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Abstract

:

The main purpose of the presented research is to raise the efficiency of pumping stations’ operational work by developing a model for reducing energy costs in urban water supply systems. Pumping systems are responsible for a significant portion of the total electrical energy use. Significant opportunities exist to reduce the pumping energy through smart design, retrofitting, and operating practices. Today, considering the increase in pumping energy prices in water conveyance systems, the problem of optimal operation of pumping stations is very actual. The optimal operation of pumping stations was determined using a Genetic Algorithm Optimization (GAO) to achieve the minimum energy cost. The paper presents a novel management model for the optimal design and operation of water pumping systems on a real case study for the town of Gonabad in Iran. To achieve this goal, three days in a year were selected randomly. The results indicate that the proposed mode in conjunction with a GAO is a versatile management model for the design and operation of the real pumping station. Modeling results show that optimization with a GAO reduces power consumption by about 15–20%.
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1. Introduction


The optimization of Urban Water Supply System (UWSS) operational work is a quite common task. Many tools based on mathematical programming have been proposed. Large hydro-technical facilities, despite their massiveness and usurpation of space, have justifications for their construction, in a spirit of the academic and engineering manners, as well as in an order of providing the balance between small- and large-scale analysis. The application of the GAO tends to be compromise solution for increasing the energy and hydraulic efficiency of the water supply [1]. In other words, water supply systems need to be designed efficiently, accounting for both construction costs and operational energy expenditures when pumping is required. Since water demand varies depending on the moment’s necessities, especially when it comes to agricultural purposes, water supply systems should also be designed to adequately handle this [2].



Reports show that the electrical energy used to pump water comprises a high portion of the total operational costs of the system [3]. About 20% of the world’s energy is consumed in pumping systems [4]. Various measures are taken to save energy in water supply systems. In general, these preparations are divided into two general categories. These are actions related to motor pump design and measures related to motor pump operation. The problem of scarcity of resources in the economy and proper selection of projects requires detailed analysis. This is an example where the important financial and economic evaluations of development plans in the national economy are required [5].



Many researchers have taken various steps over the past few decades to minimize operating costs. Various optimization methods have been used for operational optimization problems such as linear or nonlinear programming [6,7], dynamic programming [8], nonlinear heuristic optimization [9], genetic algorithms [10], particle swarm optimization [11], ant colony optimization [12,13], and many others.



Finding optimal schedules for pumps in a water distribution network is a difficult task for researchers, as well as managers, designers, and operative engineers. Changing the time of using the pumps and determining a specific program that leads to more use of the pump in cheap electricity tariffs can help to reduce energy consumption. However, since it is not possible to determine the maintenance cost of the pump due to the pump operation, alternative measures should be used to determine and estimate it. An increase in the pressure on the network refers to the increase in maintenance costs in the future [14].



The main purpose of this study was to investigate the potential of power consumption efficiency and evaluate the impact of the optimization algorithm and its performance on pumping systems and then prepare a plan for pump performance to minimize energy consumption and prepare a model to reduce energy costs in the water supply system of the city. Therefore, according to the parameters determining the cost of electricity and pump, a new proposed formula is proposed. Then, considering the limitations, MATLAB programming and genetic algorithm optimization (GAO) are performed for each pump.




2. Review of Literature


Water and energy are vital resources, and their integrated management can provide significant economic and environmental benefits in both sectors [15]. From time immemorial, many measures, including economic and political factors, have been considered to control energy consumption. Over the past few decades, water organizations have been challenged by new stringent regulatory requirements, increased costs and energy demand, and reduced availability of high-quality water resources [16].



An example of this is the influence of lobbies and political leanings of particular interest groups on water supply issues over Israeli–Palestinian disputes. Despite regional decisions on the amount and regime of water supply, water availability will depend on energy consumption. This means optimizing the pumping and distribution of water [17]. Today, groundwater is mainly extracted using piped wells using electric pumps or diesel to raise water to the ground. The relationship between energy and water is two-way: water can be used to produce energy and energy is used to pump groundwater.



Excessive groundwater use is a threat to the sustainable development of rural and urban areas, especially in arid and semi-arid regions. In Iran, estimates show that more than 70% of the water resources in the last case have been exploited for 15 years and a lot of investment has been made to enrich and relocate the wells [18]. Increasing groundwater abstraction is contrary to the announced policies of the government. However, the reluctance to enforce agricultural water use regulations, which has led to over-harvesting for agriculture, thwarts this goal, not only in direct competition with urban consumers but also in increasing costs [19]. Although rising energy prices can be an economically viable way to manage groundwater consumption, they cannot be easily implemented. The results of the subsidy reform show that, even if these reforms are successful in reducing energy subsidies in the non-agricultural sector, the program has not achieved the desired results in the agricultural sector.



Although energy price management can control the sustainable management of groundwater resources, an alternative option should be given to farmers to reduce their potential mutual dissatisfaction. The energy management system is based on the energy flow analysis method based on the conceptual model of the energy reference system and energy balance sheet and energy indicators to explain the status of energy flow and evaluate the potential for energy saving. The level of energy flow, which combines other factors of production (capital and labor) to minimize the total cost of production, is introduced as the optimal energy point. Pumping stations in the water and wastewater industry are one of the vital centers and main arteries of water transmission. They are one of the sources of water production to water distribution networks in cities. High energy consumption in pumping stations has made the optimization of consumption and thus reduce the energy consumption of particular importance [20,21].



Many factors affect the performance of pumping stations and the amount of energy consumed. These factors include high reliability in purchasing power points and as a result of high payment costs, failure to install capacitors and thus increase reactive power and cost, change of the hydraulic level of wells for various reasons, worn-out of the electric pumps as well as lack of coordination and planning to change the working hours of electric pumps from high to low or medium load [22]. The cost of electricity consumption has a major share in water supply and sewerage projects. This share in the wastewater treatment plant is estimated at 25 to 40% of the cost of operation and management of the treatment process [23].



Based on water and energy consumption curves, water and electricity consumption time are almost the same over a while. This fact doubles the need to change the electricity consumption hours to extract the water to reduce power consumption according to peak load schedules by the Ministry of Energy directives. On the other hand, the lack of fixed prices of electricity consumption at different hours of the day and dynamic pricing can play a positive role in changing the consumption pattern to transfer consumption from peak hours to non-peak hours and reduce costs [24]. Studies of per capita electricity consumption in Iran are several times higher than the international per capita, and this amount of consumption in the water and electricity industry is correct and higher than the global average so that high annual cost of electricity consumption is placed on responsible companies [25]. Energy consumption in water pumping stations is very important for urban and rural water and sewage companies as the custodian and executor of this matter.



In the past, the design of the Urban Water Supply System including pumps, pipelines, and storage tanks was not carried out sustainably. However, these systems were affected by many dynamic factors. Therefore, since the 1990s, researchers have used dynamical modeling for such systems to design and optimize energy consumption. Chase and Ormsbee [26], as well as Brion and Mays [27] linked network-simulation models with nonlinear optimization algorithms to determine optimal pump operations. None of these algorithms considers the number of pump switches as a criterion for making operational decisions. Little and McCrodden [28] solved a mixed-integer linear-programming problem for pipelines within the water supply system. Since the flow is pumped to a free outlet, a linear program was formulated. The integer portion had incorporated the discrete operations and a maximum power-usage constraint. Such analyses did not consider adding the pump-switching constraints. MalaJetmarova et al. [29] presented a systematic review of a large number of previous studies on the operational optimization of the water supply system, with emphasis on the optimal performance of the pump and valve control.



The performance for water quality purposes of urban and multi-regional drinking water distribution systems was presented by Puleo et al. [30]. The hybrid Discrete Dimensional Dynamics Search (HD-DDS) algorithm was used to optimize the pump operation schedule during the day, the continuous flow rate of the pump became a discrete program by considering the decision variables. León Celia et al. [31] analyzed the energy flow within the water network based on adjustment curves in two different modes of the theoretical network and the real network, which also considered the maximum energy flow constraints. They performed optimization in two ways. First was the discrete method, in which a predefined combination of flow distributions was evaluated. The second one was a solution by the Hooke–Jeeves and Nelder–Mead optimization algorithms. Wang et al. [32] examined the nonlinear economic model (EMPC) forecast control strategy for water networks. They used the shut-off function of turning on the parallel pumps at the pumping stations, the two-layer control design, the non-linear EMPC strategy by controlling the hourly spacing at the top layer, and finally the pump scheduling method with one minute sampling time in the bottom layer.



Zhuan and Xia [33] optimized the water pumping station using the reduced dynamic programming algorithm (RDPA). Zhuan et al. [34] investigated the performance of three pumps using the optimization problem formulation and the proposed optimization solution algorithm to reduce electricity costs concerning flow demand. The results showed that cost efficiency is due to two aspects. The first is the demand change from high intervals of electricity prices to low electricity prices. The second is the performance mode with high energy costs, intending to decrease consumption due to high costs. Wang et al. used the Storm Water Management (SWMM) and Particle Swarm Optimization (PSO) model to minimize pump start time and shutdown time. This was achieved by building an optimization model and optimizing the operating depth of the pumps [35]. Rasoulzadeh et al. [36] used the combined nonlinear programming and genetic algorithm (NLP-GA) to optimize the operational work of an irrigation pumping station. Mackle et al. [37], by using a genetic algorithm, conducted a procedure to optimize the cost of electricity consumption in pumping stations. They prepared time intervals and the schedule of the work for each pump. They considered a simple system with 3 different pumps for water pumping to the reservoir, while only constant speed pumps have been considered.



Moradi et al. [38] proposed a new model for designing and working agricultural pumping stations using genetic algorithms. With regards to the specifications of the pumps and considering the downstream demand curve, they examined the different combinations of pumping regimes for each combination that met the need and demand with a genetic algorithm. Finally, the model that had the lowest cost among the others was selected. Xuejun et al. [39] used a genetic algorithm to evaluate the optimal performance of a single stage pumping in a multi-stage pumping station with a small buffer. In this study, the capacity and the number of pumps were investigated.



As mentioned, in most of the analyzed cases, in many pumping stations there are no specific instructions for the operation work of the pumps. The high cost of electricity from water supply networks and to the depletion of natural resources are the motivations for studying this issue. By optimizing the volume of water storage tanks and presenting the operation plan of pumping stations, a decrease in energy costs could be finalized, which will be presented in this paper.




3. Modeling and Research Methodology


3.1. Study Area


According to the latest national divisions lists carried out in 2005, the county of Gonabad has an area of 9584 km2 and the population of this city is 88,753 inhabitants. Currently, the county of Gonabad is located in Khorasan Razavi province in Iran, and the city of Gonabad is situated in the center of the mentioned county, Figure 1. The distance from Gonabad to Mashhad city is 270 km, while its distance to Tehran (capital of Iran) is 1091 km.



The reason for studying the city is that the observed location is in a very hot and dry area. Due to this, an extending usage of water, and especially energy was noticed. For many years, the people of this sector have always been looking for a way to conserve energy and secure a water supply. Qasbeh Gonabad aqueduct, which is registered in the UNESCO World Heritage List and is the longest in the world, is one of the masterpieces of this city to solve this problem.




3.2. Input Data


Usually, in UWSS, the water abstracted from the water resources first must be distributed to the water reservoirs [41]. Table 1 shows the physical and geographical characteristics of the existing water supply reservoir.



At the peak power consumption hours on 29 May 2017 (7–11 p.m.), 5 pumps were turned on simultaneously, Figure 2a. This had a significant effect in increasing the cost of electricity. In Figure 2b. it can be seen that 3 to 4 pumps were being used at peak consumption times, although the outflow discharge is lower than the warm months of the year. Figure 2c. also shows a similar trend, with the difference that the pump operating hours had been less, early in the morning.




3.3. Calculation of Energy Cost


Generally, for 24 h a day, power consumption is divided into three-time sections. These are low-consumption, medium-consumption and high-consumption times [42]. Table 2 shows the divisions of hours and costs [41].



Accordingly, the pumps operating hours per month (on the yearly basis) based on the mentioned three divisions can be seen in Figure 3. According to Figure 3, during the summer period, the cost of electricity due to energy consumption of pumps was higher than the other seasons in the year, which can be explained by warm weather and high-water demand. The highest cost of electricity is during medium consumption hours (from 7 a.m. to 7 p.m.), as is shown in Figure 4.



Figure 4 shows the total operating hours of pumps at low consumption, medium consumption, and high consumption hours from October 2016 to August 2017. It can be seen that a total pump operation during a year is at its highest value during medium consumption hours.



To obtain the consumed energy, Equation (1) is used:


  E =  (  P × h  )  ÷ 1000  



(1)




where E represents energy consumption on kW per hour; P is the consumed power (W); h denotes the number of hours of operation of the pump(s). By multiplying E by the cost per kWh of low consumption, medium consumption, and high consumption hours shown in Table 1, Table 2 and Table 3, the cost of electricity consumed is obtained. Accordingly, the cost of electricity consumed on 29 May, according to Equation (1) is equal to 2,280,000 Riyals (45.95€), on 27 January is equal to 1,600,000 Riyals (32.25€) and on 29 October is equal to 1,715,000 Riyals (34.56€).




3.4. Genetic Algorithm Optimization (GAO)


Genetic Algorithms (GA) are biologically inspired methods for optimization, which start with three main operators of mutation, crossover, and selection to achieve the desired result [43]. The sum of the above three stages is called a generation. Each chromosome has a proportion that is obtained by a particular equation. This equation contains the principal function and penalty functions. Penalty functions are the functions that include considered limitations and restrict the analyzed problem.



In this research, by using MATLAB software, special codes for this algorithm are written, and with the help of the defined target function and inserting the available data in the mentioned codes, the algorithm starts a cycle. In this cycle, the algorithm eliminates inappropriate and non-ideal responses from the cycle and repeats this process again and again until the most optimal and cost-effective response is finally obtained.




3.5. Target Function


The target function in the considered problem is to minimize the amount of energy consumed for 24 h during a day. Generally, in a UWSS, the cost of energy consumption in a pump depends on the amount of pumped discharge, the manometric head required to pump, the pump’s operating time, and the unit cost of electricity [44]. Considering these factors and observing dimension, the following formula is suggested:


   MinCost =  f  − 3.5     × ρ ×  g 3    ×   ∑   i = 1  m    ∑   t = 1  k     Q  i . t   ×  H t     e  i . t     × C  E t    



(2)




where i is the index related to the pump, t is the index related to time, ρ is water density in     k g    m 3     , g is gravity in    m   s 2     , m is the number of pumps, k is 24 h of a day, Q is discharged in      m 3   s   , (H) means pumping height in m, η is pump efficiency, (  C  E t   ) means a cost of electricity at low consumption, medium consumption, and high consumption in Riyals, and f is the water pressure in pipes in     k g   m *  s 2     .



There are also some limitations in doing this research:




	
Limitation of the available pumps and downstream demand: This limitation means that sums of the pumped discharges by each pump must be equal to total discharge on that day. This limitation is shown in Equation (3):


    ∑   t = 1  k   Q  i . t   =    (  I Q  )   t   



(3)




where    Q  i . t     is the discharge through pump number (i) at the hour (t) at the station (     m 3   s   ) and      (  I Q  )   t    is total discharge for 24 h a day.



	
Limitation related to reservoirs: Given the permissible level of water in the reservoir, the water level in the reservoir is within a certain range. This range has been expressed in Equations (4) and (5).


   h t  ≤    h  m a x    



(4)






   h t  ≥    h  m i n    



(5)




where    h t    is the height of water in the reservoir per hour in meters, and    h  m a x        h  m i n    , respectively, are the maximum and minimum permissible height of the water inside the reservoir in meters. The mentioned limitation has been defined in a genetic algorithm as penalty functions to achieve the most optimal possible state.








This penalty is the cost that is considered for the failure of the considered option to achieve the maximum and minimum permissible balance of the reservoirs. The amount of this penalty is calculated according to Equation (6).


  p e n a l t y 1 = ∝  {        ∑  t  24      (     h t     h  m i x     − 1  )   2          ∑  t  24      (     h t     h  m a x     − 1  )   2           ¥     {       h t  >  h  m a x          h t  <  h  m i n          



(6)







Also, to prevent the creation of depth deficiency the next day, another penalty has been defined. In other words, Equation (7) is the penalty considered for the creation of depth deficiency (depth deficiency of the storage reservoir at the end of the period relative to its depth at the beginning of the period):


  p e n a l t y 1 = β ×    (     h T     h  I N     − 1  )   2   



(7)




where hT is reservoir water depth at the end of the period in meters and hIN is the water depth of the reservoir at the beginning of the period in meters.



 ∝  and β are the coefficients in a Genetic Algorithm. They have been obtained through trial and error as 103 and 105.314, respectively. It should be noted that in a target function formula, these 2 penalties are also added.



In addition to the above limitations, due to the tolerance and capacity of power in the pumping station, only 5 pumps per hour can be switched on simultaneously.





4. Results and Discussion


The results of coding in MATLAB software and running of genetic algorithm for an ordinary day, 29 May 2017, can be seen in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12. Again, according to the MATLAB selector program, this day was selected among these three days. These figures show the hours and the amount of pumped discharge by each pump. When the pumped discharge by the pump was zero, it indicated that the pump was off at that time. The estimated cost by the software is shown in Figure 5, which was equivalent to 1,899,000 Riyals (38.02€), that given its value before applying the algorithm (2,280,000 Riyals), about 15% savings have occurred. Also, on 29 October and 27 January, the costs before applying the scenario were 1,715,000 Riyals (34.34€) and 1,600,000 Riyals (32.04€), respectively, which reached 1,423,450 Riyals (28.50€) and 1,353,600 Riyals (27.11€) with the help of GAO. These results were equal to 17% and 15.4% savings.



Figure 5 shows the cost achieved by the software on 29 May 2017, after 50 generations. The algorithm shows the most optimal case depending on the type and function and efficiency of the pumps available at this station.



The consumption and operating hours of each pump can be seen in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12. By using the results and figures below, a regular schedule for the operation of the pumps over 24 h was provided.



As can be seen from Figure 6, pump number 1 has pumped the highest discharge at 11 p.m. This pump had been switched off on 29 May for 7 h, two hours of which had been on peak consumption time. The average flow rate of this pump according to the output of the algorithm was equal to 94.7 cubic meters per second.



It can be seen from Figure 7, that a maximum pumped discharge from pump 2 was from 3 a.m. to 5 a.m. This pump has also been switched off for 11 h on this day.



According to Figure 8, the highest use of pump number 3 was before 10 a.m. This pump had been switched off for 10 h on 29 May.



According to Figure 9, pump 4 has pumped the highest discharge from 3 a.m. to 5 a.m. This pump had been switched off for a total of 10 h on this day.



The pump 5, according to Figure 10, had been switched off on 29 May 2017, for 7 h. This pump has pumped the highest discharge early in the morning.



As shown in Figure 11, pump number 6 had been switched off for 7 h on 29 May. The maximum pumped discharge by this pump was at 11 p.m.



As can be seen in Figure 12, pump number 7 had been switched off only for 6 h during this day. This pump has mostly been used during medium consumption hours. Also, this pump had been switched on at all peak power consumption hours. The results from this section are shown as binary model timing schedule in Table 3.



In Table 3, zero means the pump is off and number 1 means the pump is switched on at any given hour. It allows the tanks to be filled and then switches off the pumps, allowing water to be supplied from the water reservoir. The pumps corresponding to the water reservoir are then switched on once the corresponding tank level reaches a minimum level. This large-scale nonlinear optimization model simultaneously captures the design and performance of the system. It also allows the designer as well as the operator to provide the best possible combination of design variables and performance parameters.




5. Conclusions


Energy saving is one of the most important challenging issues of urban water management and GA is critical to reducing energy costs while guaranteeing a satisfactory water supply service in urban areas. The main purpose of this study was to investigate the efficient use of pumping stations for the water supply of Gonabad city in Iran. The outflow discharges per month, as well as the working hours of each pump, were examined based on energy cost. There were also significant limitations to the project, including pumping depreciation and incomplete information. However, with the help of MATLAB software and the Genetic Optimization Algorithm (GAO), optimal energy costs in 3 random days and operating hours of each pump along with their discharge were investigated. The obtained results showed that by applying this scenario, costs can be reduced by up to 15% to 17% per day. If there were only an average of 10% reduction in cost per day, a cost of 83,220,000 Riyals (1666.46€) would be saved over a year. Also, using this model and selecting suitable pumps for the building of the new pumping stations provides a great impact on increasing efficiency and side costs. A major portion of the cost reduction results from energy savings by employing a better operation rule.
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Figure 1. Location of Gonabad city in Iran [40]. 
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Figure 2. (a) Pumps operating hours on 29 May 2017, (b) Pumps operating hours on 27 January 2017, (c) Pumps operating hours on 29 October 2016. 
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Figure 3. Hours of pump operation at low consumption, medium consumption, and high consumption hours in each month. 
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Figure 4. Total operating hours at low consumption, medium consumption, and high consumption hours from October 2016 to August 2017. 
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Figure 5. The cost obtained from software output after 50 generations on 29 May 2017. 






Figure 5. The cost obtained from software output after 50 generations on 29 May 2017.



[image: Water 13 01141 g005]







[image: Water 13 01141 g006 550] 





Figure 6. Pumped discharge from pump 1 on 29 May 2017. 
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Figure 7. Pumped discharge from pump number 2 on 29 May 2017. 
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Figure 8. Pumped discharge from pump number 3 on 29 May 2017. 
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Figure 9. Pumped discharge from pump number 4 on 29 May 2017. 
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Figure 10. Pumped discharge from pump number 5 on 29 May 2017. 
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Figure 11. Pumped discharge from pump number 6 on 29 May 2017. 
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Figure 12. Pumped discharge from pump number 7 on 29 May 2017. 
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Table 1. Geographical and physical characteristics of the water supply reservoir in Gonabad city [41].
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	Place of Establishment
	UTM
	Height (m)
	Type of Reservoir
	Function





	Twin reservoir
	653345

300230
	1128
	Ground reservoir
	Storage
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Table 2. Power consumption price at the pumping station.
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	Low Consumption
	High Consumption
	Medium Consumption
	Low Consumption
	





	11 p.m. to 7 a.m.
	7 p.m. to 11 p.m.
	7 a.m. to 7 p.m.
	11 p.m. to 7 a.m.
	First 6 months of the year



	10 p.m. to 6 a.m.
	6 p.m. to 10 p.m.
	6 a.m. to 6 p.m.
	10 p.m. to 6 a.m.
	Second 6 months of the year



	106.5
	426
	213
	106.5
	Price per 1 kWh in Rials
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Table 3. Schedule of pumps (on/off) for a full day.
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	Hours

Pumps
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24





	Num1
	1
	0
	1
	1
	1
	1
	0
	0
	1
	0
	0
	1
	0
	1
	1
	0
	1
	1
	1
	1
	0
	0
	1
	0



	Num2
	0
	0
	1
	1
	1
	1
	0
	1
	1
	1
	0
	0
	1
	0
	0
	0
	0
	1
	0
	1
	1
	1
	0
	0



	Num3
	1
	0
	0
	0
	1
	1
	1
	1
	0
	0
	1
	1
	1
	0
	1
	1
	1
	1
	1
	1
	0
	0
	1
	0



	Num4
	0
	1
	1
	1
	1
	0
	0
	0
	1
	1
	0
	0
	1
	0
	1
	1
	1
	0
	0
	0
	1
	1
	1
	1



	Num5
	1
	1
	1
	1
	0
	0
	1
	1
	1
	1
	1
	1
	1
	1
	0
	0
	0
	1
	1
	0
	1
	1
	0
	1



	Num6
	1
	1
	1
	0
	0
	1
	0
	1
	1
	1
	0
	0
	0
	1
	1
	1
	1
	0
	1
	1
	1
	1
	1
	1



	Num7
	1
	0
	0
	0
	1
	1
	1
	0
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0
	1
	1
	1
	1
	1
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