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Abstract: Optimizing the design and operation of pumping stations can facilitate energy conservation.
This paper investigates the energy consumption of pumps at a wastewater pumping station in Mashhad-
subject to a recurring inflow pattern-by employing the Grey Wolf Optimizer algorithm in conjunction
with a system reliability analysis. By employing the optimized variable speed, energy savings of over
70% can be achieved. The results clearly show that the efficiency of the system can be maintained over
many years through an optimal scheduling of pump operation. The standard reliability index, ranging
from 0.75 to 0.95, indicates that both pumps maintain good operational reliability across various flow
parameters. The results from the Monte Carlo simulation show values around 0.61. The moment method
indices vary between 0.58 and 0.8, providing a precise evaluation that considers the magnitude and
distribution of operational deviations, these values correlate well with the results from the standard
reliability index.

Keywords: wastewater pumping station,, energy consumption optimization, reliability index, Two-
Stage Pump.

Introduction: The urban water and wastewater sector faces challenges in process optimization due to driving
factors such as climate change, population growth, aging infrastructure, and electricity costs, in order to reduce
energy consumption and lower greenhouse gas emissions from water and wastewater transportation and treatment
(Co-operation and Development 2009). Pumping is the largest consumer of electrical energy in this sector (Kebir
et al. 2014). Therefore, the control of pumping stations can help utility companies reduce operational costs (such
as electricity expenses) while increasing energy savings and environmental performance (Filipe et al. 2019).
Properly designed variable-speed pumping, adjusted according to changes in head and flow, can achieve optimal
performance and energy savings (Stolberg 2003). Pumping stations are usually designed to operate at a fixed speed
and under constant hydraulic conditions (head and discharge), typically for maximum flow, and are generally
controlled through a classical on/off switch based on the fluid level in the inlet well. Such local control can lead
to poor pumping system performance and increased energy consumption, even though maximum flow is not
always required (Ostojin et al. 2011). According to previous research, there is still a lack of automated systems for
analyzing pump energy consumption on a daily basis and evaluating the effects of startup and operation conditions
independently.

Methodology: In this study, the energy consumption of a two-pump pumping station at the Mashhad Wastewater
Treatment Plant was examined under both constant-speed and optimal rotational-speed conditions. Mashhad
Wastewater Treatment Plant No. 5, with a capacity of 64,000 cubic meters per day and serving approximately
530,000 people in the northeast of Mashhad, in the Khin Arab area, was considered. The wet well volume was 111
cubic meters, with minimum and maximum water heights of 1 and 12 meters, respectively, and a constant cross-
sectional area of 12 square meters. Using the Grey Wolf Optimization algorithm, the variable pumping speed for
the two-pump station was determined, and the pump on/off sequence during the three summer months was
established for speed variation coefficients (A = 0.25, 0.5, 0.75) and flow variation coefficients (a = 1, 1.5). The
results were compared with the fixed-speed (classical) mode in Tables 4-6 and the efficiency values were
calculated. The Grey Wolf Algorithm has a higher speed than the Genetic Algorithm due to dividing the population

73


https://doi.org/10.22034/ijwer.2026.548922.1110

oo 9 L) (25 OB anoy 99 Glaoy ol 50 (6551 B puao (55l

into smaller groups and has improved performance through the linear combination of group positions. Pump
performance was analyzed using three different indices: standard reliability, Monte Carlo, and the method of
moments, as shown in Figs. 5-7 .

Results and Discussion: The optimization results demonstrated that the proposed variable-speed operating
strategy consistently outperformed the conventional constant-speed approach in terms of both energy efficiency
and operational performance. As presented in Tables 4-6, the optimized system achieved higher hydraulic
efficiency and significantly lower power consumption under all investigated operating conditions. System
efficiency increased as the flow variation coefficient (o) decreased, whereas increasing the speed variation
coefficient (A) resulted in a slight reduction in efficiency. Nevertheless, variable-speed operation remained superior
to the constant-speed strategy across all scenarios. The results further showed that implementing variable rotational
speeds reduced energy consumption by more than 70% compared with fixed-speed operation (Tables 4-6),
highlighting the considerable economic and environmental benefits of optimized pump control. Furthermore, the
optimized scheduling strategy enables the pumping system to maintain high operational efficiency over extended
periods, thereby reducing unnecessary energy losses, mechanical wear, and operating costs while ensuring
sustainable long-term performance. Reliability analysis further confirmed the robustness of the proposed operating
strategy. As summarized in Figs. 6-8, the Standard Reliability Index ranged from 0.75 to 0.95, indicating that both
pumps maintained satisfactory operational reliability under different hydraulic conditions. In comparison, Monte
Carlo simulations produced reliability values of approximately 0.61, providing a more conservative estimate by
incorporating random uncertainties in the operating parameters. The Moment Method yielded reliability indices
ranging from 0.58 to 0.80 (Figs. 6-8), offering a more comprehensive assessment by considering both the
magnitude and statistical distribution of operational deviations. The comparison of the three reliability approaches
confirmed the stability of the optimized system under varying operating conditions. The highest reliability values
were consistently obtained at A = 0.50, identifying this operating condition as the optimal flow variation coefficient
for both pumps. Moreover, as illustrated in Figs. 7 and_8, both pumps achieved their maximum reliability during
August, with indices of 0.9473 and 0.9517 for Pumps 1 and 2, respectively, indicating the most stable and reliable
operating conditions throughout the study period.

Conclusion: It is generally true that classical settings are more efficient than optimized performance settings, but
utilizing variable rotation speed can effectively reduce energy consumption. When those two variables are
decreased or increased, the efficiency of the system increases. As a result of the optimization process, significant
energy savings were obtained in all scenarios, with the variable speed system consistently outperforming the
constant speed system. There was the highest reliability at A=0.5, indicating the optimal operating point for the
pumps. The purpose of this research is to demonstrate the effectiveness of the Grey Wolf Algorithm in optimizing
pump operation and energy consumption in wastewater pumping stations. According to the results, the system
efficiency can be maintained over many years through optimal scheduling of pump operations.

© 2024 University of Zabol, Zabol, Iran.
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Table 1 Parameters of the different scenarios analyzed in July at the Mashhad station

. Pump 1 Pump 2
A . Mean
a (lit/s) H(m) Mean Max Mean Mean Max Mean
Hman(m)  Qou(lit/s) Ns(rpm)  E,,y  Hman(m) Qou(lit/s) Ns(rpm)  E,,
1 0.25 6375 9 10.54 322.35 1342.76  284.25 10.47 313.77 1332.49  276.93
1 0.5 6375 9.26 16.47 337.8 1421.26  406.40 16.41 338.74 1545.75  452.63
1 0.75 6375 9.27 23.74 351.53 1431.91 471.24 23.63 346.64 1580.90 401.91
1.5 0.25 425 8.84 6.37 311.51 1052.04  153.07 6.82 312.89 1241.17  203.57

1.5 05 425 9.18 14.12 316.27
1.5 0.75 425 9.21 22.35 3125.22

1398.47  375.97 13.98 311.34 132495  346.13
1400.88  410.51 22.39 315.96 1480.60  342.91
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Table 2 Parameters of the different scenarios analyzed in August at the Mashhad station

. Pump 1 Pump 2
o Mean
o A (lit/s) H(m) Mean Max Mean Mean Max Mean E
Hman(m)  Qou(lit/s) Ns(rpm)  E,;  Hman(m) Qou(lit/s) Ns(rpm) opt
1 025 6113 8.85 11.74 299.37 1199.68  252.80 11.97 285.73 1185.73  249.48
1 05 6113  8.89 17.04 300.94 1260.83  360.50 16.65 299.70 1268.19  364.91
1 075 6113 8.74 22.21 323.41 1081.35  445.54 22.64 313.33 1009.91  399.16
1.5 025 4075 9.07 6.97 265.98 1200.9  194.80 7.03 265.14 1057.19  151.21
1.5 05 4075 8.89 13.48 272.45 1243.98  364.60 14.54 280.07 1159.32 334.84
1.5 0.75 407.5  9.02 22.49 280.89 1145.43  389.96 22.52 286.27 1052.38  349.24
e e ol 55 55 005 olo 00l g il slagy )l byl ¥ Jgaer
Table 3 Parameters of the different scenarios analyzed in September at the Mashhad station
in Mean Pump 1 Pump 2
o A (llmt/‘;; H(m) Mean Max Mean Mean Max Mean
Hinan(m)  Qou(m?/s)  Ns(rpm) Eopt  Hman(m) Qou(m?*/s)  Ns(rpm) Eopt
1 025 5321 8.95 12.0 286.89 1241.47  247.47 11.77 289.57 1240.76 ~ 244.29
1 0.5 532.1 8.83 17.79 289.39 1358.53  364.11 17.76 294.17 1315.1 349.4
1 075 5321 8.63 21.60 298.24 1433.23  385.42 25.0 231.29 1449.43  413.28
1.5 025 3547 879 7.94 249.54 1150.47 17591 7.68 242.27 1019.69  144.23
1.5 05 3547 9.60 14.21 265.21 1274.23  367.07 13.99 255.24 1222.45  297.87
1.5 0.75 3547 9.15 22.43 278.85 1283.69  369.94 20.87 269.94 1296.10  356.28
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Table 4 Results of the analysis of different scenarios of the Mashhad pumping station in July

o A Ho Erer Eopt Overall Ecs Overall
(m) (kwh/day)  (kwh/day) efficiency(opt) (kwh/day) efficiency(CS)
1 0.25 10.21 1258.29 561.18 0.95 5086.37 0.59
1 0.5 20.43 9623.53 859.03 0.91 5033.53 0.47
1 0.75  30.65 6659.58 873.15 0.86 4989.67 0.25
1.5 0.25 10.21 5866.54 356.64 0.93 3541.47 0.39
1.5 0.5 20.43 4714.63 722.11 0.84 3501.27 0.25
1.5 0.75  30.65 3562.68 753.43 0.78 3444.37 0.03

3ls yo ole 5o dguiton Slheay o] Caliee (glogy L sy s O Jgua

Table 5 Results of the analysis of different scenarios of the Mashhad pumping station in August

o A Ho Erer Eopt Overall Ecs Overall
(m) (kwh/day) (kwh/day) efficiency(opt) (kwh/day) efficiency(CS)
1 0.25 10.21 9391.30 502.29 0.94 4630.79 0.5
1 0.5 20.43 7364.20 726.42 0.90 4564.36 0.38
1 0.75  30.65 5336.96 844.71 0.84 4517.10 0.15
1.5 025 10.21 4966.30 346.01 0.93 3156.78 0.36
1.5 0.5 20.43 3850.64 699.45 0.81 3142.60 0.18
1.5 075 30.65 3274.69 739.20 0.77 3080.07 0.05

552t ol 53 St Slay o] alises log L o)y gl £ Jgo

Table 6 Results of the analysis of different scenarios of the Mashhad pumping station in September

o 1 Ho Erer Eopt Overall Ecs Overall
(m) (kwh/day) (kwh/day) efficiency(opt) (kwh/day) efficiency(CS)
1 0.25 1021 8241.37 491.76 0.94 4380.05 0.46
1 0.5 20.43 6520.95 713.51 0.89 4352.36 0.33
1 0.75  30.65 4800.41 798.7 0.83 4316.14 0.10
1.5 025 1021 4222.79 320.14 0.92 2957.45 0.29
1.5 0.5 20.43 3484.9 664.95 0.80 2933.95 0.15
1.5 075 30.65 2998.10 726.23 0.75 2874.94 0.04
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Fig. 5 Comparison of energy efficiency in the pumping
station with constant speed (ncs) and variable speed
(nopt) for September
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Table 7 The percentage of energy consumption savings
during the summer

o A Tir Mordad Shahrivar
% % %
1 0.25 88 89 88
1 0.5 82 84 83
1 0.75 82 81 81
1.5 0.25 89 89 89
1.5 0.5 79 77 77
1.5 0.75 78 76 74
1
o | g
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= \\.\ 1
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gl 1.5
02
0 L e .
0 0.5 1
A

Fig. 3 Comparison of energy efficiency in the pumping
station with constant speed (ncs) and variable speed
(mopt) for July
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Fig. 4 Comparison of energy efficiency in the pumping
station with constant speed (ncs) and variable speed
(nopt) for August
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Table 8 Payback period for the month of July

a A Ecs Eopt Benergy Bnet Payback (month)
1 0.25 5086.377 561.19 1195825957 1177825957 6.1
1 0.5 5033.531 859.03 1103153648 1085153648 6.5
1 0.75 4989.674 873.15 1087832739 1069832739 6.4
1.5 025 3541.479 356.64 841625511 823625511 8.7
1.5 0.5 3501.272 722.11 734421367 716421367 10.0
1.5 0.75 3444.378  753.4318 711109413 693109413 10.7
313 0 slo (gl (Payback) aslo o S 3L 0,90 4 Jou
Table 9 Payback period for the month of August
a A Ecs Eopt Benergy Bnet Payback (month)
1 0.25 4630.794 502.29 1090998356 1072998356 6.7
1 0.5 4564.362 726.4219 1014213998 996213998 7.2
1 0.75 4517.105 844.7158 970465533 952465533 7.5
1.5 025 3156.785 346.01 742775421 724775421 9.9
1.5 0.5 3142.602 699.4527 645626510 627626510 114
1.5 0.75 3080.071 739.2083 618596323 600596323 11.9
927 ol (sl (Payback) ayle jw iS5l 050 Ve Jgu
Table 10 Payback period for the month of September
a A Ecs Enpt Benergy Bhet Payback (month)
1 0.25 4380.057 491.76 1027521465 1009521465 7.1
1 0.5 4352.364 713.51 961603468 943603468 7.6
1 0.75 4316.144 798.7 929519877 911519877 7.8
1.5 0.25 2957.45 320.14 696935491 678935491 10
1.5 0.5 2933.954 664.95 599606926 581606926 12.3
1.5 0.75 2874.949 726.23 567820383 549820383 13.0
Sl 00l 4,155 olo 0 ju U iy lo s iS5l
Uil el 0,90 Hlaie A g @ Jlade il Loas 5 _3 . (28)
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o (-)

A(-)
At (Sec)
n)-)

best )

Nmax
Mles (=)
710pz Q)
0(-)
best
ci , c}]Z , c;ol )
2.eh.h )
eneh. el )
CcS
e(-)
E (kwh/day)

Ecs (kWh/ day)

Eopi (kwh/day)
Ever (kwh/day)
Er(kwh/day)
H (m)

best
H (m)
Nmax

Hyan (m)
H, 0 (m)

HN (m)

H,, (m)

H* (m)

H™ (m)

i(-)
1(-)

Ratio betweenQﬁf:; .and
in
max

The ratio between static

head andHFEF

Length of each time step
Pump efficiency
Optimum pump
efficiency at the

maximum rotational
speed

CS activity efficiency

Efficiency of Optimal
Planning

Ratio betweenQ;, and
QBEP

Nmax
Best Efficiency Point
Regression Coefficients
of the Head Curve
Pump Curve Regression
Coefficients
Regression Coefficients
of the Efficiency Curve
Constant-Speed
Operation
Efficiency Ratio
Pump
Consumption
Required Daily Pumping
Energy for CS Operating
Conditions

Energy

Optimized Daily
Pumping Energy
Requirement

Daily Reference Energy
Pumping Energy

Requirement for Each
Time Window
Pumped Head
Pumped Head at the

Maximum Rotational
Speed
Required Pumping Head

Static Head
Pumped Head at
Rotational Speed

Water Level in the
Reservoir
Maximum Allowable
Water Level in the
Reservoir
Minimum Allowable
Water Level in the
Reservoir

Subscript indicating the i-
th time step
Pump On/Off Switch
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K(-)
ne (-)

My ()

N (rpm)
Nonax (rpm)
P (w)

PN max (W)

Q (m¥/sec)
q(?) (m*/sec)

QBEP

NEP  (m¥/sec)

in . (m¥/sec)

Qexp (m?/sec)
Qi (m3/sec)
Qout (m3/sec)
S (m?)

t (sec)

T()

v (md)

Acknowledgments

Head Loss Coefficient
Number of Time Steps in
the Time Window
Number of Time
Windows in a Day

Pump Rotational Speed
Maximum Pump
Rotational Speed
Pumped Power

Pumped Power at the

Maximum Rotational
Speed

Pumped Discharge
Dimensionless Inflow
Pattern

Optimal Pump Discharge
at the Maximum
Rotational Speed
Maximum Inflow
Discharge

Measured Drainage
Discharge

Inflow Discharge
Outflow Discharge

Cross-Sectional Area of
the Reservoir

Time

Time Window

Reservoir Volume
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