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Abstract: A prerequisite for achieving high energy efficiency of water supply systems (understood
as using less energy to perform the same task) is the appropriate selection of all elements and
their rational use. Energy consumption in water supply systems (WSS) is closely connected with
water demand. Especially in the case of oversized water supply systems for which consumers’
water demand is at least 50% less than previously planned and flow velocity in some parts of the
system is below 0.01 m·s−1, this problem of excessive energy consumption can be observed. In the
literature, it is difficult to find descriptions and methods of energy management for such a case.
The purpose of this study was both an evaluation of the current demand of an oversized WSS and
a preliminary technical analysis of the possibility for energy saving. Solutions are presented that
resulted in improvements in energy management, thus increasing energy efficiency. The conducted
analyses indicate the wide use of numerical, hydraulic models, among others, for the needs of the
sustainable oversize water supply systems management in order to improve energy efficiency. Those
simulations only give energy consumption results as a first step in the process of decision-making for
the modernization process, in which investment costs should be taken into account as a second step.
Thus, this paper emphasizes the crucial role of hydraulic models as a good analytical tool used in
decision support systems (DSS), especially for large, oversized water supply systems.

Keywords: sustainable development; oversized water supply system; energy management; energy
efficiency; water–energy nexus

1. Introduction

Due to the increasing importance of sustainable development and environmental
awareness of society, effective energy management plays an increasingly important role
in the business entities of many industries [1]. Therefore, it is important to measure the
impact of the company on the environment and society [2,3]. The literature emphasizes
the importance of adequate energy efficiency management that affects water distribution
sustainability and water treatment utilities [4]; thus, it is no longer sufficient in the face of
today’s challenges for the strategy for developing water companies to take only economic
considerations into account [5]. Energy efficiency management is associated with a number
of benefits fulfilling social, environmental, and financial objectives, such as [6]: a reduction
in energy consumption costs, including electricity consumption of water companies; a
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reduction in emissions of pollutants (e.g., CO2 emissions) [7]; increased reliability of water
supply system (WSS) operation, as well as optimization of the use of natural resources
(including water abstraction) [8]. The above-mentioned activities lead to a reduction of the
overall costs of the company in its functioning [9]. An increasing number of water company
utilities attach great importance to more responsible energy management [10], which is
related, among other things, to the need for more efficient and reliable management of the
drinking water supply system [11]. Energy issues have been important priorities for the
development of socio-economic policies of most countries in the world for a number of
years. The EU defined the strategies governing the implementation of climate and energy
framework already in 2008. The first EU climate and energy package was specified at the
time as the 3 × 20. This package assumes achieving a 20% reduction in CO2 emissions and
obtaining a 20% share of energy generated by renewable energy sources in total energy
production, and increasing the EU energy efficiency by 20% till 2020 [12–15]. Consistent
implementation of the European Green Deal policies is key to realisation of the objectives
set in climate and the EU’s long-term strategy, to achieve carbon neutrality by 2050 [16].
These strategy includes achieving at least a 40% reduction in greenhouse gas emissions
(from 1990 levels) by the end of 2030, increasing to 32% the share of renewable energy
in the global economy and improving energy efficiency to a level of at least 32.5% [16].
This is particularly important in the case of oversised WSS, where the decrease of dayly
water demand is observed. In this context, striving for increased energy efficiency of the
operation and production processes in all areas of the economy including WSS is one of
the most important challenges [17]. This is especialy relevent in the case of oversized WSS,
where the decrease of daily water demand is observed. To achieve high energy efficiency
in these WSS operations, a day-to-day analysis of the interoperability of all components of
the system in rapidly changing water demand conditions is necessary.

Innovative solutions, new technologies, and a variety of digital tools that can support
the effective management and monitoring of oversized WSS operations have been devel-
oped, resulting in the improvement of the hydraulic conditions of the water pipe network
and minimization of the risk of secondary water contamination during its distribution.
Artificial neural networks (ANNs), numerical hydraulic and quality simulation models
(e.g., EPANET, Piccolo, Mike Net, WaterCad) are increasingly used as forecasting tools
in relation to water supply issues, including, for example, prediction of disinfection by-
products in the distribution network, modeling chlorine residuals in transported drinking
water to the consumer, as well as energy management [18–20]. Energy efficiency manage-
ment of oversized WSS requires the fulfillment of a number of functions such as planning,
organizing, directing, and monitoring at different levels (strategic, operational, tactical).
For an energy management system to be effective, a systems approach is required that
integrates different functions and interrelated elements [21].

WSS, especially this oversized, absorbs enormous amounts of energy, from raw water
abstraction, through treatment processes to transport through the water pipe network
to consumers. In 2014, some 4% of global electricity consumption was used to extract,
distribute and treat water and wastewater [22]. Water losses are estimated at 30%; com-
paring this value with energy losses [23,24], huge energy losses are obtained. In water
supply companies, the largest amounts of energy are consumed at pumping stations [25].
According to Coelho and Andrade-Campos [26], this value represents 80 to 90% of the total
energy consumption in this section of the economy. The amount of energy consumed for
pumping depends on many factors, including the quantity of water consumption, dynamic
of daily changes of WSS operating conditions, and the pumps’ type and age [27].

The main sources of energy loss in pump systems are the incorrect design of the pump
installation, incorrect selection of pumps for the installation, lack of modernization of
the pumping station (especially in case of decrease of water demand, incorrect hydraulic
design of the installation and losses in regulation equipment [27–29].
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Water supply pumps are selected for optimal working conditions and for the work
point of the pump with the highest efficiency, i.e., at the point of BEP (best efficiency point)
(Figure 1) [22].

Figure 1. The pumps’ hydraulic and efficiency curves [28].

Depending on the type of pump, the BEP point is located in a different place. However,
water demand changes over time, which contributes to the operation of pumps at a
different point (not always at the highest efficiency point). There are also situations in
which pumping systems supply water with too a high head (mostly in large WSS), and
the WSS operators are forced to throttle the water pressure using valves. Such activities
lead to the waste of electricity. The condition and age of the pumps also have an impact
on energy consumption [30]. As it is commonly known, the efficiency of pumps decreases
with the time of their operation. After this time, the hydraulic curve decreases in relation
to the factory curve, shifting the working point.

To avoid excessive energy consumption, WSS operators plan pump on/off schedules.
Three strategies are considered when planning a schedule [31,32]:

− Pressure control: change in pump status (open/closed) along with a change in pressure
in the network;
− Level control: change in pump status according to water level variations in storage tanks;
− Time controls: change in pump status at fixed hours of the day.

To reduce energy consumption at pumping stations, various devices for correcting the
pressure are used. Such devices include the Variable Frequency Drive (VFD) that controls
the speed of pumps, reducing the pressure. The operation of the VFD is presented in
Figure 2.

Figure 2. Scheme of VFDs and throttled valves operation, by [33].
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In the literature, many methods can be highlighted for measuring the efficiency and
energy evaluation of WSS. Depending on the top-down or bottom-up approach [33], these
methods can be classified as follows [34]:

− Top-down methodologies: focus on efficiency assessments concerning general and
diverse processes of the water utility as well as macroeconomic analyses. A frequently
used method is a benchmarking or energy audit. Examples of these methods and
tools include: ECAM—Energy Performance and Carbon Emissions Assessment and
Monitoring Tool; IBNET—the International Benchmarking Network; AquaRating
(performance assessment system for water); EPA’s Energy Use Assessment Tool; Tools
for Energy Footprint Assessment in Urban Water Systems.

− Bottom-up methodologies: are more detailed, based in large part on an energy audit,
an energy assessment that focuses on comparing the energy consumed in an ideal
system and a real system. Mathematical modeling of operations and physical phenom-
ena and processes are used to develop the ideal network, and the computer model
EPANET [35] is often used. Hydraulic analyses are most often calculated using the
Darcy–Weisbach equation or the Hazen–Williams equation or based on pump curves
(pump efficiency estimation). Many methods based on bottom-up approaches focus
on identifying and analyzing the causes of energy losses in water supply systems.
Many metrics and indicators can be used to assess energy efficiency.

The reduction of the energy demand for WSS, especially this oversized, should be a
priority in building a development strategy for water pipe distribution networks [36,37]. A
complex report about energy assessment was presented by the Water Research Foundation,
titled “Toolbox for Water Utility Energy and Greenhouse Gas Emission Management” [38].
This comprehensive tool used only for the energy assessment of water utilities was devel-
oped by the United States Environmental Protection Agency (US EPA) [39].

The literature on the subject lacks an unambiguous definition of oversized systems
with excess production capacity. Therefore, this article assumes that an oversized system
is a system in which the demand for water does not exceed 50% previously planned and
flow velocity in some parts of the system is below 0.01 m·s−1. In the literature, it is difficult
to find descriptions and methods of energy management for such systems. The aim of
this article is to indicate the possibility of application of commonly used simulation tools,
including EPANET software, to the preliminary analysis of various technical solutions of
the possibility of energy consumption reducing necessary to supply water to consumers.
The subject of the article is a real system for which simple solutions were sought to reduce
energy consumption while taking into account the current operating conditions (water
demand and required pressure).

The conducted research has shown that energy consumption modeling is a useful tool
in the decision support system (DSS), providing arguments for selecting rational technical
actions in further analyzes of the investment process (economic, environmental, and social).
In addition, the proposed analysis of hydraulic and energy efficiency management can be
used in the daily operation of oversized WSS, as main elements of the water safety plans
(as introduced by the new directive on water intended for human consumption [40]), if the
minimization of the risk of secondary water contamination, is also considered.

2. Materials and Methods
2.1. Research Object

The research object is a large, oversized WSS that supplies water to over 3 million
customers in the industrial region of southern Poland. The area covered by the water pipe
network is hilly, with elevation differences equal to 120 m. The system is over 880 km long,
and it is divided into eight major network regions. The water pipe network with a diameter
of 500 to 1600 accounts for as much as 93% of the total length of the water distribution
system. The analyzed WSS is a very specific system that delivers water to 48 local municipal
distribution subsystems. Municipal distribution subsystems require pressures in the range
of 50–100 m in most cases. This pressure in the main water pipe network guarantees correct
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operating conditions for the local municipal distribution network. The total average water
production is about 330,000 cubic meters per day. Due to the closure of large factories and
the reduction in water consumption by the production companies, the water production
of this analyzed WSS has dropped by about 40% in the last 10 years. This fact leads to
the water retention in the water pipe network reaching about 664,059 m3, which is about
200% of daily water demand in the analyzed region. The operation of such a specific
water supply system also requires the presence of water storage tanks, as indicated by
the coefficients of hourly irregularity (0.2 < Nh < 2.0). The WSS is composed (Figure 3) of
10 water treatment plants (WTP), 15 pumping stations (PS—nine pumping stations are
located in WTP; Table 1), and nine complexes of storage tanks (ST) with a total capacity of
over 37,400 cubic meters. Storage tank ST P, ST Q, and ST T are gravity water tanks. The
other five storage tanks are located in pumping stations. Only two storage tanks, ST O and
ST U, are equipped with pumps (Table 1).

Table 1. Lists of pumping station equipment with pumps.

WSS Object Total Number of Pumps Number of Pumps
in Operation

Number of Pumps in Operation with
Standby Status

WTP B 12 2 10

WTP C 20 1 19

WTP D 4 1 3

WTP E 3 1 2

WTP F 9 1 8

WTP G 2 1 1

WTP H 3 1 2

WTP I 11 2 9

WTP J 5 1 4

PS K 7 1 6

PS L 13 3 10

PS M 7 2 5

PS N 4 2 2

ST O 10 1 9

ST S 2 1 1

SUM 112 21 91
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Figure 3. WSS scheme with (A) average water flows and (B) average pressure.
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2.1.1. Water Treatment Plant

Stations WTP A, WTP B, and WTP C are the largest stations, whose water production
accounts for 80% of the total WSS water production. WTP A provides water to the PS
K (240 m above sea level) using a gravitational method, which transports water to ST O
at 330 m above sea level. WTP B supplies water in three directions; two of them use a
gravitational flow of water to PS L, and the third direction is supplied from the pumping
station. PS L supplies two-tank complexes, ST O (330 m above sea level), and ST P
(346 m above sea level). WTP C supplies two directions from the pumping station; the
first direction supplies ST O and ST P, while the second supplies a small area in the east.
Stations D, E, and F supply the north-eastern area of the system using pumping systems.
Their production capacity is 6% of the total water production. WTP G and WTP H supply
the northern area of the network and part of the central area. These stations supply the
above-mentioned area by pumping stations, which cooperate with each other based on
the given pressures. WTP I and WTP J supply the western area of the network. WTP I
transports water in two directions, one of which cooperates with the PS N.

2.1.2. Pumping Stations

The analyzed system contains 15 pumping stations, with 112 pumps (21 with active
status and 91 with standby status, Table 1). Due to the significant reduction in water
demand in the Silesian region, most of the pumping stations are significantly oversized.
Consequently, pumping stations operate with a high-reliability reserve, which significantly
increases their maintenance costs. Table 2 lists the parameters of active pumps. Nine
pumping stations are controlled by a VFD (marked in Table 2 with *), and four PS are
controlled by a throttle valve (β mark in Table 2). The pump on/off controls and VFD
controls are made depending on the current network parameters.

Table 2. Pump parameters.

WSS Object/Pump Number Pump Type Flow Q (m3/h) Head H (m)

WTP B

Pump no. 1 Vertical 1000 75

Pump no. 2 Vertical 1500 75

WTP C β

Pump no. 1 Horizontal 1800 87

WTP D *

Pump no. 1 Horizontal 1400 86

WTP E *

Pump no. 1 Horizontal 360 55

WTP F *, β

Pump no. 1 Vertical 1450 96

WTP G *

Pump no. 1 Horizontal 1200 90

WTP H *

Pump no. 1 Horizontal 3000 100

WTP I β

Pump no. 1 Vertical 640 60

Pump no. 2 Vertical 150 66
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Table 2. Cont.

WSS Object/Pump Number Pump Type Flow Q (m3/h) Head H (m)

WTP J *

Pump no. 1 Horizontal 550 125

PS K β

Pump no. 2 Horizontal 2400 104

PS L β

Pump no. 1 Horizontal 1400 96

Pump no. 2 Horizontal 2400 98

Pump no. 3 Horizontal 3600 115

PS M *

Pump no. 1 Horizontal 240 40

Pump no. 2 Horizontal 360 40

PS N *

Pump no. 1 Horizontal 240 65

Pump no. 2 Horizontal 240 65

ST O *

Pump no. 1 Horizontal 2160 52

ST S *

Pump no. 1 Horizontal 240 65

Control of pump stations is based on the dependencies as described above. Examples
of controls are presented below:

− PS N: If node number 13,545 pressure is below 43 mH2O, then pump number
20,965 status is open; if node number 13,545 pressure is below 40 mH2O, then pump
number 20,966 status is open (cascade pumps switching)—pressure control,

− PS L: If tank number 12,989 level is below 4.5 mH2O, then pump number 19,152 status
is open, else pump number 19,152 status is closed—level control,

− WTP F: If system clock time ≥6 a.m., and system clock time ≤10 p.m., then pump
21,141 status is open, else pump 21,141 status is closed—time control.

2.2. Analysis Methodology

The numerical model was developed based on EPANET 2.0 software. The network
graph was exported from the GIS (Geographic Information System) database, while the
water demand data for a one-year period (2019) was exported from the available billing
databases. Daily water consumption patterns were created from the SCADA (Supervisory
Control and Data Acquisition) telemetry system. As this WSS supplies an urban industrial
area with a high prevalence of urban areas (93.8%), in hydraulic models, different con-
sumption patterns are used depending on how the water is used during the day. Domestic
water consumption patterns are characterized by the standard regularity of the occurrence
of two peaks of water consumption in the morning and in the evening (Figure 4).
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Figure 4. Daily water consumption pattern for a selected domestic customer.

In this region, industrial consumers often collect water over the whole day, contribut-
ing to the maintenance of continuously high network pressures at 75–100 mH2O. Figure 5
shows an example of a water consumption pattern for industry characterized by a certain
regularity of water intake from morning to night.

Figure 5. Daily water consumption pattern for a selected industrial customer.

The model was built from 1488 pipes, 1989 nodes, 524 valves, 22 pumps, 4 tanks,
and 4 reservoirs. Each of the 22 pumps was assigned an efficiency curve. In order to
complete the characterization of the water pipes, the variable absolute roughness of the
pipes was assumed in the hydraulic model for each section of the distribution network. In
the building model process, both the quality of transported water and the age and type of
pipe’s material were considered in the evaluation of the variation of pipe roughness over
the WSS lifetime. In the case of PVC and PEHD, ductile iron, and steel pipes with cement
coating, the value of absolute roughness was assumed at the level from 0.05 to 0.1 mm
(PEHD and PVC) and from 0.4 to 0.6 mm (ductile iron and steel with coating) respectively.
However, for cast iron and steel pipes (without coating), the equivalent roughness was
determined from the following formula:

k = ko + α·t

where:
ko—the roughness of the new pipeline, mm (for steel and cast iron pipelines assumed

ko ∈ (0.4; 0.6) mm;
α—annual increment of apparent roughness, depending on water corrosivity and

pipeline diameter, mm; the value of alpha coefficient determined from the hydraulic
resistance tests of the water network took values in the range from 0.06 to 0.729 mm/a.

t—operation time of the pipeline.
The built hydraulic model is characterized by the variation of unconformable rough-

ness in the range from 0.54 mm to 59.4 mm. In the process of calibrating the hydraulic
model, the range of variation in water pipes’ roughness was verified.

The calibration was performed for data from a one-month period (October 2019), while
model validation covered a period of three days (24–26 October). Hydraulic calculations
were performed using the Darcy–Weisbach equation. The accuracy of the model was
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determined based on plotted correlation plots (from EPANET 2.0 software) and error
analysis using Theil’s method. The model accuracy was evaluated for the entire water
supply network and 21 separate WSS operating zones (Table 3).

Table 3. Results of compliance analyses for the whole water supply system.

Number of
Measurements

Average
Measurement Value

Average
Simulation Value

Average Error
(%) Theil

Flow (m3/h) 56 974.21 1024.69 14.11 0.01367
Pressure (mH2O) 118 64.23 64.65 3.70 0.00194

For this model, we obtained a high correlation of computed and observed values. For
pressure, the match was 99.4%, and for flow, it was 99.0%. The model accuracy was also
checked by the determination coefficient R2 (Figure 6), which for both parameters was in
the range of 0.9–1.0, indicating a high adjustment of the predicted parameters. R2 takes the
value 0.982 for pressure (Figure 6A) and 0.951 for flow (Figure 6B).

Figure 6. Correlation plot between the observed and simulated values. (A)—pressure; (B)—flow.

The simulation model was used to calculate the energy analyses of pumping stations’
operations. In our study, we have included investigations of energy power, energy effi-
ciency, and energy consumption. Pump power is a measure of the electric power that is
needed to operate a pump (or collection of pumps) relative to the volume flow rate. It is
not constant for a given pump, but changes with both flow rate and pump pressure [41].
Pump efficiency is defined as the ratio of water horsepower output from the pump to the
shaft horsepower input for the pump. Water horsepower is determined by the flow rate
and pressure delivered from the pump. The shaft horsepower is delivered to the pump
from the power unit, which usually is an electric motor or internal combustion engine. The
energy consumption depends on the flow rate. If the energy consumption is measured by
the power consumption of the pump motor, the ratio of effective power by the power input
gives the efficiency of the pump, including engine efficiency [42].

As part of the conducted studies, three analytical scenarios were considered regard-
ing oversized WSS operation. Scenario no. 1 presented normal operating conditions of
analyzed WSS. Scenario no. 2 included the construction of a network storage tank at the
highest point of the WSS, while in Scenario no. 3, we considered the use of VFP to control
the speed of pumps. The first energy consumption results were obtained for normal system
operation (Scenario no. 1). The average energy power was obtained at 6050 kW. In the next
step, we attempted to reduce the energy consumption of the analyzed WSS.

In Scenario no. 2, we assumed the inclusion of a new water tank at the highest point of
the network and the opening of two valves (Figure 7). The tank was placed on the border of
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two zones, which were connected to the tank. The work includes a pressure tower with a
diameter of 40 m and a volume of 7500 m3. The first open valve was located on the border
of the supply zones of WTP J and ST T. The second open valve was located between the
supply zones of WTPs C and D. The operating capacity of the storage tank was determined
based on the inflow and outflow of water for each hourly interval during a day. The inflow
was determined on the basis of water demand in the zone of WTPs J, C, and D. The capacity
of the storage tank was determined based on the constant efficiency of the pump during
the day. The maximum level of the water table (6 m) in the storage tank was obtained
based on its location and the determined minimum usable volume. The water table varied
between 3 and 6 m during a day, depending on water demand.

Figure 7. WSS scheme with marked changes for first modification (Scenario no. 2).

In the last simulation (Scenario no. 3), we replaced the throttle valves with VFD
devices. The VDP settings have been selected according to the pressure in the WTPs and
pressure requirements in the network. Inverters were introduced in the following facilities:
WTP C, WTP I, PS M, and PS L. In all simulations, the EPANET 2.0 software was used.
An integral part of the study was the calculation of reductions of CO2 emission based on
conversion factors recommended by the National Centre for Emissions Management.

3. Results and Discussion

The results of the conducted simulations are presented in Tables 4–7. In Scenario
no. 1, the total energy consumption was on the level of 998,044 kWh. The highest energy
consumption was recorded in PS K and PS L, which consumed almost 55.1% of the energy
used by the whole system. This is connected with the high power of pumps working in
those places. The pump power, for the peak efficiency of PS L, was a as high as 1375 kW
(pump no. 3) and 701 kW (pump no. 1). For PS K, it reached a power level of 841 kW. The
lowest energy consumption (5342 kWh) was recorded in ST S.
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Table 4. The results obtained in Scenario 1.

PS

Average Pump
Efficiency

Pump Power for a
Peak Efficiency Point

Operation
Time Energy Consumption

(%) (kW) (h/week) (kWh)

WTP B 75.0 501 168 54,919

WTP B 75.0 413 168 55,138

WTP C 100.0 412 168 66,024

WTP D 63.3 290 168 40,555

WTP E 73.5 86 168 13,994

WTP F 33.2 171 113 14,272

WTP G 52.3 311 168 46,855

WTP H 49.3 520 168 67,519

WTP I 71.7 119 168 15,318

WTP I 61.4 108 119 11,912

WTP I 57.3 35 168 5712

WTP J 70.2 154 168 19,824

PS K 84.5 841 168 139,675

PS L 80.2 701 168 116,995

PS L 81.8 1375 168 230,832

PS M 40.8 44 149 4276

PS M 67.0 76 98 7330

PS N 68.6 46 168 6132

PS N 68.4 42 152 5548

PS N 70.8 54 168 8350

ST O 89.2 385 168 61,522

ST S 67.1 37 168 5342

SUM 998,044

Table 5. The results obtained in Scenario no. 2.

PS

Average Pump
Efficiency

Pump Power for a Peak
Efficiency Point

Operation
Time

Energy
Consumption

Reduction of Energy
Consumption

(%) (kW) (h/week) (kWh) (%)

WTP B 75.0 501 168 54,934 0

WTP B 75.0 426 168 55,151 0

WTP C 100.0 413 168 60,697 8

WTP D 62.6 277 168 42,437 −5

WTP E 73.5 86 168 13,991 0

WTP F 39.5 169 112 14,204 0

WTP G 55.7 304 168 48,871 −4

WTP H 44.0 381 168 62,580 7
WTP I 70.1 74 168 9314 39

WTP I Pump off 100
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Table 5. Cont.

PS

Average Pump
Efficiency

Pump Power for a Peak
Efficiency Point

Operation
Time

Energy
Consumption

Reduction of Energy
Consumption

(%) (kW) (h/week) (kWh) (%)

WTP I 57.3 35 168 5712 0

WTP J 70.3 154 168 19,871 0

PS K 84.6 845 168 140,599 −1

PS L 79.2 525 168 86,755 26

PS L 81.8 1387 168 230,530 0

PS M 40.9 49 149 4281 0

PS M 67.0 77 98 7340 0

PS N 68.9 42 168 5700 7

PS N 68.9 36 152 5126 8

PS N 72.5 53 168 8261 1

ST O 89.2 385 168 61,520 0

ST S 68.8 37 168 5201 3

SUM 943,075

Table 6. The results obtained in Scenario no. 3.

PS

Average Pump
Efficiency

Pump Power for a Peak
Efficiency Point

Operation
Time

Energy
Consumption

Reduction of Energy
Consumption

(%) (kW) (h/week) (kWh) (%)

WTP B 75.0 501 168 57,313 −4

WTP B 75.0 420 168 57,514 −4

WTP C 100.0 413 168 49,090 26

WTP D 65.8 277 168 39,766 2

WTP E 73.7 89 168 14,599 −4

WTP F 42.7 169 112 14,146 1

WTP G 55.8 301 168 47,107 −1

WTP H 49.5 431 168 67,620 0

WTP I 70.6 74 168 9190 40

WTP I Pump off 100

WTP I 57.3 35 168 5715 0

WTP J 70.3 154 168 19,869 0

PS K 84.7 845 168 140,314 0

PS L 78.9 525 168 86,777 26

PS L 80.9 1347 168 222,886 3

PSM Pump off 100

PS M 66.9 73 98 6896 6

PS N 68.9 42 168 5700 7

PS N 68.9 36 152 5128 8

PS N 72.7 53 168 8261 1

ST O 89.3 386 168 61,651 0

ST S 68.8 37 168 5342 0

SUM 924,885
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Table 7. Comparison of simulation results.

Energy
Consumption Reduction of Energy Consumption Environmental Effect

Reduction in CO2 Emissions *

(kWh) (kWh) (%) (kg CO2)

Scenario 1 998,044 - -
Scenario 2 943,075 54,969 5.5 45,696
Scenario 3 924,885 73,159 7.2 60,817

* conversion factors recommended by the National Centre for Emissions Management (KOBIZE) were applied.

For Scenario no. 1, the pump efficiency changed from 33.2% (WTP F) to 100% (WTP C).
The range of the pump efficiency for Scenario no. 2 was between 39.5% (WTP F) and 100%
(WTP C), while for Scenario no. 3, it had values between 42.7% (WTP F) and 100% (WTP C).
The obtained study results show the possibility of improving the effectiveness of the operational
procedure of the water pipe network, based on the analysis of both pump operation time and
energy consumption [43] (presented the proposed Scenario no. 2 and no. 3).

The introduction of the water tower resulted in reduced water production in WTP I
and WTP H, but increased water production in WTP G. The reduction in water production
in WTP I resulted in the switching off of the pump, thus reducing the energy consumption
(by about 5%) of the pumping at PS N. After opening the valve on the border of the WTP J
and ST T zone, water production in WTP J was reduced, and the outflow of water from
the tanks increased, which is supplied by WTP A and B (through ST O), which caused a
slight increase in energy consumption (about 1%) at PS K, and about 8% reduce at PS L.
The opening of the second valve resulted in a reduction in water production in WTP C
and increased water production in WTP D, which is beneficial due to the age and wear of
pumps in WTP D.

The introduced changes in the structure and operation of the network caused a
reduction in energy consumption by the pumping stations. For the first modification
(Scenario no. 2), over 5.5% (Table 7) of the global reduction in energy consumption was
obtained (Table 6), with the largest effects for WTP I—pump no. 1 (100%) and pump no. 2
(39%) as well as PS L (26%) (Table 5). This confirms the theses presented by Rego et al. [44]
that energy consumption in water distribution systems, one of the major expenses for
local governments today, can be decreased significantly by the optimization of water
network operations. The final results of Scenario no. 2 achieved a lower range of the values
presented in the literature [44], where energy cutbacks were noted as between 10% and
50% according to control strategies and optimized operations, and they may even reach
70% with frequency inverters instead of throttle valves.

The conducted analysis of energy efficiency for Scenario no. 2 (the first modification)
shows that the optimization of the operation of the entire WSS, taking into account the
spatial distribution of users, water sources, and storage reservoirs, significantly influenced
energy consumption.

In Scenario no. 2, the efficiency of the whole analyzed WSS’s pumping system slightly
increased by 0.6% as compared to Scenario no. 1. It reached the value of 69%, but we
observed changes in particular pumps. The largest increase in energy efficiency (by 6.3%)
was recorded for the pump in WTP F, the energy efficiency of which increased to 39.5%.
Additionally, for the power pump in WTP G, there was a significant increase in energy
efficiency, corresponding to 3.4% (to the level of 55.7%), while for seven pumps, this increase
did not exceed 2%. It should be emphasized that the proposed technological solution in
Scenario no. 2 resulted in a significant decrease in the energy efficiency of the pumps in
WTP H and WTP I by 5.3% and 1.6%, respectively. This fact proves that the construction
of a reservoir in WSS is an acceptable technical solution to improve the method of energy
management. Therefore, modeling with the use of EPANET software is the starting point
for determining the best solutions to minimize energy consumption. Similar research
results presented in the literature [45,46] indicate that the spatial assessment of energy
efficiency of the entire WSS should take into account both the current energy consumption
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and the efficiency of its use. Such studies are used to establish a relationship between the
value of the quality indicator (ratio of energy used to minimum energy) and the energy
reduction possibilities. This methodical approach to assessing energy consumption allows
the water supplier to assess how economically the WSS uses its energy.

For the second modification (Scenario no. 3), over 7.2% (Table 7) of the global reduction
in energy consumption was obtained; the largest reduction in energy consumption was
obtained for WTP I (100%, pump is off) and PS M (100%, pump is off). Additionally, the
following results were obtained: WTP I (40%), WTP C, and PS L (26%). These results
are presented in Table 6. The activities carried out in the second modification allowed a
reduction in energy consumption without interfering with the amount of water supplied
by the stations in which the VFDs were introduced. The conducted simulations show
that the pumping systems’ operation strategy was carried out in an incompletely correct
manner. Throttling the pumps with gate valves led to an excess of energy consumption, as
exemplified by WTP I, WTP C, and PS L.

The reduction in energy consumption was correlated with an improvement in the
energy efficiency of the existing pumping system (Table 7). The introduction of regulation
via VFP to control the pump speed resulted in efficiency improvements for twelve pumps.
The effects were translated into a reduction of carbon dioxide emissions, which for Scenario
2 equaled 45,696 kg CO2, while for Scenario 3, the reduction was 60,817 kg CO2.

The greatest effect of the increase in efficiency (by 9.5% to the level of 42.7%) was
recorded by WTP F. For the remaining eleven pumps, the energy efficiency improvements
did not exceed 3.5%. In Scenario no. 3, only four pumps showed a deterioration in efficiency,
which did not exceed 2% (range of changes from −0.1% to −1.3%). The change in pump
efficiency in the analyzed pumps vs. Scenario no. 1 is shown in Figure 8.

Figure 8. Change in pump efficiency in the analyzed pumps vs. Scenario no. 1 (WTP—water treatment plant, PS—pumping
station, ST—storage tank).

The introduction of VFD in these facilities has resulted in a significant decrease in
energy consumption. The obtained study results for the second scenario of the modifica-
tion indicate that a proper integrated approach for the optimization of both energy and
hydraulic efficiency in conventional water supply systems enables a significant reduction
in energy consumption. This fact was emphasized by Vilanova and Balestieri [26,39] in
their study. In the literature, it is difficult to find descriptions and ways of dealing with the
situation when, as a result of a crisis or other unforeseen events, a water supply system that
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was designed for very high flows has to operate at a much lower demand [8]. Therefore,
it is necessary to look for savings at every level of the enterprise’s functioning, including
changes in the hydraulic system’s management system. The proposed approach (Figure 9)
can be adopted by other users of oversized water supply systems. To properly diagnose
such situations, the first step is to collect a range of data, such as:

− The location and type of the following objects: junctions; reservoirs; tanks; pipes;
pumps and valves;

− The amount of water input into the supply network;
− The amount of energy consumption used by the whole system;
− Pressure at individual pressure points and nighttime water flow.

Figure 9. Flowchart of a comprehensive analysis of hydraulic and energy efficiency management
and making rational decisions in oversized water supply systems (ECAM—energy costs after mod-
ernization; ECBM—energy costs before modernization; DPP—discounted payback period).

Based on the collected data, a detailed model using the EPANET tool should be
created. During the model creation, special attention should be paid to determining
properly conducted measurement campaigns that allow for the correct calibration of the
model. During calibration of the model, one should pay attention to at least two parameters,
such as water flow and energy consumption. Conducting such activities, of course, requires
that the system be properly equipped with measurement devices; this is the most difficult
analysis. Therefore, the need for multiple modifications must be taken into account. A
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properly prepared and calibrated model allows a number of analyses to be performed to
optimize the operation of the oversized system. In our experience, it may be useful to
analyze two simple modifications presented in the paper as Scenario no. 2 and Scenario
no. 3. After performing the analyses, the optimal solution at this stage should be selected
and subjected to cost analysis, both from the point of view of energy consumption costs
and potential investment costs to be incurred in connection with the implementation of the
proposed scenario in the oversized system. If the electricity costs after the modification
are lower and the payback period (DPP) does not exceed five years, one can decide to
implement the scenario.

4. Conclusions

The analyses indicate the correct use of hydraulic models for the needs of energy
management in an oversized WSS. With simulation models, it is possible to carry out many
variations of oversized WSS’s operation work, as well as its modifications. However, the
simulations give results only of energy consumption at pumping stations; when making
decisions about modernization, investment costs should be taken into account. Thus,
hydraulic models can only be used as decision support systems. In some cases, operators
may find that the changes required to improve energy efficiencies do not justify the capital
expenditure required or are uneconomic to achieve.

The results of the conducted simulations can also be used to estimate the return on
investment costs, e.g., by calculating the average energy consumption during the year. The
ensuing analyses were the next phase of the research presented in this article. The work
involved two simulations taking into account two modifications of the water supply system,
indicating that it is possible to reduce energy consumption, even with small investment
outlays (a slight reduction in energy consumption was obtained at the opening of the
closed valves). The results of the conducted simulations indicate that the largest reduction
of energy consumption was obtained after the introduction of VFD-type devices. This
means that the pumps used are oversized. Modeling pumps with frequency inverters are
not always associated with the use of these devices; in fact, they can be replaced with a
smaller pump, or one can roll the rotor of the current pump to the required operating
conditions (however, this solution will not give better results than the previous example
because the old-generation pumps consume more energy). These two examples can also
be analyzed using a simulation model by introducing new hydraulic curves for pumps,
thus providing new results and new possibilities. The results also indicate that the net
operational cost decreased when water pumps provided regulation reserves; furthermore,
the operational feasibility of providing these reserves from water pumps is clarified, which
is also confirmed by Negishi and Ikegami [47] and Chang et al. [48] in their study. Using
the risk level in the water tanks may be crucial for cost reduction [49].

The presented study resulted in a flowchart (Figure 9), constituting an initial approach
to the development of rational methods for reducing energy consumption in the oversized
WSS, which should be verified in other water supply systems.

Taking the above into the account in the energy efficiency management system of
water supply infrastructure, it is justified to include:

1. An inventory of the current state of the pumping system in terms of hydraulic
requirements and energy consumption.

2. Analysis of the level of water losses accompanied by the identification of their source,
analysis of water supply network failure rate, analysis, and classification of leakage
levels (creation and ongoing maintenance of a database of failures and losses).

3. Use of numerical simulation model EPANET 2.0 for the selection of optimal operating
parameters under changing conditions of the water supply system (maximal and
minimal hourly water demands, maximal and minimal pressure).

4. Determination of critical operation zones of the water supply system, taking into
account the optimization of pumping systems.
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5. Online monitoring of hydraulic parameters, including critical zones, and energy
monitoring of pumping stations (creation and maintenance of a database of hydraulic
and energy parameters).

6. Development of indicator limits for the operational decision-making system.
7. Ranking of investment needs in order to achieve the assumed energy effect.

The results of the presented research are of significant importance for the economy and
society. The article is part of contemporary and current research trends focused on sustainable
management, highlighting the importance of the issue of improving energy efficiency.

The presented work is only a fragment of research and analytical works that are
conducted in order to limit water take-off and optimize the operation of an oversized system
in terms of quality and pressure. A partial solution to this problem may be, apart from the
reconstruction of oversized and technically worn parts of the network, the introduction
of special cement, polyurethane, or PE liners inside the water supply pipes, which will
ensure reduction of diameters and improvement of hydraulic conditions of the network.
This problem will be discussed in future publications.
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