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Diverse state-of-the-art methods can be utilized to reduce energy consumption in water supply and distribution
systems, including using high-efficiency equipment, shifting energy use away from peak demand times, energy
recovery and storage devices, and renewable energy. However, the benefit of using high efficiency equipment
can sometimes never be completely realized, as the performance of the individual pumps within a site can be
reduced from optimal owing to a variety of reasons: a lower operating rate of the water treatment plant than the
design flow rate, hydraulic conditions such as pipeline resistance or determined pressure, and pump scheduling.
This research focused on optimizing pump scheduling through real-time monitoring utilizing smart temperature
and pressure sensors, wireless low-power data communicators, and a pump data analysis algorithm to determine
the hydraulic efficiency from thermodynamic state variables with subsequent parallel pump optimization.
Thermodynamic pump performance measurements provided real-time information, including flow rate, specific
power, and pump efficiency, in both individual and parallel pump operations. Evaluation of the specific power
under diverse parallel pump operation scenarios demonstrated a variation of 0.115-0.140 kWh/m? in the range
of 7800-10,100 m>/h. However, the deviation in specific power was more than 17 % when operating at less than
7800 m®/h and more than 10,000 m®/h. The summary of the pump combination operation suggested that energy
could be saved by up to 15 % by optimum pump scheduling, that is, small capital investment, simple optimi-
zation of control through thermodynamic state variable measurement, analysis, and feedback.

1. Introduction

Recently, the portfolio of water treatment and supply businesses has
focused on improving and replacing aging water infrastructure, opti-
mizing operation and management, and reducing power consumption
[1-10]. Diverse quantitative and qualitative sensors are installed in a
water supply system to provide real-time information to help optimize
water purification process operations and save energy. Quantitative
measuring instruments are representative of flow, pressure, water level,
and electricity meters, and are utilized to control the retention time of
the reaction tank, feed load into each reactor, pump operation and
management, etc. [11-12]. Qualitative sensors are used for pH meters,
water temperature meters, turbidity meters, particle counters, chlorine
concentration meters, etc., which are predominantly utilized for chem-
ical injection control and treatment performance management [13-17].
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Real-time sensing data is also typically used to determine the current
operational conditions and to diagnosis the management status [18-20].
In other cases, real-time acquired data are sometimes utilized as input in
algorithms to evaluate the performance of the unit process or the effi-
ciency of the machine applied at the water treatment plant. Finally, real-
time sensors are used to reduce the chemical dose and energy con-
sumption, or to achieve process optimization by building a model
through statistical analysis or data deep learning [21-23]. However,
although real-time sensing data, deep learning, and modeling have been
limitedly utilized for research purposes, they are rarely used for real full-
scale operation with long-term validation. This is because waterworks
operators still want to operate and maintain it based on their knowledge
and experience rather than on deep learning and modeling data. The
developed model still needs time to secure reliability in the field in the
long run and for its verification by reflecting diverse field
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characteristics. Big data studies and cases primarily focus on optimizing
water treatment processes rather than saving energy for power con-
sumers in water [24-27]. However, efforts towards pump scheduling
using generic algorithms have been initiated to minimize the water
distribution system pump operation cost and storage capacity [28].

The number of pumps in a pumping station depends on its design
capacity, flow rate variability, and the type of pumps deployed. The
major concern is to reduce the electricity costs of the pumps under
operational conditions [29]. Motor-driven pumps account for approxi-
mately 20 % of the total electricity cost and have a significant impact on
the unit cost of tap water production in water purification plants
[30-32]. Pumps are often operated outside of design conditions due to
network (system curve) characterization errors in the design process,
changes in water demand patterns, reservoir water level management,
reservoir inlet valve regulation, and pipeline pressure management.

Over time, the hydraulic characteristics of pumps change due to
usage. Internal friction increases the roughness of wetted surface, and
primary recirculation leads to expansions of wear ring or wear plate
clearances. Consequently, the output and efficiency of the pump de-
creases within a given system. This is one reason why pumps are often
oversized, such as having a larger diameter impeller than required for a
given duty. Additionally, there is a tendency to specify the best effi-
ciency point (BEP) at the maximum output of plant rather than the
average, and conservative design estimates of system properties further
contribute to pumps operating at a lower head, higher flow, and reduced
efficiency beyond the BEP. Common measures to compensate for
reduced efficiency include throttling the pump discharge valve to return
the pump to the BEP or reducing the impeller diameter. However,
operating pumps under such conditions shortens their lifetime and in-
creases energy consumption [33-34]. While throttling can increase
pump efficiency, it also leads to increases head-specific cost.

During operation, the fluid in the pump experiences pressure and
resistance, resulting in a decrease in pump discharge volume over time.
This fluid resistance causes the pump to be overdesigned. In the pump
design stage, the operating point is determined based on the total head
and desired flow rate, and then the specifications and number of pumps
are selected. Furthermore, when considering the peak flow rate and
maximum total head in pump selection, the pump system may have a
significant margin of total head compared to the actual head. This allows
for an overestimated flow during actual pump operation, often leading
to the bridging of the discharge valve or cutting of the impeller to adjust
the excess flow rate. Operating the pump at such an unbalanced flow
rate and total head shortens the lifetime of pumps and valves, and in-
creases energy consumption [35-36].

Hydraulic measurement methods are simple as existing measure-
ment sensors, such as individual pump pressure and total flow meters,
are available, and existing operation conditions and pipe changes are
unnecessary. However, it is very difficult to install a flowmeter on an
individual pump by securing the pipe length in a straight section for
accurate efficiency computation [37]. In the case of a pump station with
a large water supply, it is impossible to operate one pump alone;
therefore, it is essential to combine several pumps and measure the flow
rate of each pump, but it is difficult to diagnose the efficiency of indi-
vidual pumps [38-40]. Therefore, research has been conducted on data
utilization, sensor application, and optimal model development to
optimize the operation of existing running pumps after selecting pumps
for the site [41-46].

Wu et al. [47] developed an optimization model based on the genetic
algorithm (GA) to optimize the rotation speed and valve position of the
pump and reported that it improved the efficiency of a single pump but
was degraded when applied to parallel pump systems. Kim et al. [48]
introduced sensing technology and thermodynamic efficiency mea-
surement methods to measure the efficiencies of individual pumps.
Based on this, a proper combination of pumps was selected, and the
minimum unit power consumption was derived utilizing a curve of least-
squares approximation and subsequently tested in the field. Hyung [49]
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used a genetic algorithm to develop an optimal pump operation method
that considers stable water quantity and safe water quality. Shin et al.
[50] attempted to reduce electricity costs by increasing the volume of
water transmission and supply during the off-peak load. They developed
a scheduling program for water intake pumps with water supply flow
rate, and simulated the energy savings with the developed program. As a
result, it was verified that the annual water intake power cost could be
reduced by 5.1 % and 106,780 USD, including the water supply power
cost by 5.5 % and 100,674 USD, compared to the case of equal usage of
the pump regardless of the electric rate schedule. Sarmas et al. [51] used
machine learning models to forecast the electricity consumed and pro-
duced by renewable energy sources on an hourly basis. Their forecasts
optimally allocated the operating hours of the pumps to minimize the
predicted peaks. Smart scheduling of water pumps could reduce the
daily and weekly deviations in electricity consumption by more than 15
%.

According to previous studies, it is essential to monitor the actual
operation efficiency of pumps operating outside design conditions and
to determine the economical pump combination for meeting water de-
mand. Therefore, this study utilized a thermodynamic method with a
real-time sensitive temperature sensor to estimate the actual operating
efficiency of individual pumps at a pump station where individual pump
performance could not be measured with the existing meters. Based on
these estimations, the specific power was calculated under diverse pump
combination conditions, and the economic savings effect of pump
scheduling for the desired flow rate was evaluated. The practical long-
term tests and verifications could serve as a catalyst for lowering the
burden on waterworks staff to embrace digital water technologies in the
field such as smart sensors, data collection and processing, and an
artificial intelligence algorithm.

2. Materials and methods
2.1. The case study context: a pump station

This study was conducted at a water supply pump station to deliver
purified water to a reservoir. The test site was located in a water puri-
fication plant in Seo-gu, Incheon City, Korea, as depicted in Fig. 1. The
water resource is the surface water from the Han River pumped to the G
water treatment plant (WTP) through two pumping stations with a
transmission pipeline of 2000 mm diameter. The treatment process for
the G WTP comprised rapid sand filtration and a granular activated
carbon adsorption process (GAC), as summarized in Table 1. The water
supply pump station was designed to supply the chlorinated water after
GAC to 14 reservoirs with a 413,000 m®/day capacity, as described in
Fig. 2. The G WTP operation rate was 62.8 %, which was lower than that
of the original design, causing a change in the operation point of the
pump performance.

A single-stage horizontal centrifugal type was applied for pumps in
the water supply pump station. The detailed specifications of the pumps
are represented in Table 2. Pumps 1 through 5 were the main pumps,
and pumps 6 and 7 were auxiliary function pumps. To cope with changes
in the pump flow rate and real head by year, pumps 4 and 5 were
designed to control the pump speed via variable fluid couplings, and the
remaining pumps were fixed-speed pumps. The existing parallel pump
operation approach was combined with one main fixed-speed and one
variable-speed pump to satisfy the water demand, and an auxiliary
fixed-speed pump was included to the combination to satisfy the
increased water demand. The rpm of the variable-speed pump is
controlled, based on the need of adjustment of the water level of the
reservoir or the pressure of the supply pipeline.

G WTP covered the water supply service areas, serving a total of
748,777 customers, with the help of two boosting stations and 14 service
reservoirs (excluding one GD tank under the construction plan), as
shown in Fig. 3. The service reservoirs were designed to store up to 12 h'
worth of water supply per day to accommodate fluctuations in water
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Fig. 1. The test bed location.

Table 1
Unit process specifications of G WTP.

Unit process Size and specifications

Equalization (#1, 2), L x W x H(m)
Mixing (#1, 2,)

Coagulation (#1), L x W x H(m)
Coagulation (#2), L x W x H(m)
Sedimentation (#1), L x W x H(m)
Sedimentation (#2), L x W x H(m)
Sand filtration (#1, 2), L x W x H(m)
GAC" (#1, 2)

17 x 42 x 5.3, 2 basins

Flash mixer

15 x 15 x 3.8, 8 basins

13.5 x 13.5 x 3.5, 6 basins
15.5 x 67 x 4.5, 6 basins

14.1 x 68 x 4.8, 6 basins
Single media, 8 x 16, 16 basins
EBCT” 15.2 min, LV® 10.7 m/h

# Granular activated carbon adsorption.
> Empty bed contact time.
¢ Linear velocity.

demand. The water supply pumps at the WTP were scheduled to
maintain the appropriate water level in each service reservoir and
control the variable flow pump speed to ensure the proper pressure in

the water supply pipes.

2.2. Methods of sensor installation on the working pumps

G WTP manages the total water supply via installation of electric
flow meters in the integrated pipes of seven water supply pumps. The
purpose of this study was to evaluate the performance of individual
pumps and establish a suitable pump combination to supply the final
water to the target reservoirs. For real-time pump performance moni-
toring, the FREEFLOW system (FFI3 System, Riventa Ltd.) was installed
in the water supply pump building. This pump station building had a
narrow footprint, wherein flow meters could not be installed to measure
each pump flow rate. Therefore, thermodynamic pump monitoring in-
struments were considered to install on the existing pump apparatus
within a limited space. The instruments were smart temperature sensors
(TT4-300-10, Riventa Ltd.), pressure sensors (PT4-010-2, PT4-020-2,
Riventa Ltd.), and Internet of Things (IoT) wireless mesh network
hubs with local screens. This system provided precision measurements

Fig. 2. The water supply pump station used as test bed.
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Table 2
Specifications of water supply pumps used in the test bed (OEM‘ data).

Name Power (kW) Flow rate (m®/min) Head (m) Speed (rpm)
1MF* 825 69.5 43 707
2MF 825 69.5 43 707
3MF 825 69.5 43 707
4mv® 675 69.5 43 710
5MV 675 69.5 43 700
6AF¢ 425 34.8 43 1188
7AF 425 34.8 43 1188

# Main pump with a fixed flow rate.
> Main pump with a variable flow rate.
¢ Auxiliary pump with a fixed flow rate.
d Original equipment manufacturer.

with measurement transducers installed in the suction point (inlet) and
delivery point (outlet) of each pump, as depicted in Fig. 4. The tem-
perature sensor had differential temperature accuracy of +0.0010 °C
and differential temperature resolution of 0.0001 °C within operating
temperature range of 0 to 40 °C. Additionally, ISO/IEC 17025 was used
by temperature sensors for calibration. The pressure sensor had mea-
surement range of 1-20 kgg/cm? and pressure measurement accuracy of
+0.1 %. Smart sensors equipped with IoT technology were designed for
automatic recovery functions and energy savings used for
communication.

2.3. Engineering dashboard of human machine interface

The engineering dashboard was designed to monitor pumps
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operation status in real time, extract from the operation data and visu-
alize pump performance. Fig. 5 shows the customized engineering
dashboard of human machine interface (HMI) for test bed. On the HMI
left screen, information on parallel pump scheduling and real-time
performance of the current pump combination is provided. Addition-
ally, the performance of the individual pump is also provided to the
system users, including the head, electric power, pump efficiency, and
flow rate of each pump. A real-time pump system curve is provided on
the HMI right screen based on a thermodynamic pump-efficiency
computation algorithm. It depicts the total differential head and spe-
cific power according to the flow rate supplied through the parallel
pumps. Additionally, the operation point under the current pump
combination is marked by a red dot in the accumulated system curves.
This allows system users to establish the optimal pump combination in
the future according to the current parallel pump performance.

3. Theory

Thermodynamic tests of pumps require the use of the testing stan-
dard BS EN ISO 5198:1999, which deals with performance tests of
centrifugal, mixed flow, and axial pumps and specifies the code for
hydraulic performance tests and precision class (BSI EN ISO, 1999). For
this method, the required measurement parameters include suction and
discharge pressure (Pa), suction and discharge temperature (°C), elec-
trical input power (kW), computing in mass flow rate (kg/s), volume
flow rate (m3/h), drive efficiency (%), pump head (m), and pump effi-
ciency (%). The diagram of the thermodynamic measurement system
was shown in Fig. 6. The thermometric technique uses an enthalpy-
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Fig. 3. Schematic diagram of the water supply system from the pump station to service reservoirs.
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entropy mapping method to determine pump efficiency without the flow
rate measurement. Therefore, temperature and pressure before and after
the pump are measured. Both transducers are inserted through one %"
BSP tapping. The pressure transducer connects through a hydraulic
quick release coupling in the side port and the temperature transducer
through a resealable compression gland. The temperature probe is
inserted 50 mm into the pipework at which time the gate valve is gently
tightened onto the probe shaft adding a second point of contact to limit
vibration due to the passing fluid. The pressure data of suction and de-
livery of pump was used to calculate the static pressure in the pump
pipeline. The thermodynamic method is comparatively low cost for site
use purchase and site installation. It has simple installation requirements
and is not dependent on straight lengths of pipe to affect an accurate
measurement. In addition, it is well suited to on-site application,
generally for more than 15 m of head.

The pump efficiency was computed using only temperature and
pressure measurements. The flow was then derived from other param-
eters. The flow measurement uncertainty is a product of all others, and
the pump efficiency provides the greatest bearing. In both the thermo-
dynamic and conventional methods, the hydraulic work was used in Eq.
(1.

Po,, = m-g-AH = p-g-0-AH, @
where, 7,, is the motor efficiency

1, is the pump efficiency

P, is the electrical power input (W)

m is the mass flow rate (kg/s)

7 is the average density of the working fluid (kg/m®)
g is gravitational acceleration (m/s)

Q is the volume flow rate (m%/s)

AH is the head rise across the pump (m)

The shaft power (Ps) applied to the pump was computed via the
electrical input power to the motor measured by a three-phase power
analyzer connected to data acquisition unit (DAU) (FREEFLOW™ DAU,
Riventa Ltd.) and then an estimate for the drive and motor efficiency, 7,,,
was deduced from the data sheet of original equipment manufacturer
and applied to Eq. (2).

Py=P.n, H (2)
In the context of pumps, the pump efficiency is defined by Eq. (3).

Water Power 1
Shaft Power ~ 1 + _Loses

Water Power

Efficiency = 3

where, the shaft power = water power + losses

the losses = p-C,-AT-Q.

the water power = p-g-H-Q

Eq. (3) can be rewritten as Eq. (4). It depicts that the thermodynamic
method of hydraulic efficiency determination can be evaluated through
observations of temperature and pressure, rather than flow measure-
ments. Therefore, the pump efficiency was determined directly using
immediate thermodynamic measurements of the temperature and
pressure of upstream and downstream of the pump by using Eq. (4)

1

Cp-AT? (4)

Ny, = ~T—crar
! l+g-AH

where Cp is the specific heat capacity (J/kg-K) of the working fluid and
AT is the temperature rise across the pump (K). All pressure transducers
were calibrated according to the transfer standards outlined in
ISO17025. The static pressures were measured using digital transducers,
each connected to the pipework on either side of the pump. The inner
diameters of the suction and discharge pipe, d; and ds, respectively,
were measured to provide the essential inputs for computing the
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dynamic head. The total differential head AH was thus computed in
accordance with the method outlined in ISO 9906:2012, which is sum-
marized in Egs. (5) and (6). The first term of Eq. (6) is the potential head
and is equivalent to the difference in height between the pressure
transducers.

AH = Potential Head + Hydrostatic Head + Velocity Head, 5)
_ UZ _ U2

AH:ZQ—Zl-‘r{pz_ pl}+[—2 ‘}, ©6)
p-g 2-g

where the density, p, is accurately known for all pressures and temper-
atures, and the velocity head term is computed iteratively using the flow
rate and inlet and outlet pipe diameters (d; and dy), as depicted in Eq.
(7).

4.
If,U= —Q;‘«Velocily Head =

7-d? n2-g & at 7

16:0*[1 1
di df

4. Results
4.1. Data analysis before setting pump management system

To establish a pump management system in 2020, the existing data
on water supply pump operation was evaluated. The operational data of
the water supply pump from January to December 2018, before imple-
menting the pump management system, were utilized. Fig. 7 shows the
time-series evaluation of the total daily water supplied to all reservoirs.
Depending on the reservoir operation conditions, this evaluation
revealed a pattern where the average operating flow of water supply
ranged between 10,000 and 12,000 m3/h. There was a decrease in water
supply in February and August, while an increase was observed in June,
July, September, and November. Throughout the 365-day operating
period, the flow rate momentarily dropped to O for 5 min due to
communication failure, resulting in missing data points when the
operating data was collected every 10 s. The annual variation pattern of
the water supply was used as the basic data to establish a pump com-
bination scenario for parallel pump operation.

Fig. 8 shows the annual operation status of the water supply pumps
that were used to supply purified water to a reservoir before imple-
menting the pump-scheduling system. In large-capacity services that
require parallel pump operation, all pumps were continuously in service
based on the average pump usage, except for instances of pump failures
or piping and valve errors. The main variable-speed pumps (MV) were
frequently utilized in the parallel pump combinations, with main pump
5 demonstrating a high operating rate of 28 %. Similarly, main pump 4
was frequently utilized in pump combination scenarios, accounting for
22 % of the annual utilization. As the main pumps with fixed flow rates,
pumps 1, 2, and 3 had lower annual utilization rates of 14 %, 11 %, and
0.02 %, respectively. Main pump 3 was rarely used due to a malfunc-
tioning valve in the pump pipe. Among the auxiliary pumps, pump 7 had
an annual operating rate of 16 % and was used more frequently
compared to pump 6, which had an operating rate of 15 %. Therefore,
upon analyzing the annual utilization rates of each pump, it was
observed that there were deviations in the utilization rates within the
main pump category and the auxiliary pump category. Additionally, a
deviation in the operating rate was observed in the main pump
responsible for speed control. Consequently, pump scheduling was
necessary to achieve balanced pump usage and energy savings.

Fig. 9 describes the annual variation of specific power in relation to
the flow rate during the operation of conventional parallel pumps. The
specific power range per year for the total flow rate is 0.074 to 0.184
kWh/m?, indicating a variation of 148 %. Within the flow rate range of
8300 to 12,000 m>/h, although the average specific power value was
optimized, there was a high variation of 142.5 %. This highlights the
necessity for optimal pump combination conditions to ensure water
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supply economically. Conversely, operating under optimal pump com-
bination conditions with a specific power deviation of less than 11 %
was achieved for flow rates below 8300 m®/h and above 12,000 m3/h.
High specific power was calculated within the average annual supply
flow range of 10,000 to 12,000 m3/h which was a pattern of average
water supply flow based on the time series analysis. Therefore, it is
imperative to modify the existing pump combination method in the
section with high specific power or derive pump combination conditions
using high-efficiency pumps.

4.2. Evaluation of differential temperature using sensitive sensors

After installing sensors, data communication/collection devices, and
data analysis/diagnostic modules, the short-term operational data were
evaluated. Temperature was monitored at the inlet and outlet of the
pump through the major sensors in the pump management system.
Fig. 10(a) depicts the water temperature difference of the main pump at
a constant speed: Pump 1, with a value of 0.025 + 0.002 °C. Fig. 10(b)
depicts the main pump with a variable speed: Pump 4, with a temper-
ature difference of 0.033 + 0.002 °C. The real-time pump efficiency can
be indirectly determined by the temperature difference between the
inlet and outlet of each pump. If the temperature difference in the fluid is
large, owing to the thermodynamic characteristics, the pump efficiency
may be reduced, and the power consumption may be increased.

According to the analysis of the total head according to the flow rate,
the head increased with the flow rate, as shown in Fig. 11. The variation
in the total head was between 30 and 39 m at the same flow rate. The
actual total head obtained from the parallel pump operation was 5-10 m
lower than 43 m of initial head of the individual pump (OEM data), as
shown in Table 2. Therefore, it was considered that the operation was
made on the right of the BEP. Further, it was found that the pumps with
an excessive capacity had been selected compared to the desired flow
rate. Determining the number of pumps suitable for the flow rates is
important in economic terms when there is a large fluctuation in the
flow load. The existing pump combination method combines the main
variable and fixed-speed pumps with the same capacity and operates or
stops an auxiliary fixed-speed pump with a small capacity when the flow
rate increases or decreases. As a result, fluctuations in the head were
caused by diverse pump combination methods operating at the same
flow rate. Above all, there were cases when pumps were operated at a
head of 30 m or less. Therefore, it was found that optimal pump com-
bination should be established for low flow rates and low head
conditions.

In this study, the total head of the pump was evaluated according to
the flow rate. The duty head of the given pump was 43 m, as depicted in
Table 2, but the actual operating head of this system was 34.5-36 m,
which was 82 % lower than the duty head, as depicted in Fig. 12.
Currently, the pump operating point is positioned to the right of the BEP
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Fig. 9. Characteristics of specific power and flow rate of pumps.

in the performance curve, which may cause low pump efficiency and
increase pump wear. In addition, operating beyond the BEP will result in
high operational costs.

The specific power via flow rate was monitored in real time and was
found to be between 0.115 and 0.140 kWh/m?, as depicted in Fig. 13,
only when the main fixed-speed pump 1 and auxiliary pumps 6 and 7
were combined with the main variable-speed pump 4. The optimized
specific power could be estimated as 0.120 kWh/ m®, lower than the
average of 0.123 kWh/ m®, which was able to save approximately 2.5 %
through pump scheduling. The operating data of the pump combination
conditions were evaluated under a limited pump selection scenario.
Therefore, the operation of diverse pump combinations in the future
requires the evaluation of efficiency, head, and power consumption
under each pump operation and operational data under diverse com-
bination conditions. Thus, optimal pump scheduling is recommended to
reduce the pump wear and annual power consumption.

4.3. Evaluation of the continuous operation of a pump management
system

The pump management system can monitor real-time performance
of individual pumps. Therefore, operating data should be collected from
all possible individual pumps and various pump combination conditions
by changing the current pump combination conditions utilized in the G
WTP. In this study, the pump combination conditions were scheduled
such that the constant-speed and auxiliary pumps could be combined
with the two main pumps with variable fluid coupling, and the scenario
was constructed to be operated at one-week intervals according to each
condition. According to the evaluation of the specific power to the flow
rate under diverse combination conditions, it was verified that the
specific power was stable when operating in the range of 7800-10,100
m3/h, as depicted in Fig. 14. As shown in Fig. 10, an analysis of oper-
ational data before the establishment of the pump management system
revealed a pump combination condition, wherein the specific power was
high at a flow rate of less than 7800 m>/h. Furthermore, another pump
combination condition was confirmed to increase the power consump-
tion under flow conditions above 10,100 m3/h. Alternatively, it was
verified that under the same flow rate conditions, the specific power
increased by up to 17 %, depending on the pump combination

conditions.

Table 3 summarizes the pump efficiencies for diverse pump combi-
nations. When pump 4 was operated in combination with pumps 1, 2,
and 3, the pump combination of pumps 4 and 1 had the best energy
savings of 15 %. The best energy saving was obtained with the combined
conditions of pumps 5 and 1 when pump 5 was majorly used. Addi-
tionally, the parallel pump operation using pump 5 as the major function
resulted in better energy savings than that obtained with pump 4,
indicating better performance of pump 5. It was also shown that the
combination of pumps 4 and 5 could operate 11 % more efficiently than
the combination of pump 4 and 3. These results suggest that the real-
time flow rate patterns could be utilized to optimize the pump.

The difference between the flow measurements and thermodynamic
flow computations was evaluated. The thermodynamic computations
were somewhat higher than the field flow measurements with the
electronic flow meter, as depicted in Fig. 15, but the difference in the
flow rate was very small. It was considered that the deviation in the flow
rate was due to the measurement and correction of the electronic
flowmeter at the site and the structural characteristics of the water
supply pipe system. If the flow rate is measured to be lower, the pump
efficiency will eventually be undervalued, which could result in exces-
sive expenses when diagnosing the pump.

5. Discussions

Deep-learning technologies, genetic algorithms, and thermodynamic
measurements have been studied to overcome the limitations of hy-
draulic pump performance measurements. Thermodynamic pump per-
formance measurement technology is a solution that can optimally
manage pumps and save energy by monitoring the performance of in-
dividual pumps based on sensing and operation data. By measuring the
performance of individual pumps in real time utilizing sensors and al-
gorithms, it was verified that the pump can be scheduled with an
optimal pump combination in response to variations in the supply flow
rate. When the Green New Deal and carbon reduction targets are
imminent, water companies are expected to have a high requirement to
reduce power consumption in WTPs, and research results and operating
data obtained through this research are expected to be useful to related
industries. However, the pump scheduling algorithm based on
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thermodynamic measurements is not compatible with all pump stations
as the types of pump stations, such as water supply and transmission,
vary depending on the purpose. Therefore, the pump scheduling
developed in this study should be modified to suit other pump stations.
Nevertheless, this thermodynamic method can compute the flow rate
and performance of individual pumps, even during operation, which is
considered useful for diagnosing real-time pumps and establishing
future pump replacement and repair plans.

6. Conclusions

This study focused on optimizing pump scheduling through real-time
monitoring utilizing smart temperature sensors, wireless low-power
data communicators, and pump data analysis algorithms installed in
water supply pumps. The real-time operating data obtained from these
sensors were used to compute the flow rate and performance of indi-
vidual pumps at the pump station where individual electronic flow
meters were not available. Seven scenarios of parallel pump operations
were evaluated by combining pumps with diverse discharges, and the
performance and specific power of the seven cases were evaluated. The
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Table 3
Comparison of energy saving according to various parallel pump operation scenarios.
MV Flow rate Speed Head Pump efficiency MF/MV Flow rate Speed Head Pump efficiency Energy saving
pump (m*/h) (rpm) (m) (%) pump (m*/h) (rpm) (m) (%) (%)
4 3796 620.0 32.7 78.5 1 6093 699.8 33.3 85.8 15
4 3510 609.4 32.3 77.0 2 5639 700.0 33.1 77.5 8
4 3185 600.2 32.3 75.2 3 5644 581.8 32.4 68.3 0
5 3299 604.7 32.8 78.4 3 5659 419.6 32.3 68.0 2
5 3718 620.2 32.8 80.0 2 5687 700.0 32.9 77.5 13
5 4598 656.4 33.2 82.3 4 4541 646.6 33.1 80.5 11
5 3900 620.0 32.7 78.6 1 6093 699.8 33.3 85.5 15

11



H. Oh et al.

14000.0

Journal of Water Process Engineering 54 (2023) 104035

12000.0

10000.0

8000.0

6000.0

Measured flow rate(m?/h)

4000.0

2000.0

0.0

..... Calculated/Measured flow

—1:1

y=0.9131x+57.731

0.0 2000.0 4000.0

6000.0

8000.0 10000.0 12000.0 14000.0

Calculated flow rate(m3/h)

Fig. 15. Comparison between flow measurement and computation.

results showed a specific power difference ranging from 0.115 to 0.140
kWh/m® in the flow rate range of 7800 to 1100 m®/h. To minimize this
gap, an optimum pump combination was necessary. However, when
operating at less than 7800 m®/h and above 10,000 m®/h, the deviation
in specific power was 17 % or more. Analysis of various parallel pump
operations using the thermodynamic measurements suggested that en-
ergy could be reduced by up to 15 % through optimal pump scheduling.
In the future, pump scheduling optimization can expand to control the
water level in reservoirs in respond to water demand. Sensor-based
pump scheduling will be an affordable solution in establishing carbon-
neutral waterworks facilities. It economically integrates sensors, data
collection and optimization algorithms into existing hardware in
waterworks, ultimately leading to improved pump system performance,
energy saving, and maintenance support, all while minimizing instal-
lation costs.
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