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Efficient operation of axial pumping stations requires coordinated 
management of hydraulic conditions, pump-unit combinations, water 
delivery, and energy consumption. This study develops a mathematical 
modeling and control approach for optimizing the operating modes of axial 
pumping stations in irrigation systems. Hydraulic parameters, pump 
characteristics, operational constraints, and energy requirements are 
integrated into an optimization framework to determine advantageous flow 
distributions among multiple pumping units. Analytical optimization, including 
the Lagrange approach, is combined with computational analysis using 
operational data from the irrigation system. The results identify feasible 
operating modes under different hydraulic conditions and demonstrate the 
importance of coordinated pump operation for controlling water flow and 
energy use. The proposed approach provides an engineering framework for 
improving pumping-station operation while maintaining required hydraulic 
conditions. The findings are relevant to sustainable water and energy 
management and support resource-efficient operation of irrigation 
infrastructure. 

 
 
 
 
 
 
 
 
Keywords: 
Axial pump; Control algorithm; Energy efficiency; 
Irrigation system; Mathematical modeling; 
Pumping station; Sustainable water management 

 
1. Introduction 
 

Pumping stations are essential components of irrigation and water-management infrastructure 
because they regulate water delivery across hydraulic networks under changing demand and 
operating conditions. Their operation, however, is energy intensive, and inefficient selection or 
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coordination of pumping units can increase electricity consumption while reducing hydraulic 
performance. Consequently, optimization of pumping-station operation requires simultaneous 
consideration of water demand, hydraulic constraints, pump characteristics, and energy 
requirements. Mathematical optimization provides an effective framework for addressing these 
interacting variables and identifying operating conditions that satisfy hydraulic requirements while 
minimizing energy use [1]. 

For multi-pump stations, optimization must account for the combined operating state of active 
units rather than the performance of individual pumps alone. Mathematical programming and 
related optimization approaches have therefore been widely applied to pump selection, flow 
allocation, and coordinated station operation [2, 3]. However, most such approaches formulate the 
optimization within specified hydraulic conditions, whereas irrigation canals may impose operating 
constraints that vary continuously with water level and discharge. 

Energy consumption is another critical consideration in pumping-system management. Pump 
scheduling determines when individual units operate and how water demand is distributed among 
them, directly influencing energy use and operating costs. Optimization-based scheduling can 
improve energy efficiency by coordinating pumping decisions with hydraulic system requirements 
[4]. Similarly, optimal-control approaches allow pumping-station operation to be adjusted according 
to changing system conditions, providing a systematic means of improving energy performance while 
satisfying operational constraints [5]. These studies establish the importance of integrating hydraulic 
behavior and energy management within a unified optimization framework. 

Computational approaches have further expanded the possibilities for pumping-system 
optimization. Mathematical models can represent nonlinear relationships among flow rate, hydraulic 
head, energy consumption, and operational constraints, while optimization algorithms identify 
feasible operating states from a large number of possible pump combinations. Energy-oriented 
scheduling models have demonstrated that pump operation can be formulated as an optimization 
problem involving hydraulic constraints and energy requirements [6]. Such approaches are 
particularly relevant to large irrigation systems, where variations in canal water level and flow 
demand can continuously change the permissible and advantageous operating modes of pumping 
units. 

Despite these developments, an important operational challenge remains in irrigation pumping 
systems where feasible pump combinations change directly with canal water level and hydraulic 
state. In axial pumping stations, a pump combination that is technically and energetically acceptable 
at one water level may become infeasible as the canal level decreases because of changing discharge 
conditions, hydraulic losses, equipment limitations, and potential cavitation. Therefore, optimization 
should not only determine an energy-efficient pump combination but also continuously redefine the 
feasible operating space according to the hydraulic state of the connected canal. This limitation is 
particularly important for axial pumping stations because their permissible operating modes are 
strongly dependent on water level, discharge, hydraulic losses, and cavitation-related restrictions. In 
the investigated Jizzakh cascade, decreasing canal water level progressively reduces the number of 
permissible pump-unit combinations, meaning that the optimization domain itself changes with the 
hydraulic state. This water-level-dependent feasible operating region forms a central constraint in 
the present optimization framework. In the system investigated in the present study, the hydraulic 
characteristics of the South-Golodnostepsky main canal and the operating conditions of the Jizzakh 
cascade of pumping stations provide the boundary conditions for determining feasible pump-unit 
combinations. The analysis considers canal geometry, hydraulic parameters, water-level-dependent 
operating modes, and time-dependent flow behavior required for system-level evaluation. 
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Therefore, this study aims to develop a hydraulic-state-dependent optimization framework for 
axial pumping stations in which pump-unit combinations are selected according to both energy 
performance and dynamically changing canal conditions. The approach integrates pump 
characteristics and energy consumption with canal geometry, hydraulic losses, water-level-
dependent operating constraints, and cavitation-related feasibility limits to identify technically 
admissible and energetically advantageous operating modes.. The principal contribution of this study 
is the incorporation of water-level-dependent hydraulic feasibility into the optimization of axial 
pumping-station operation. Unlike conventional pump-scheduling approaches that primarily 
optimize pump combinations under predefined hydraulic conditions, the proposed framework 
restricts candidate operating modes according to canal water level, hydraulic losses, permissible 
pump-unit combinations, and potential cavitation conditions. The framework further considers the 
time-dependent hydraulic response of the connected open-channel system, allowing pump-
operation decisions to be evaluated within dynamically changing canal conditions. The analysis 
additionally considers the relationship among water-resource management, pumping-station 
control, and electricity-consumption management, which are integral components of the 
investigated system. 

From a sustainability perspective, improving pumping-station efficiency is relevant to the 
Sustainable Development Goals (SDGs) because irrigation infrastructure simultaneously involves 
water and energy resources. Optimized operation that maintains required water delivery while 
reducing unnecessary energy use can contribute to more resource-efficient water management. 
Accordingly, the proposed engineering framework is particularly relevant to SDG 6 (Clean Water and 
Sanitation) through efficient water management and SDG 7 (Affordable and Clean Energy) through 
improved energy-use efficiency in pumping operations. 

 
2. Literature Review 
2.1 Mathematical Modeling and Optimization of Pumping Stations 

 
Pumping-station optimization is a system-level problem involving hydraulic performance, pump 

characteristics, operating constraints, and energy consumption. In multi-pump installations, the 
required discharge can be supplied through different combinations of operating units; therefore, 
identifying an appropriate combination is essential for minimizing energy use while maintaining 
hydraulic requirements. Optimization models provide a systematic means of evaluating these 
alternatives and selecting operating states according to defined objective functions and constraints 
[2, 3]. 

Pump scheduling extends this concept by determining how pumping units should operate under 
changing hydraulic and demand conditions. Optimization techniques such as nonlinear programming, 
mixed-integer formulations, and branch-and-bound approaches have been developed to identify 
energy- and cost-efficient operating schedules [6, 7]. These methods are particularly useful for 
systems involving multiple feasible pump combinations because manual or individual-unit control 
may not identify the global or system-level optimum. 

Recent developments have further incorporated advanced computational algorithms into 
pumping-system management. Optimal-control and pump-scheduling approaches have been 
developed to coordinate pump operation under hydraulic and energy constraints [8, 9]. These 
developments demonstrate substantial progress in coordinated pump scheduling and system-level 
optimization. However, comparatively less attention has been given to optimization frameworks in 
which the feasible pump combinations themselves change with open-channel water level, hydraulic 
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losses, and cavitation-related limits. This distinction is particularly important for axial pumping 
stations connected directly to irrigation canals.. 
 
2.2 Hydraulic Conditions and Pump Operating Modes 

 
Hydraulic conditions not only influence pump efficiency but can also redefine the feasible 

operating range of axial pumping units. Variations in canal water level, discharge, hydraulic losses, 
and system resistance can progressively eliminate otherwise attractive pump combinations from the 
feasible solution space. Therefore, these hydraulic variables should be treated as active optimization 
constraints rather than as fixed external inputs.. Variations in water level, flow rate, hydraulic losses, 
and system resistance modify the operating point and may restrict the number or combination of 
pumps that can operate safely. Consequently, hydraulic parameters should be incorporated directly 
into the optimization process rather than treated independently from pump scheduling. 

For irrigation pumping stations, this relationship is particularly important because canal 
conditions vary spatially and temporally. Mathematical models can integrate canal geometry, flow 
conditions, and pumping requirements to determine feasible operating states. Dynamic scheduling 
approaches further allow pumping decisions to respond to variations in system conditions, thereby 
improving coordination between water delivery and energy use [10]. 

The investigated system illustrates this dependence clearly. The South-Golodnostepsky main 
canal is characterized by defined geometric and hydraulic parameters, while the permissible 
operating combinations of the Jizzakh main pumping station change with the water level at the UVPK-
400 control section. At relatively high water levels, a broader range of pump-unit combinations is 
available, whereas decreasing water levels progressively restrict feasible operation and may 
eventually lead to potential cavitation conditions. This relationship provides the hydraulic basis for 
incorporating operating constraints into the optimization model. 
 
2.3 Energy-Efficient Control and Sustainable Operation 

 
Energy efficiency is a central objective of pumping-station optimization because water transport 

requires substantial electrical input. Coordinated control can reduce unnecessary energy 
consumption by allocating discharge among pumping units according to their operating 
characteristics rather than simply activating units independently. Optimal-control strategies 
therefore connect hydraulic requirements with electricity-consumption management [5]. 

Modern approaches increasingly integrate hydraulic efficiency, system-level analysis, and 
mathematical programming into pumping-system optimization [10, 11]. Although these approaches 
differ computationally, they share the principle that pumping stations should be managed as 
integrated hydraulic-energy systems. The remaining challenge is to embed dynamically changing 
canal conditions within this integrated optimization framework. 

This concept is directly relevant to the Jizzakh cascade, where water-resource management and 
electricity-consumption management are interconnected. The system representation includes 
central control, individual pumping stations, hydraulic structures, and electricity-management 
components, emphasizing the need for coordinated hydraulic and energy decisions. Accordingly, 
mathematical optimization provides an engineering basis for selecting operating modes that satisfy 
water-delivery requirements while limiting inefficient energy use. 
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3. Methodology  
3.1 Research Framework 

 
This study employed mathematical modeling and optimization to determine advantageous 

operating modes of axial pumping stations. The analysis integrated hydraulic parameters, pump 
characteristics, energy consumption, and operational constraints within a system-level framework. 
Analytical optimization, including the Lagrange approach, was used to determine the distribution of 
flow among operating pumping units. Computational analysis was then applied to operational data 
from the irrigation system to evaluate feasible operating conditions. Hydraulic and equipment 
parameters were incorporated into a functional minimization model based on energy consumption. 
Hydraulic and equipment parameters were incorporated into a functional minimization problem 
based on energy consumption. 

The optimization problem can be represented conceptually as minimizing the total energy-
related objective function (min𝐹(𝑄!, 𝑄", … , 𝑄#)). Then, subject to the required total discharge is 
∑ 𝑄$#
$%! = 𝑄&'(, and the hydraulic and operational constraints of each pumping unit. Here, Qi 

represents the discharge assigned to the i-th pumping unit, while Qreq represents the required 
system discharge. The Lagrange approach provides a mathematical basis for distributing the required 
flow among operating units while satisfying the total-flow constraint. 

 
3.2 Hydraulic System and Boundary Conditions 

 
The South-Golodnostepsky main canal and the Jizzakh cascade of pumping stations were used as 

the investigated hydraulic system. The canal parameters included channel width (b), side-slope 
coefficient (m), roughness coefficient (n), flow depth (y), longitudinal slope (i), and canal length (l). 
These parameters define the hydraulic boundary conditions required for evaluating flow behavior 
and pump operation. The dataset provides b = 19 meters, m = 8, n = 0.02, y = 0.17 meters, i = 0.00006, 
and l = 25,500 meters. These values were used as the hydraulic input parameters for the optimization 
analysis. The operating modes were additionally constrained by water level at the UVPK-400 control 
section. The available combinations of pumping units decrease as water level declines, and operation 
near approximately 3.6 m and below approaches a potential cavitation region according to the 
analysis. The optimization domain was explicitly restricted by water-level-dependent hydraulic and 
mechanical feasibility. Candidate pump combinations that violated the permissible hydraulic range 
or approached the identified cavitation region were excluded before energy-based comparison. 
Consequently, the optimization seeks the lowest-energy solution only within the hydraulically 
admissible operating space. 
 
3.3 Determination of Optimal Pump-Unit Operation 

 
The optimization procedure evaluated the relationship between pumping-station flow rate and 

relative changes in unit consumption. Optimal flow distribution was identified from the characteristic 
relationships among operating units. For pumping stations containing different types of units, 
graphical intersections of the corresponding loss characteristics were used to identify advantageous 
distributions of water flow. 

The procedure can be summarized as: (i) defining the required hydraulic operating condition; (ii) 
identifying feasible combinations of pumping units; (iii) distributing the required discharge among 
active units; (iv) evaluating the associated energy-related objective function; and (v) selecting the 
feasible operating mode providing the most advantageous system performance. 
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The distinctive feature of the procedure is that the feasible set of pump combinations is updated 
according to the prevailing hydraulic condition before energy-based selection is performed. The 
resulting operating state must simultaneously satisfy discharge requirements, hydraulic conditions, 
equipment limitations, and energy considerations. 
 
3.4 Water and Electricity Management Framework 

 
The optimization was embedded within the broader management structure of the Jizzakh 

cascade of pumping stations. Water-resource management involved interaction among the central 
control system, pumping stations, and hydraulic structures. Electricity-consumption management 
was considered together with pumping-station operation because changes in the number and 
operating mode of active units directly influence energy demand. These two system structures are 
subsequently presented. 

Time-dependent variations in water flow along sections of the South-Golodnostepsky main canal 
were also considered for operational planning. The calculations demonstrate that operating time 
changes with flow conditions and adjustments, providing information required for real-time control 
and management. 
 
4. Results and Discussion 
4.1 Optimal Flow Distribution among Pumping Units 
 

The relationship between pumping-station flow rate and the relative increase in unit 
consumption is presented in Figure 1. The characteristic curves represent different pumping units 
and provide a graphical basis for determining how the required discharge should be distributed. The 
intersection of the characteristic relationships identifies operating conditions at which the units can 
share the required flow with more favorable energy performance. 

  

 
 

Fig. 1. Characteristics of relative increases in unit consumption depending on the pumping-station flow rate 
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The results indicate that pumping-station optimization should not be based solely on the 
minimum consumption of an individual pump. When several units operate simultaneously, the total 
station performance depends on the distribution of discharge among the active pumps. 
Consequently, a locally efficient operating point for one unit does not necessarily correspond to the 
most efficient operating condition for the complete station. This observation supports the system-
level optimization concept discussed in previous pump-scheduling studies, where hydraulic 
requirements and energy consumption are considered simultaneously [7, 12]. 

The optimization model therefore searches among feasible flow distributions rather than 
assuming equal or fixed loading of individual units. This is particularly important when the pumping 
station contains units with different operating characteristics. Under such conditions, the optimal 
solution can shift as the required station discharge changes. The graphical behavior in Figure 1 
demonstrates why control algorithms are required: multiple technically possible combinations may 
exist, but only a subset provides advantageous energy performance while satisfying the required 
discharge. 

Figure 2 extends this analysis by illustrating the determination of advantageous water-flow 
distribution between different types of pumping units. 

 

 
Fig. 2. Determining the most advantageous water-flow distribution between different types of units 

 
The intersection of the corresponding loss or consumption characteristics provides a criterion for 

distributing the total flow between different units. This approach allows pump combinations to be 
evaluated according to their collective behavior rather than independently. The result is consistent 
with modern pump-scheduling approaches in which combinations, load distribution, and operating 
constraints are optimized jointly [8, 9]. 

From an engineering perspective, Figures 1 and 2 demonstrate two related principles. First, the 
operating mode of a multi-unit pumping station is a constrained allocation problem in which the 
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required water discharge must be distributed among available pumps. Second, the most 
advantageous allocation depends on the characteristics of the active units. Therefore, optimization 
algorithms provide a rational basis for selecting operating modes when several configurations can 
satisfy the same overall water demand. 

 
4.2 Integrated Water-Resource and Electricity-Consumption Management 
 

Optimization of individual pumping units is only one component of efficient station operation. 
The investigated Jizzakh cascade forms part of a larger hydraulic network in which pumping stations, 
canals, control structures, water-management units, and electricity-management systems interact. 
Figure 3 illustrates the organizational structure used for water-resource management and regulation 
of the operating modes of the Jizzakh cascade. 
 

 
Fig. 3. Structure of water-resource management and operating modes of the Jizzakh cascade of pumping 
stations 
 

The structure demonstrates that pumping-station operation is linked to centralized management 
and hydraulic information from different parts of the system. This arrangement is important because 
a control decision taken at one pumping station may influence downstream water availability and 
the operating requirements of other stations. Coordinated operation therefore allows water-
distribution decisions to be based on system conditions rather than isolated local observations. 

Such integration is consistent with the increasing use of dynamic scheduling and system-state 
information in pump optimization. Modern control frameworks employ continuously updated 
hydraulic information to determine pump combinations that satisfy changing demands while 
maintaining efficient operation [10, 11]. Although the present study uses a mathematical and 
algorithm-based framework rather than an advanced digital-twin architecture, the underlying 
engineering principle is similar: operating decisions should respond to the state of the entire 
hydraulic system. 

Energy management is represented in Figure 4, which shows the structure used for electricity-
consumption management within the Jizzakh cascade. The figure demonstrates the direct 
relationship between electricity supply and pumping-station operation. Changes in the number of 
active units, their flow distribution, and their operating duration influence the total electrical demand 
of the system. Consequently, water-resource management and electricity-consumption 
management cannot be optimized independently. 
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Fig. 4. Structure of electricity-consumption management of the Jizzakh cascade of pumping stations 
 
This finding is particularly important for large irrigation pumping systems because achieving the 

required water delivery does not automatically imply efficient energy use. Two operating 
configurations can potentially supply a similar total discharge but require different energy inputs. 
Pump scheduling and optimal-control studies have similarly shown that coordination between 
hydraulic and energy variables can substantially influence operating efficiency [4, 5]. Thus, the 
management structures in Figures 3 and 4 provide the operational framework within which the 
mathematical optimization results should be implemented. 
 
4.3 Hydraulic Parameters and Canal Operating Conditions 

 
The hydraulic behavior of the pumping system is influenced by the characteristics of the South-

Golodnostepsky main canal. The dataset provides a channel width (b = 19 meters), side-slope 
coefficient (m = 8), roughness coefficient (n = 0.02), flow depth (y = 0.17 meters), longitudinal slope 
(i = 0.00006), and total canal length (l = 25,500 meters). These parameters define the hydraulic 
environment in which the pumping stations operate and constitute essential boundary conditions for 
modeling flow behavior. 

 

 
Fig. 5. Relationship between SGMC flow rate and calculated losses for the channel section between PK-145 
and PK-400 
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The calculated operating behavior of the canal section between PK-145 and PK-400 is shown in 
Figure 5. The calculated curves demonstrate that canal operation changes with water level and 
discharge. This relationship is critical because pumping-station control must respond to hydraulic 
conditions within the connected canal rather than treating the required discharge as an independent 
fixed parameter. Numerical modeling of open-channel water-resource problems provides an 
appropriate basis for representing these relationships and evaluating the consequences of changing 
hydraulic conditions [13]. 

The importance of hydraulic state becomes particularly clear when the permissible operating 
modes of the Jizzakh main pumping station are examined. At water levels of approximately 6.4-5.6 
m, the system permits a relatively broad range of operating configurations, including combinations 
involving one to three units. As the water level decreases toward approximately 5 m and below, the 
available combinations become progressively restricted. At still lower levels, around 4.4-3.6 m, 
operation becomes increasingly constrained, and near 3.6 m and below, the analysis identifies a 
potential cavitation region. 

These findings reveal the key distinction between unconstrained pump-energy optimization and 
the present hydraulic-state-dependent framework. The mathematically lowest-energy combination 
cannot necessarily be selected because decreasing canal water level progressively changes the 
feasible operating domain. Hydraulic safety therefore defines the admissible pump combinations 
first, after which energy minimization is performed within that restricted domain. An operating 
configuration must first satisfy hydraulic and mechanical feasibility requirements. Therefore, 
optimization is subject to a hierarchy of constraints: safe hydraulic operation defines the feasible 
solution space, and energy minimization is subsequently performed within that space. 

The result also explains why static pump scheduling may be insufficient for irrigation systems with 
changing canal levels. A combination that is permissible at 6.0 m may no longer be acceptable after 
the water level declines. Consequently, control algorithms should be capable of updating permissible 
pump combinations as hydraulic conditions change. Previous studies similarly emphasize that 
hydraulic and energy-efficiency considerations should be evaluated together when optimizing water-
supply systems [12]. 

Open-channel modeling is also important for determining how changes propagate through the 
irrigation system. Finite-element and computational approaches have been applied to unsteady 
water movement in open channels and can provide additional tools for representing spatial and 
temporal hydraulic variation [14]. In the present case, hydraulic modeling provides the connection 
between canal conditions and pump-operation decisions. 
 
4.4 Time-Dependent Flow Behavior and Operational Control 

 
The temporal response of the canal system is presented in Figure 6, which shows calculated 

changes in operating time for different sections and flow conditions. The calculated results 
demonstrate that water movement and system response are time dependent. Changes in discharge 
do not instantaneously produce uniform conditions throughout the canal; therefore, the timing of 
operational adjustments must be considered when controlling pumping stations. This factor is 
especially relevant for cascaded systems, where a change in upstream pumping operation may alter 
downstream hydraulic conditions after a finite travel or response time. 

The time-dependent calculations provide a second layer of operational constraint because 
changes in canal discharge require a finite hydraulic response time. Pump switching and discharge 
adjustments should therefore be coordinated not only with the instantaneous hydraulic state but 
also with the expected propagation of flow changes through the canal system. Pump-unit selection, 
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switching, and discharge adjustment should be coordinated with the expected hydraulic response of 
the canal. Excessively rapid or poorly coordinated changes may produce temporary mismatches 
between pumping capacity and actual system requirements. Conversely, incorporating system-
response time into the control algorithm allows operational changes to be scheduled more 
consistently with hydraulic conditions. 

 
 

 
Fig. 6. Calculated time variation for different flow-change scenarios (ΔQ = 25, 30, and 40) in sections of the 
South-Golodnostepsky main canal 
 

The time-dependent hydraulic response is particularly important in cascade pumping systems 
connected through open channels. Previous studies have demonstrated that hydrodynamic modeling 
can be coupled with pumping-station optimization to account for interactions among discharge, 
hydraulic head, and canal operating conditions [15]. Changes in pumping discharge also require a 
finite period to propagate through the canal system, meaning that operational adjustments should 
consider hydraulic response time rather than assuming instantaneous changes [16]. More recent 
real-time scheduling approaches have further incorporated dynamically updated hydraulic 
information into cascade pumping-station control under changing water-demand and canal 
conditions [17]. These findings support the present consideration of both the current hydraulic state 
and the expected temporal response of the canal when determining feasible operating modes. 

The combination of Figures 5 and 6 therefore provides two complementary pieces of information. 
Figure 5 describes permissible operating behavior as hydraulic conditions vary, whereas Figure 6 
shows that transitions between conditions occur over time. Together, these results support control 
strategies in which pump selection is updated according to both the current hydraulic state and the 
expected temporal evolution of the canal system. 
 
4.5 Engineering Significance of the Optimization Framework 

 
The collective results demonstrate that efficient operation of axial pumping stations requires 

integration of pump characteristics, hydraulic boundary conditions, flow-distribution requirements, 
temporal behavior, and electricity consumption. Each component is represented within the results: 
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Figures 1 and 2 describe optimal distribution among pumping units; Figures 3 and 4 show the 
coordination of water and electricity management; and Figures 5 and 6 describe hydraulic operating 
conditions and their temporal variation. 

The engineering significance of the framework lies in its treatment of hydraulic feasibility as a 
dynamic constraint on optimization. Canal water level, permissible pump combinations, hydraulic 
losses, and potential cavitation conditions define a changing feasible operating region within which 
flow allocation and energy performance are evaluated. The results show that operating decisions are 
constrained not only by energy consumption but also by canal water level, permissible pump 
combinations, hydraulic losses, and potential cavitation conditions. The control problem is therefore 
multi-variable and constrained, requiring mathematical optimization rather than simple selection of 
the nominally most efficient individual pump. 

The present analysis is also consistent with previous work by the authors on applying 
mathematical modeling and optimization to pumping stations in irrigation systems. In the current 
framework, the engineering interpretation is strengthened by explicitly connecting optimal flow 
distribution with water-resource management, electricity-consumption management, canal 
operating modes, and time-dependent hydraulic behavior. 

From an operational viewpoint, permissible pump combinations should be updated as canal 
water levels and hydraulic conditions change, and energy minimization should subsequently be 
performed only among those hydraulically feasible alternatives. This sequence prevents an 
energetically attractive but hydraulically unsafe operating mode from being selected. 

The results also support the development of automated or semi-automated control algorithms. 
Algorithm-based planning has also been applied to water management in irrigation systems, 
demonstrating that coordinated operational decisions can improve the allocation and management 
of water resources under varying system conditions [18]. Once hydraulic variables, equipment 
characteristics, and constraints are incorporated into the mathematical model, candidate operating 
modes can be evaluated computationally. This provides a basis for decision support in which 
operators select among feasible modes according to current water and energy requirements. Further 
development could incorporate more advanced real-time data acquisition and adaptive optimization 
techniques, but such extensions would require additional operational data beyond those available in 
the present study. 

 
4.6. Implications for Sustainable Water and Energy Management 
 

The sustainability contribution of the proposed approach arises from the close relationship 
between water delivery and electricity consumption. Irrigation pumping stations consume energy 
specifically to transport and regulate water; therefore, inefficient operation can simultaneously 
increase water-management inefficiencies and unnecessary energy consumption. Mathematical 
optimization provides a systematic means of reducing avoidable energy use while maintaining the 
required hydraulic conditions and water-delivery targets. 

The results are particularly relevant to SDG 6 because efficient operation of irrigation pumping 
infrastructure supports more effective allocation, conveyance, and delivery of water resources. 
Previous studies on irrigation and water-supply systems have shown that pumping operation should 
be coordinated with water demand, hydraulic conditions, and system constraints to improve water-
management efficiency [19]. In addition, energy-efficient pump operation can reduce unnecessary 
electricity consumption while maintaining the required water-delivery performance, thereby 
strengthening the connection between sustainable water management and pumping-system 
optimization [20]. In the present study, the contribution to SDG 6 is therefore associated primarily 
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with improving the operational efficiency of water conveyance and distribution rather than with 
water-quality treatment or remediation. 

The proposed optimization framework is also relevant to SDG 7 (Affordable and Clean Energy), 
since the selection of appropriate pump-unit combinations and operating schedules can reduce 
avoidable electricity consumption. In pumping systems, water and energy performance are 
inherently interconnected because any unnecessary hydraulic resistance, inappropriate pump 
selection, or inefficient operating mode can increase the energy required to deliver a specified flow 
rate. Therefore, improving the hydraulic operating mode can contribute simultaneously to more 
efficient water distribution and more rational energy utilization. More broadly, sustainable 
engineering studies have emphasized the importance of improving energy-resource efficiency and 
developing alternative strategies for more sustainable energy utilization [21]. 

Such an approach is relevant to the present pumping analysis because hydraulic performance 
cannot be interpreted solely from numerical outputs; the relationships among flow rate, head, 
operating conditions, and energy consumption must also be understood physically. However, the 
sustainability interpretation should remain proportional to the available evidence. The present 
analysis demonstrates optimized hydraulic operating modes and provides an engineering framework 
for reducing water- and energy-related inefficiencies, but it does not directly quantify life-cycle 
environmental impacts, carbon-emission reductions, long-term regional water savings, or changes in 
water quality. These broader sustainability effects would require additional field measurements, 
electricity-consumption records, environmental assessments, and long-term operational datasets. 

Mathematical modeling and control algorithms therefore enable the Jizzakh pumping system to 
be interpreted as an integrated hydraulic-energy system. The principal engineering contribution is 
not simply the identification of a single optimal pump combination, but the establishment of a 
framework in which operating modes can be selected according to changing water levels, hydraulic 
constraints, required flow rates, and energy considerations. This system-level perspective provides a 
practical basis for improving the reliability, efficiency, and resource-conscious operation of axial 
pumping stations. 
 
5.  Conclusion 
 

This study developed a mathematical optimization framework for selecting operating modes of 
axial pumping stations under changing hydraulic conditions. The results demonstrate that efficient 
operation depends on coordinated flow distribution among pumping units, canal water level, 
hydraulic constraints, time-dependent flow behavior, and electricity-consumption management. The 
analysis identified progressively restricted operating modes as water levels decreased and 
highlighted potential cavitation conditions at low levels. The main contribution of the study is the 
formulation of a water-level-dependent feasible operating domain for axial pumping stations, in 
which hydraulic losses, permissible pump combinations, and potential cavitation constraints are 
evaluated before energy-based optimization. The results further show that canal response time 
should be considered when operational adjustments are implemented. This framework provides a 
practical basis for hydraulic-state-dependent control of axial pumping stations under changing 
irrigation-canal conditions. The approach supports more reliable irrigation-water management and 
contributes to resource-efficient operation relevant to SDGs 6 and 7. 
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