Improving the energy efficiency of pumping stations
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Abstract.  This article discusses ways to improve the energy efficiency of pumping stations by optimizing the dimensions of in-station pressure pipelines and the equipment installed within them. It also presents a methodology for determining the optimal diameters of in-station pressure lines at a pumping station based on the criterion of minimum reduced costs, which consists of the sum of the capital costs for equipment installation and the energy lost to overcome hydraulic resistance in the equipment. The results of calculations to determine the optimal diameters of in-station pressure lines at the Korasuv pumping station using the above methodology are presented. These calculations demonstrate that the existing equipment dimensions are not optimal and that replacing them with optimal ones will result in significant energy savings.
INTRODUCTION
Energy costs in pumping stations constitute the main part of operating costs, for example, according to a number of studies, electricity costs account for 50...85% of total operating costs [1,2,3].
The energy costs of a typical pumping station equipped with centrifugal pumps, asynchronous motors and frequency converters, according to T. Ahonen, are 60% of operating costs [4], and according to M. Pemberton, 75% of operating costs are spent on energy costs and maintenance [5].
A study of the results of scientific research on increasing the energy efficiency of modern pumps has shown that it is possible to reduce energy losses by up to 40%, where: by increasing the efficiency - up to 3%; due to adjustments to pump parameters and water supply network parameters, it can be increased by up to 4%, by regulating the pump operating mode - up to 18...20%, by using various devices by up to 4%, and by optimizing the water supply and distribution system by up to 10...12% [6]. A similar conclusion was made in [7], according to which, as a result of optimizing the operating modes of hydraulic devices (pumps, fans, compressors), it is possible to save 62% of energy, and in [8] only in pumping devices - 30...50%. The use of pumping stations as a regulator of energy consumption in energy systems also increases their efficiency [9,23].
The energy efficiency of pumping stations primarily depends on the operation of pump units in optimal operating modes. The optimal operating modes of pumps are understood to be those operating modes that deliver the required amount of water to a specified height and distance with the values ​​of their maximum useful efficiency [10].
Optimal operating modes of pumps require the development of scientifically based constructive-technical, design and operational-technological measures. The measures taken should be aimed at reducing the main technical and economic indicators of the pumping station - energy consumption and the cost of pumped water. Based on the above, it is of great interest to identify the factors affecting the reduction in the efficiency of the pumping unit.
The results of observations and research conducted at pumping stations show that the factors that negatively affect the optimal operating modes of pumping units are the following:
- excessive head loss due to the non-optimal diameters of the pump piping system [11];
- failure to perform timely and high-quality repair and restoration work;
- electric motor power, which in most cases significantly exceeds the power required for the pump [12,24];
- increased hydraulic resistance due to wear and contamination of suction and pressure pipes;
- increased hydraulic resistance due to the accumulation of sludge deposits in the pre-chamber and suction chamber, which disrupts the established design structure of the flow and increases the hydraulic resistance [13,14,22,25];
- increased hydraulic resistance due to cavitation and hydroabrasive erosion of the pump impeller and suction pipe;
- excessive water leakage in the pump housing, in its parts connected to the pipes;
- misalignment of the axes of the electric motor and the pump shaft, static imbalance in the impeller, high mechanical resistance in the bearings.
In recent research works, programmed methods of planning the operating mode of equipment to increase energy efficiency based on special programs in the control system of the power plant have been recommended [15,16,17,18,19,20].
In many pumping stations equipped with centrifugal pumps in the Republic of Uzbekistan, in order to reduce construction costs, the diameters of the gate and check valves installed in the pressure section of the units are taken to be minimal, that is, equal to the diameter of the pressure branch pipe (outlet) of the pump (Figure 1).
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FIGURE 1. Location of internal pressure communications at the pumping station.
a) diagram of the location of shut-off communications in the pipeline; b) machine room of the Korasuv pumping station. 1 – suction pipe; 2 – pump; 3 – gate valve; 4 – station internal pressure pipe; 5 – check valve.

But this situation, despite the reduction of capital costs, can lead to an increase in energy costs, so it is necessary to determine the diameters of the equipment according to the minimum total costs that take into account the operation and capital costs. 
Currently, in the methods for determining the size and location of equipment for intra-station pressure communications, the method of minimizing capital costs is mainly used, based on the size of the pumps and the pumping station building [12,16].
METHODS AND MATERIALS

The energy consumption of pumps can be determined using the following formula:

                 (1)
Where Q(t) and HG(t)  are the pump's performance and geometric head at time t, ΔН(t) is the pressure loss in the pipeline system at time t, η(t) – ) is the pump's efficiency at time t, and Т = t 1 – t0  is the pump's operating time.
As can be seen from equation (1), to reduce the pump's energy consumption, ΔH must be reduced, which primarily requires increasing the diameters of valves, check valves, and in-station pressure pipes. However, increasing the size of pipes and equipment naturally leads to increased capital expenditures, necessitating a search for a criterion for minimizing total costs, including both capital and energy costs, equivalent to those spent on pressure loss ΔH.
This optimality criterion can be expressed as follows:
Ki = Ji·р + c·EΔHi  → min                                                                 (2)
where Ki  is the annual cost of internal pressure pipelines, sum, Ji  is the cost of purchasing and installing internal pressure pipelines and equipment on them, sum, p – is the annual bank coefficient (rate) of expenses for Ji, с  is the electricity tariff, sum/kW⋅h, EΔHi  is the amount of electricity equivalent to the pressure loss in the internal pressure pipeline, kW⋅h.
The value of EΔHi can be determined using known methods for calculating pressure losses in pipelines, using the following equation:

                                     (3)
where η  is the efficiency of the pumping unit, λ is the coefficient of hydraulic resistance due to friction in the pipe, Dpipi, lpipi are the diameter and length of the intra-station pressure pipeline, m, Σξi  is the sum of the coefficients of local resistance in the intra-station pressure pipeline, Qi is the pump capacity, m3/s,  T  is the operating time of the intra-station pressure pipeline adopted for the calculation, h, i  are the variants of the diameters of the intra-station pressure pipeline,  j are the types of local resistance.
The size of the bank rate can be determined by the following formula [21].

                                                                                          (4)
r is the annual investment coefficient, and τ is the investment period in years.
It should be noted that r also includes depreciation costs and deductions for repairs.
Substituting expressions (3) and (4) into formula (2), we obtain the following equation:

            (5)
In this equation, the value of Qi is determined for each option under consideration using the following formula.

                                                                          (6)
where H0 is the initial pressure value in the working zone of the pressure characteristic,  a  is the pump pressure characteristic coefficient, HG is the geometric pressure.
The values ​​of H0 and a can be calculated using the following formulas [12]:


H0 = H2 +а ·;   or     H0 = H1 +а ·                                                       (7)

                                                     (8) 
where Н1, H2, Q1, Q2 are the parameters obtained at the boundary points of the working zone of the pump's pressure characteristic.
The hydraulic resistance coefficient of the in-station pipeline system bi is determined by the following relationship:

                                                (9)
To ensure that the optimization criterion (5) is met, the following constraints and conditions must be met.
1. For all variants, lpip = 1,0 м, and the values ​​of η, τ, Т, с must be the same.
2. For the pump head and capacity, the following condition must be met: Hmin < Hi < Hmax and Qmin < Qi < Qmax. 
3.  The minimum diameter of in-station pipes and equipment is equal to the diameter of the pump discharge pipe.
RESEARCH RESULTS
Determining the optimal dimensions of the in-station pipeline and its equipment using the above method is considered using the example of the Korasuv PS in the Kashkadarya region (Figure 2). At this PS, the internal diameter of the suction pipes is Dval = 800 mm, the diameter of the gate valve is  Dpr.val = 600 mm, the diameter of the in-station pressure pipeline is Dpip=800 mm, and the diameter of the check valve is Dchek.= 800 mm.
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FIGURE 2.  Layout of pressure communications at the Korasuv pumping station.

The results of calculations according to criterion (5) for seven variants of pressure communication diameters are given in Table 1. In the variant numbers in brackets, the gate valve diameters are shown in the numerator, and the check valve diameters in the denominator. ξval, ξdiff, ξchek, ξ45turn, ξmerg are the coefficients of local resistance of the gate valve, diffuser, check valve, 45° turn, and flow merging in pipes.

TABLE 1. Results of calculations of reduced costs according to criterion
	Options
	ξval
	ξdiff
	ξchek
	ξ45turn
	ξmerg
	λ
	СЕΔН
thous. of sums
	J·p,
thous. of sums
	К,
thous. of sums

	1(0.6/0,6)
	0,15
	-
	1,7
	0,13
	1,72
	0,0181
	20189
	24940
	45129

	2(0,6/0,7)
	0,15
	0,06
	1,7
	0,13
	1,15
	0,0175
	13937
	28413
	41669

	3(0,6/0,8)
	0,15
	0,096
	1,7
	0,13
	0,85
	0,0169
	12179
	28951
	41130

	4(0,8/0,8)
	0,15
	-
	1,7
	0,13
	0,85
	0,0169
	6514
	32241
	40755

	5(0,8/0,9)
	0,15
	0,05
	1,7
	0,13
	0,52
	0,0164
	3820
	36521
	40341

	6(0,8/1,0)
	0,15
	0,08
	1,7
	0,13
	0,48
	0,0160
	2703
	37747
	40450

	7(0,9/1,0)
	0,15
	0,04
	1,7
	0,13
	0,48
	0,0160
	2402
	40414
	42816


  
Based on the calculation results, a graph was created for determining the optimal diameters for in-station pressure lines (Figure 3). The options are shown with the valve diameters, and the check valve diameters are given in parentheses.
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FIGURE 3.  Schedule for determining the optimal diameters of intra-station pressure communications
In contrast to the existing arrangement of pressure communications shown in Fig. 1, the optimal option is to install the gate valve after the mounting insert and diffuser according to the diagram shown in Figure 4.
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FIGURE 4. The pump station is designed for communication and optimal operation.
1 – water pump;  2 – pump; 3 – mounting insert; 4 – diffuser; 5 – gate valve; 6 – check valve.

According to calculations, if the optimal diameter option for in-station pressure communications is used instead of the existing option, it is possible to save 59,361 kWh of electricity per year per pump, with its average operating life of 5,000 hours.
CONCLUSIONS
1. A methodology has been developed for determining the optimal diameters of in-station pressure lines based on the criterion of minimum reduced costs, consisting of the sum of capital costs for equipment installation and energy losses due to overcoming hydraulic resistance in the equipment.
2. The results of calculations to determine the optimal diameters of in-station pressure lines at the Korasuv pumping station using the above methodology showed that reconstructing the lines with equipment with optimal diameters in place of the existing equipment allows for energy savings of 59,361 kWh per year per pump, with an average operating life of 5,000 hours.
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