quillota province has been declared a water
scarcity zone by the Chilean government [56].
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Figure 1. Study area location.

2.2. WDN Description

The water supply in La Calera comes from two different sources: groundwater extrac-
tions located in the surrounding area of the city and water coming from the 55” 76 km
Las Vegas pipeline transfer system, which supplies water to the Great Valparaiso area.
At the inlet of the WDN of La Calera there is a DN300 globe type, diaphragm-actuated
resilient disc seal pressure-reducing valve (PRV), which reduces upstream pressure to a
steady, pre-determined and lower downstream pressure by introducing local energy losses.
The PRV operates regardless of fluctuations in upstream pressure or rate of flow. DN300
PRV is shown in Figure 2.
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Figure 2. DN300 PRV supplying water to La Calera city.

The WDN in La Calera is fully gravitational, with a total length of 86.6 km. The pipe
sizes range from DN50 to DN300; with sizes below DN100 representing 55% of the total
WDN. The main pipe material is asbestos, which represents 53% of the total length of
the network. The second largest material in proportion is polyvinyl chloride, PCV, which



Sustainability 2022, 14, 12463 5 of 16

amounts for 21%. Other materials such as cast iron, high-density polyethylene, HDPE,
and galvanized steel appear in minor proportions. The percentage of each pipe material is
shown in Figure 3. Asbestos pipes, which represent the highest proportion of the WDN, are
among the oldest assets in many WDNs and are usually prone to high leakage rates [57].
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2.3. Hydraulic Control Setup Description

The PRV at the inlet of La Calera is operated by a single hydromechanical diaphragm-
actuated spring-loaded pressure-reducing pilot, which keeps a fixed pressure at the outlet of
the valve. In parallel to this pilot, a remote electronic controller was installed to command
the valve. This controller allows the pressure at the outlet of the valve to be adjusted
dynamically as a function of the time or a flow signal coming from a flowmeter.

In order to avoid interactions between the two control trims of the valve, the connection
of the existing hydromechanical pilot to the top chamber of the hydraulic valve was isolated
using a 3/8” ball valve. In such a way, it can be assured that the valve was only commanded
by the controller, without interference from the original control pilot.

The controller is reading simultaneous flow demanded in the La Calera area through a
pulse output generated by a DN300 electromagnetic flowmeter located upstream of the PRV
on the same line. Before starting all measurements, it was checked that the flowmeter was
far enough from the PRV and that it was at least five times the size of the meter, according
to the flowmeter technical specification, to avoid any disturbance on the flow readings.

The controller also includes two analog pressure sensors to read pressure upstream
and downstream of the PRV. Both the flow and pressure were registered at a 15 min logging
interval with a sampling rate of 10 s.

Because of the conditions of the WDN at La Calera, two critical points were identified
in the network. A critical point is where the minimum pressure in the WDN is achieved [58].
For this case, the critical point changes from one place to another according to the time
of the day due to the demand pattern of La Calera city. During the daylight period, the
critical point is P3-1, while during the night, when the consumption is lower, the critical
point is P3-2. It is assumed that if the minimum target pressure is achieved at the critical
point, the rest of the points of the area will be above the target value. Two pressure loggers
were installed at these two points, also with 15 min logging intervals and sampling rates
of 10 s. The location of the PRV and the two critical points is shown in Figure 4. The
legend includes the elevation of the points in brackets. The blue shaded area is fed by the
DN300 PRV. P3-1 is located in one of the furthest points of the PRV, while P3-2 is placed
close to a five-story building.
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Figure 4. Location of the PRV and the two critical points.
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Below, Figure 5 shows the schematic of the installation and the methodology proposed
for this study.
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The target of the trial is achieving 15 m at the critical point. Due to operational reasons,
ESVAL proposed the following restrictions to be applied to the model:

• Working days, from Monday till Friday

# From 00:00 to 06:30, P2 cannot be lower than 18 m nor higher than 24 m.
# From 06:30 to 00:00, it cannot be lower than 20 m nor higher than 28 m

• Weekends, Saturday and Sunday:

# From 00:00 to 08:00, P2 cannot be lower than 18 m or higher than 24 m.
# Peak demand from 08:30 to 19:00, P2 cannot be lower than 20 m nor higher

than 30 m.
# From 19:00 to 00:00, P2 cannot be lower than 20 m nor above 28.

The minimum pressure at the outlet of the valve is proposed to secure the level of
service to the customers located just after the PRV. The maximum pressure restriction was
proposed to avoid too much pressure in the network, which could generate the appearance
of new bursts and breaks in the pipes.

2.4. Optimization Control Curve

The statistical software IBM SPSS25 has been used to obtain the mathematical model
to control pressure at the outlet of the valve as a function of the flow demanded in the DMA
with the target to keep a fixed pressure at the critical point. During the first 16 days of the
installation, the system worked in a fixed outlet mode, mirroring the previous performance
of the PRV. A total of 1536 data values have been used to build the model.

The first step in building the control model is outlier detection. For this purpose,
the boxplot method was used, as it has been used by several authors in the literature.
Hoaglin et al. conducted a study of the percentage of rejected values based on sample
size [59]. Carling proposed an improvement in the use of box diagrams for data that do not
conform to the Gaussian distribution, replacing quartiles with the median [60]. This method
created a box chart showing the minimum value, the first quartile, the average, the third



Sustainability 2022, 14, 12463 8 of 16

quartile, and the maximum value. Maximum and minimum values are obtained with the
following equations:

Minimum = Q1 − 1.5·(Q3 − Q1) (1)

Maximum = Q3 + 1.5·(Q3 − Q1) (2)

The value (Q3 − Q1) is the difference between the third quartile and the first one. The
maximum and minimum values are set with a 95% confidence interval for the median. If
there are outliers, these will appear above or below the maximum or minimum values.
The following figure shows box charts for each of the variables used to build the model.
Figure 6a shows the variable flow, and Figure 6b shows the maximum value obtained from
the pressure ratios for the two critical points.
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None of the 1536 data points are considered outliers. The flow values range from 96.67
to 193.33, while P3i/P2 ranges from 0.9054 to 1.6840.

The regression study allows obtaining a model to relate the flow rate, independent
variable, and the maximum value of the quotient between the pressures at the critical points
and the pressure at the outlet of the reducing valve (P2), max (P3i/P2) dependent variable.
With the selection of the maximum value of the ratio between the pressures, max (P3i/P2,)
it is always ensured that the supply requirement at the sampled points is covered.

2.5. Minimum Night Flow and Total Daily Flow

The MNF is commonly used as an indicator to assess losses in WDN and can be used
to differentiate between apparent losses and real losses [61]. The existing literature contains
several references where the MNF is applied to evaluate the leakage status of a WDN [62].
It is defined as the lowest flow data coming into the supply during the whole 24 h of the
day. Typically, for residential areas, this value tends to happen between 2:00 and 4:00 in
the morning [10,63], when most of the people are sleeping, and inflow is mainly due to
leakage. In this paper, the MNF is measured in L/s.

The TDF is the total amount of water supplied during each of the days of the trail. It
will be measured in m3/day.

3. Results and Discussion
3.1. Optimization Model

Several models have been studied: linear, logarithmic, quadratic, potential and expo-
nential. All the models have been obtained with a 95% confidence level. The selection of
the best model is made according to the coefficient of determination and the significance
level of the coefficients.
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Table 1 displays the values of the coefficients and the standard error of each of the
models, the generic equation of the model, and the coefficient of determination. In all
models, the p-value is equal to 0.000.

Table 1. Optimization model summary.

Model Coefficient and Standard
Error Equation R2

Linear
b0 = 2.066 ± 0.008 Y = b0 + b1·X 0.905b1 = −0.007 ± 0.000

Logarithmic b0 = 5.648 ± 0.029 Y = b0 + b1·Ln(X) 0.940b1 = −0.916 ± 0.006

Quadratic
b0 = 3.705 ± 0.020

Y = b0 + b1·X + b2·X2 0.982b1 = −0.031 ± 0.000
b2 = 8.759 × 10−5 ± 0.000

Potential
b0 = 50.152 ± 1.166 Ln(Y) = Ln(b0) + b1·Ln(X) 0.951b1 = −0.779 ± 0.005

Exponential b0 = 2.478 ± 0.015 Ln(Y) = Ln(b0) + b1·X 0.920b1 = −0.006 ± 0.000

The quadratic model was chosen to be implemented for the control of the PRV. This
choice is due, first, to the level of significance of each of the coefficients, which are lower
than the threshold established at the beginning of the study, 0.05, the limit for the rejection
of the null hypothesis and, secondly, to the value of the coefficient of determination (R2),
0.982, which is higher than for the rest of models.

3.2. Data Analysis

The project is split into two different phases, which are described in Figures 6 and 7.
Phase 1 corresponds to the original performance of the valve, working on a fixed outlet
mode, and phase 2 shows the pressure and flow data when the advanced PM scheme is
implemented on the valve. Despite the fact that it would have been ideal for showing all
the data in the same graph, the authors decided to include two different graphs in order to
be able to see all the information properly in a good manner, avoiding data overlay.
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Figure 7 displays the pressure and flow at the inlet of La Calera DMA. The red line is
the pressure at the inlet of the PRV (P1). The blue line represents the pressure at the outlet
of the PRV, the entrance of La Calera DMA (P2). The black line is the flow at the inlet of the
DMA. Figure 8 shows the pressure at the two critical points of the DMA. It is represented
by the two green lines (P3-1) and (P3-2). During the daytime, at peak demand, P3-2 is more
restrictive than P3-1. On the other hand, during the night period, when the consumption is
lower, P3-1 is lower than P3-2.
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The flow follows the typical pattern of a domestic DMA, being lower during the
night-time and increasing during the day. This demand pattern is recurrent for all days, as
expected for domestic water-demand data [64].

During phase 1, P2 keeps a fixed value of 25.59 m at the outlet of the valve. The
pressure at the critical points, P3-1 and P3-2, presents great variation. They are much higher
during the night period when the demand is lower, and lower at peak demand when the
inlet flow to the La Calera area is higher.

In phase 2, when the PM control model is implemented, P2 varies dynamically ac-
cording to the demand and the restriction imposed by the optimization control scheme.
As a result of this, the pressure in the critical points is reduced during the night period
and increased during the day from the original situation. This generates leakage reduction
during the night period and increases flow during the day.

The average, maximum and minimum pressure and flow during each of the phases
for the different measuring points are summarized in Table 2.

Table 2. Hydraulic data during the phases of the project.

Phase 1 Phase 2

Maximum Minimum Average Maximum Minimum Average

P1 (m) 48.23 43.56 46.36 47.35 (−0.88; −1.9%) 42.72 (−0.84; −2.0%) 45.54 (−0.82; −1.8%)
P2 (m) 26.78 17.80 25.57 30.33 (+3.55; +11.7%) 17.65 (−0.15; −0.80%) 20.60 (−4.97; −24.1%)

Flow (L/s) 193.33 96.67 142.06 204.44 (+11.11; +5.4%) 87.78 (−8.89; −10.1%) 140.48 (−1.58; −1.1%)
P3-1 (m) 27.36 19.16 25.92 28.70 (+1.34; +4.7%) 17.90 (−1.26; −7.0%) 20.92 (−5.0; −23.9%)
P3-2 (m) 37.75 9.46 26.29 33.79 (−3.96; −11.7%) 9.65 (+0.19; +2.0%) 23.26 (−3.03; −13.0%)
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3.3. Minimum Night Flow and Total Daily Flow

The analysis of the flow data during the 30 days of the project shows that 93.3% of the
time, the absolute minimum night flow occurs between 02:00 and 05:00 in the morning. As
a result, it was decided to calculate the MNF as the DMA inflow from 02:00 to 05:00 in the
morning. Below, Table 3 shows the percentage of times the MNF happens at a determined
time of the day.

Table 3. MNF time occurrence.

Night Timeframe Number of Occurrences %

01:00–02:00 1 3.3%
02:00–03:00 9 30.0%
03:00–04:00 10 33.3%
04:00–05:00 9 30.0%
05:00–06:00 1 3.3%

The daily evolution of the MNF and TDF during the 30 days of measurement is shown
in Figure 9.

Since the advanced PM scheme was introduced in the DMA on day 17, there was
a reduction in the MNF as a consequence of the night pressure reduction. Despite the
reduction in the night flow, TDF remains almost the same since the DMA pressure increases
during the day to satisfy the existing demand and improve the level of service to the
customers. Table 4 displays the average MNF and TDF during each of the phases.
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Table 4. Average MNF and TDF.

TDF (m3/Day) MNF (L/s)

Phase 1 12,279.62 103.17
Phase 2 12,094.43 93.61

Average reduction 185.20 (1.5%) 9.56 (10.12%)

The above data shows how the network operating pressure has a direct impact on
the leakage rate and also on water consumption. An MNF reduction of 10.12% against the
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initial situation is very similar to the results obtained by Fontana [65] on a WDN in Italy.
This author also applied advanced PM over an existing PRV.

3.4. Level of Service

Figure 8 shows that the critical point pressure during phase 1 is below the target level
of 15 m during some periods. Table 5 displays the number of times the pressure in each of
the critical points is below the 15 m target in each of the phases.

Table 5. Critical pressure point below target.

Phase 1 Phase 2

P3-1 0 0
P3-2 82 34

When the PRV is working in a fixed outlet mode, critical point P3-2 records 82 instances
below the target level of 15 m. Over a period of 16 days, this represents 5.3% of the total
time. When the advanced PM scheme is implemented, critical point P3-2 records 34 events
below the target level. Since phase 2 lasted 14 days, this represents 2.5% of the total time.
The introduction of the advanced PM scheme led to a reduction in events below target
pressure and, consequently, an improvement in the level of service to the customers.

In order to reduce the number of cases where P3-2 is still below the target of 15 m, the
model would need to increase the pressure at the outlet of the PRV during these moments.
However, there is a restriction to avoid P2 values higher than 28 m during the weekdays
and 30 m during the weekend to avoid excess pressure in the zone, which could generate
bursts. It would be required to perform further analysis and simulation on the supply
design of the area to avoid these low-pressure events.

The pressure reduction during the night period generates night flow reduction and
thus leakage reduction. During the day, pressure is increased at some hours to satisfy
demand, and the flow is larger. Figure 10 shows a phase 1/phase 2 comparison of the
average hourly La Calera inflow. The graph clearly shows how the flow is reduced during
the night period, while it is increased during the day.
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4. Conclusions

This paper demonstrates how WDN can be optimized by advanced pressure man-
agement with immediate results. The performance of a traditional fixed-outlet PRV can
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be upgraded by an advanced control model to improve its performance and the benefits
achieved on the WDN.

The main conclusions from this article are the following:

• A quadratic adjustment showed the best statistical approach between the inlet flow
and the headloss between the outlet of the valve and the critical points. The model was
constructed with 14 days of data of former valve performance, and it was implemented
immediately after.

• Pressure reduction during the night period generates a 10.12% reduction in the MNF.
Since MNF is accepted as an indicator of the leakage level, this result proves the water
saving achieved in La Calera city.

• TDF in La Calera kept a similar value when comparing performance under the ad-
vanced control model and the original one. The advanced PM scheme allowed a
reduction in the inlet flow during the night period but increased it during the peak
demand time to better satisfy customer water needs. The reduction in the TDF is
only 1.5%.

• Improvement of the level of service. Implementation of the model managed to increase
pressure at peak demand to increase the level of service in the area. As a result, the
number of events where the pressure in the area was below the target of 15 m was
reduced by 52%.

• The advanced PM scheme permits a change in the demand pattern in La Calera,
adjusting it to customer consumption needs.

• PM can be used as a fast tool to generate immediate results for leakage saving and
level of service improvement. It is advisable to include it within a broader long-term
approach that includes activities recommended by the IWA, such as Active Leakage
Control, Speed and Quality of Repairs, and Infrastructure Management.

The new optimization model implemented on the valve should also generate a reduc-
tion in the burst frequency. It would be great to evaluate this information, but, unfortunately,
no data are available. Furthermore, the evaluation of other benefits identified in the litera-
ture related to PM, such as asset life extension and reduction of CO2, would be desirable to
analyze in future research.
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Abbreviations
The following abbreviations have been used in this document:
DMA District Metered Area
DN Nominal Diameter
HDPE High-density polyethylene
IWA International Water Association
MNF Minimum Night Flow
NRW Non-Revenue Water
P1 Pressure at the inlet of the pressure-reducing valve
P2 Pressure at the outlet of the pressure-reducing valve
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P3-1 Critical point 1
P3-2 Critical point 2
PM Pressure management
PRV Pressure reducing valve
PVC Polyvinyl chloride
TDF Total Daily Flow
WDN Water distribution network
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