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Abstract:



The non-revenue water (NRW) ratio in water distribution networks is the ratio of losses from unbilled authorized consumption and apparent and real losses to the total water supply. NRW is an important parameter for prioritizing the improvement of a water distribution system and identifying the influencing parameters. Though the method using multiple regression analysis (MRA) is a statistical analysis method for estimating the NRW ratio using the main parameters of a water distribution system, it has disadvantages in that the accuracy is low compared to the measured NRW ratio. In this study, an artificial neural network (ANN) was applied to estimate the NRW ratio to improve assessment accuracy and suggest an efficient methodology to identify related parameters of the NRW ratio. When using an ANN with the optimal number of neurons, the accuracy of estimation was higher than that of conventional statistical methods, as with MRA.
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1. Introduction


Civil infrastructure such as bridges, buildings, and pipelines ensure economic and industrial prosperity in a society. Specifically, water distribution systems assure the delivery of the primary commodity of water [1]. They are, however, subject to deterioration over time that usually leads to problems such as the reduced utility of hydraulic facilities, water loss, service disruption, and lower water quality. Additionally, the gradual rise in consumer demand for water creates new problems such as low pressure at demand junctions. This usually raises the entrance water pressure of the water distribution system, which in turn increases the frequency of leakage [2].



To overcome problems in pressure management and ensure continuous, efficient, and economic operation of a water distribution system, an effective rehabilitation strategy is required. The latter should consider criteria on hydraulics, economics, reliability, and water quality performance, and [3] since the economic resources available for the rehabilitation of a water distribution system are scarce, it should also help prioritize investment [4].



In the early 1990s, no standard term existed to express and assess water losses in a water distribution system. The International Water Association (IWA) has acknowledged this problem and established a water loss task force (WLTF). The WLTF examined international best practices and developed a standardized terminology for non-revenue water (NRW) [5].



The IWA has recently proposed new performance indicators and their successful applications are being reported regularly [6,7]. A percentage indicator was also suggested not to be used for performance comparison, especially where target areas see large differences in consumption per service connection [8,9].



Analysis of the effects of pipe damage in water distribution networks determines the improvement priorities for each district water supply system; a systematic plan for replacement and remediation is required to maintain a city waterworks [10,11]. The waterworks improvement projects of old distribution networks are being implemented, but what is difficult is making management more economical and upgrading the operating system through the evaluation of aged pipes and the prevention of accidents based on empirical decisions [12].



Therefore, decision-making on the priority of maintenance of a water distribution network requires the study and analysis of the factors affecting leaks, as well as identifying the physical and operational parameters affecting leaks with parameters such as water pressure, and quality and demand quantity. To decrease the NRW ratio, studies on water distribution analysis, reliability enhancement, diagnosis of pipe network technology and pipe deterioration evaluation for optimal water distribution were conducted.



It is important to determine the level of contribution of leaks and bursts to the overall NRW volume [13] to evaluate the influence of water tariffs on NRW under a water supply plan [14]. Winarni (2009) found a performance indicator for facility management in water supply systems by comparing the infrastructure leakage index (ILI) [15]. Efforts to reduce leaks and commercial losses cost money, especially if large sections of piping need replacement. Nevertheless, studies have shown that efforts toward conservation and NRW reduction can provide water at about half to a third of the cost of water production [16]. A variety of studies have been carried out on the effective parameters of a water distribution network [6,17,18,19].



The index of the NRW ratio of a water distribution system needs to be proven by correlation with the region’s characteristics and quantifying the influence of related parameters. For example, in areas with severe deterioration, the NRW ratio could be considered high because of many leaks, and it is difficult to find the factor of leakage parameters. In addition, unless the relationship between the regional characteristics and the NRW ratio is properly identified, the estimation of the ratio could prove unrealistic and uneconomic, even if the ratio is high due to local specificity.



In this study, a NRW ratio estimation model was suggested by using an artificial neural network (ANN) and multiple regression analysis (MRA). The statistical method was used to compare the results of ANN and MRA with the real measured values of the NRW ratio. This study also proposed a methodology for estimating the NRW ratio using ANN, which has the main parameters of water distribution system as independent variables and the NRW ratio as the dependent variable. To verify the suggested ANN and MRA, a target area was selected and applied.




2. General Research on the NRW Ratio and Theoretical Background


2.1. Non-Revenue Water of a Water Distribution Network


NRW corresponds to the percentage of water lost due to leaks and commercial problems, such as the lack of precision or mistakes in client databases. In Equation (1), [image: ] is the volume of water produced per time unit and Ab is the volume of billed water per time unit [2].
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(1)







The definition of NRW could be described as follows. NRW is the difference between the volume of water put into a water distribution system and that billed to customers. The NRW ratio comprises three components [2].

	(a)

	
Physical losses comprise leaks from all parts of a water distribution system and overflow at water storage tanks. They can be caused by poor operations and maintenance, lack of active leakage control, and poor quality of underground assets.




	(b)

	
Commercial losses are caused by under-registration of customer meters, data handling errors, and theft of water in various forms.




	(c)

	
Unbilled authorized consumption includes water used by a utility for operational purposes, that used in firefighting, and that provided free to certain consumer groups.









Components of water balance in a water distribution system are shown in Table 1. One of the main elements of NRW is leakage, and finding and improving related factors in a district metered area (DMA) can lower the NRW ratio. In addition, it is important to identify the major factors influencing a water distribution network for NRW estimation.



Table 1. Components of Water Balance. Non-revenue water (NRW).







	
Water Produced

	
Effective water

	
Revenue water

	
Billed and metered




	
Exported




	
Others




	
Effective NRW

	
Supplier’s use




	
Public use




	
Illegal use




	
Metering under-registration




	
Ineffective water

	
Ineffective NRW

	
Discounted




	
Leaks











2.2. Multiple Regression Analysis


Regression analysis is used to identify specific relationships between variables with high correlations or predict the value of variables. In the regression model, one independent variable is called simple regression analysis, and one independent variable does not sufficiently explain the dependent variable. When introducing multiple independent variables to the regression model, MRA is used with a linear function.



The multiple linear regression model with independent variables is expressed as Equation (2) [20].


[image: ]



(2)




where [image: ] is the independent variable, [image: ] is the dependent variable, [image: ] is the regression coefficients, [image: ] is the intercept of [image: ], and [image: ] is the slope of the independent variables.




2.3. Artificial Neural Network


The ANN procedure used is a feed-forward network type with input, hidden and output layers, as shown in Figure 1. Neurons in the input layer simply act as a buffer for distributing the input signals to neurons in the hidden layer. The neurons in different layers are interconnected via weights. The neurons in the hidden and output layers are called the activation function.


Figure 1. Schematic Diagram of Multilayer Feed-Forward Neural Network [21].



[image: Water 10 00002 g001]






The activation function used here is a sigmoidal activation function. The input for each neuron [image: ] in the hidden layer is the sum of the weighted input signal [image: ] ([image: ], in which [image: ] is the interconnecting weight between neuron [image: ] in the hidden layer and neuron [image: ] in the input layer). The output [image: ] from the neuron is given by Equation (3).


[image: ]



(3)







The output of neurons in the output layer is computed in a similar fashion. Schematic diagram of a multilayer feed-forward neural network is shown in Figure 1.





3. Methodology for Estimating the NRW Ratio Using MRA and ANN


The main parameters of the NRW ratio were analyzed and a classification system based on physical and operational parameters in water distribution systems was designated. Parameters that directly affect estimation of the NRW ratio are selected and the equation for estimating the ratio is introduced through MRA.



A parameter selection system was suggested through MRA, which is most widely used for predicting the NRW ratio [22,23]. Methods for evaluating accuracy are also described in detail per the entire process of estimating the NRW ratio, as shown in Figure 2.


Figure 2. Study Diagram. Multiple regression analysis (MRA); artificial neural network (ANN).
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When setting up the ANN model, effective parameters in water distribution networks are required. For the analysis using accuracy assessment of the ANN simulation results with the measured values, MRA is used to select statistically significant parameters and the NRW ratio was estimated by applying selected parameters to ANN. For this purpose, the selection of the target area and collection of data on the water distribution system are required. The influential factors selected are among the physical and operational parameters of the water distribution system; the water pressure in the pipe network can be considered through the demand energy ratio given by Jo [24].



The statistical procedure performs MRA with various physical and operational parameters as independent variables and the NRW ratio as a dependent variable. MRA is needed to select the most influential parameters of the ratio, and can also be used for estimating the ratio [25].



The procedure for NRW ratio estimation utilizes MRA and ANN. The ratio results calculated from the selected parameters and measured value must be compared for analysis of the relations between used parameters and NRW. For this, an accuracy assessment method can be used. The mean absolute error (MAE), mean squared error (MSE), percent of bias (PBIAS), goodness of fit (G) value, and determination coefficient (R2) can be commonly used to compare measured and simulated values. Finally, the parameters that represent the simulated value most similar to the measured value is selected for application of ANN.



Figure 1 shows the ANN structure for estimating the NRW ratio in a water distribution system. The input layer consists of physical and operational parameters and a bias layer. The bias layer can be considered a parameter that corrects the calculation results of the NRW ratio by ANN so that the measurement results and deviation will be reduced. The number of hidden layers is determined through trial and error, and the optimal number of neurons gives a highly accurate result. The optimal number of neurons as being composed of within 2n which was suggested by Heaton, J., where n is the number of independent variables [26].




4. Application to Study Area


4.1. Description of Data Collection and Parameters


The target area for this study was Incheon, Korea’s third-biggest city. The data covered the status of the area, waterworks facilities and operational status, as well as water supply indicators of the Incheon Waterworks Basic Plan [27]. In addition, data on analysis of water pipe networks and simulation data of water distribution systems were collected [28].



The city’s 367 district metered areas (DMAs) were selected for technical diagnosis analysis and a general technical diagnosis was conducted on 330 completed DMAs, as shown in Table 2 and Figure 3. In Figure 3, DMAs are colored gray and unblocked DMAs are colored white.


Figure 3. Water Distribution System of DMAs in Incheon [28].
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Table 2. Status of Incheon’s DMAs.







	
Classification

	
Total






	
DMA (District metered area)

	
278 (76%)




	
From DMA to unblocked DMA

	
52 (14%)




	
Unblocked DMA

	
37 (10%)




	
* Total

	
367 (100%)








Note: * Source: Waterworks Headquarters Incheon Metropolitan City [28].








In order to apply the methodology to study area for estimating the NRW ratio, 173 DMAs were selected for estimation analysis and 194 DMAs excluded from the data for being unfinished, non-operational or running abnormally among the 367 DMAs.



Six selected parameters were used as independent variables for estimating the NRW ratio. Among the parameters reflecting physical characteristics selected were mean pipe diameter, pipe length per demand junction, amount of water supply per demand junction and deteriorated pipe ratio; the demand energy ratio and the number of leaks were selected as operational parameters.



The demand energy ratio is calculated by hydraulic pressure and demand in water distribution systems from the research of Jo (2017) [24]. The data used for estimating the NRW ratio are shown in Table 3.



Table 3. Selected parameters for estimating NRW ratio.







	
Classification

	
Parameter

	
Data Collection






	
Operational parameter

	
Demand energy ratio

	
Simulated data




	
No. of leaks

	
Measured data




	
Physical parameter

	
Mean pipe diameter

	
Designed data




	
Pipe length/demand junction

	
Designed data




	
Water supply quantity/demand junction

	
Measured data




	
Deteriorated pipe ratio

	
Designed data










Selected parameters were determined by previous research on parameter classification systems in water distribution networks [25]. These parameters were related with NRW and verified by statistical analysis between the parameters and NRW. Jang (2017) suggested various parameters, simulated estimating the NRW ratio, and determined the six parameters with high correlation and accuracy for estimating the NRW ratio [25]. Data on the selected parameters were collected in the target area. The NRW ratio, a dependent variable, is based on measured data in consideration of revenue water and effective and ineffective NRW in 2014, as shown in Figure 4.


Figure 4. Data Status of NRW ratio in Incheon’s DMAs.



[image: Water 10 00002 g004]






The average NRW ratio of the 173 DMAs was 19.9%, the minimum NRW ratio was 0.2% (DMA No. 853), and the maximum NRW ratio was 64.3% (DMA No. 886). Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 are the data of each independent variable.


Figure 5. Data of Pipe Length per Demand Junction in Incheon’s DMAs.
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Figure 6. Data on Volume of Water Supply per Demand Junction in Incheon’s DMA.
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Figure 7. Data on Deteriorated Pipe Ratio in Incheon’s DMAs.
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Figure 8. Data on Demand Energy Ratio in Incheon’s DMAs.
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Figure 9. Data on No. of Leaks in Incheon’s DMAs.
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Figure 10. Data on Mean Pipe Dimeter in Incheon’s DMAs.
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The average value of the pipe length per demand junction (km/no. of junctions) is 0.0336; the maximum value is 0.75 (DMA No. 418) at the beginning of the No. 400 DMA located in industrial district, and; the number of demand junctions is lower than in residential district. Compared to other DMAs, pipe length of industrial district is longer than other districts for water delivery in each DMA.



The highest volume of water supply per demand junction was 318 in DMA No. 627 in an old industrial district. It was significantly higher than the average (9.1). The other district were mainly distributed with low value as less than 50 and there were some high values depending on DMA characteristics.



On average, pipelines more than 20 years old had an average NRW ratio of 11.3%; DMA No. 602 in the old industrial district had a ratio of 46.1%, significantly higher than other districts.




4.2. Result of MRA for Estimating NRW Ratio


The coefficient of equation for MRA was minus 0.048 for water supply quantity per demand junction, 0.284 for number of leaks, 0.347 for the deteriorated pipe ratio, 1.709 for the demand energy ratio, minus 0.064 for mean pipe diameter and 10.456 for pipe length per demand junction. The constant was considered a little high at 20.488, and three parameters were statistically satisfactory because the significance probability was lower than 0.05, but the other parameters were unsatisfactory. Results of MRA are shown in Table 4 and the calculated multiple regression equation is shown as Equation (4).


NRW ratio (%) = 20.488 − 0.048 water supply quantity per junction + 0.284 number of leaks + 0.347 deteriorated pipe ratio + 1.709 demand energy ratio − 0.064 mean pipe diameter + 10.546 pipe length per junction



(4)







Table 4. Results of Multiple Regression Analysis.







	
Classification

	
Unstandardized Coefficients

	
Significant Probability






	
Constant

	
20.488

	
0.000




	
Water supply quantity per demand junction

	
−0.048

	
0.251




	
No. of leaks

	
0.284

	
0.074




	
Deteriorated pipe ratio

	
0.347

	
0.003




	
Demand energy ratio

	
1.709

	
0.454




	
Mean pipe diameter

	
−0.064

	
0.036




	
Pipe length per demand junction

	
10.456

	
0.379










Figure 11 is the scatter plot graph. All original parameters were selected and applied to MRA. In the graph, the R2 of 0.15 shows a low correlation with the real measured NRW ratio.


Figure 11. Scatter Plot of NRW Ratio Using MRA Results.
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In order to calculate the multiple nonlinear regression for Equation (3), which was calculated through multiple regression analysis, a new equation was derived by introducing the exponential concept into each independent variable.



In order to determine the optimal formula, calculations of 1400 iterations were performed. The final parameters of nonlinear equation were calculated by repeating the calculation until the sum of squares error showed the smallest value. Finally the multiple nonlinear regression formula was derived, as shown in Equation (5).


NRW ratio (%) = 18.316 + 68.6 water supply quantity per junction−0.0240 + 0.038 number of leaks1.511 + 5.945 deteriorated pipe ratio0.274 + 0.038 demand energy ratio4.368 – 6.065 mean pipe diameter0.345 – 32.523 pipe length per junction−0.059



(5)







The result of the comparison between actual and simulated values is shown in Figure 12. As shown in Figure 12, R2 is 0.19, which is approximately 21% higher than that of the multiple regression of Equation (3).


Figure 12. Scatter Plot of NRW Ratio Using Nonlinear MRA Results.
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4.3. Result of ANN for Estimating NRW Ratio


The simulation condition for calculating the NRW ratio through ANN used the deteriorated pipe ratio, mean pipe diameter, water supply quantity per demand junction, demand energy ratio, pipe length per demand junction and number of leaks including both physical and operational parameters.



The number of hidden layers was capped at 15. To determine the optimal number of neurons in hidden layers, the method of trial and error was used for estimating the NRW ratio. When 12 neurons in hidden layers were selected for the optimal ANN model, they showed highest R2 value than other the number of neurons applied case.



Figure 13 is a graph showing the comparison between the observation and simulation values of the NRW ratio under the 12 neuron condition in the hidden layer, which are derived from the optimal results among the 15 neurons.


Figure 13. Scatter Plot of NRW Ratio Using ANN Results.
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4.4. Accuracy Assessment for Analyzing Application Method


To evaluate the accuracy of the multiple regression equations proposed in the previous study and the results of ANN found by this research, an error ratio analysis was performed to evaluate the difference between the actual and model values. Accuracy analysis can be estimated by comparing the actual value with the value generated by the model.



This meant the use of the mean absolute error (MAE), the mean square error (MSE), and the percent of bias (PBIAS), which evaluates the bias of the estimation result, and the G-value prediction method. The calculation method of each equation is shown in Equations (6)–(9), and the comparison between the actual and model values can be more accurately evaluated through regression analysis.
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(6)
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(9)







If MAE and MSE are smaller, the estimated value is more accurate. If PBIAS is close to zero, the estimation result represents less bias. If the G value is 100, it is a perfect estimation. If the G value is negative, this indicates lower reliable than using the average of data values as 10a predictor.



Table 5 shows the results of the accuracy assessment for the estimated results of MRA and ANN that selected optimal the number of neurons as 12.



Table 5. Results of Accuracy Assessment. Mean absolute error (MAE); mean squared error (MSE); percent of bias (PBIAS); goodness of fit (G).







	
Classification

	
Measured NRW Ratio

	
Multiple Regression Analysis

	
Non-Linear Multiple Regression Analysis

	
ANN (12 Neurons)






	
Sum.

	
3279

	
3279

	
3279

	
3297




	
Ave.

	
20.1

	
20.1

	
20.1

	
20.2




	
Standard D

	
-

	
23.7

	
23.5

	
21.9




	
MAE

	
-

	
10.0

	
9.9

	
6.2




	
MSE

	
-

	
146.8

	
139.9

	
63.7




	
PBIAS

	
-

	
0.0

	
0.0

	
−0.1




	
G

	
-

	
19.5

	
23.2

	
65.1










The ANN model with 12 neurons in the hidden layer was closest to the actual measured value. The condition using ANN satisfied all accuracy evaluation items except PBIAS and average value compared with MRA.





5. Conclusions


In this study, estimation of the NRW ratio using an ANN and MRA were conducted with specific parameters affecting the frequency of leaks in water distribution systems. Accuracy assessment was used to compare the selection of the optimal model between the ANN and MRA, and the following conclusions were drawn through the research.



Based on the results of the previous study, calculation of the NRW ratio is recommended by using MRA, which is obtained from the physical and operational parameters in water distribution networks. This study tried to use an ANN for estimating the NRW ratio, then compared the results of MRA and the ANN. An accuracy assessment showed that the ANN model had higher prediction accuracy than that of MRA.



A methodology has been developed for estimating the NRW ratio using an ANN with the main parameters of water distribution systems. When an ANN was used, the accuracy of NRW ratio estimation was higher than under the previous method of MRA. So when it is difficult to measure the NRW ratio and use MRA in a DMA, the ANN model is recommended for estimating the NRW ratio using the main parameters of water distribution systems.



When an ANN is used to predict the NRW ratio, finding the significance of the parameters is possible because it calculates the optimized model considering the interconnection between mutual parameters, despite the condition being statistically insignificant. The optimal number of neurons is also determined in the range of 2n when the number of independent parameter is n.



MRA is the most widely used method to predict the NRW ratio, and formulas vary according to regional characteristics and used parameters. If the volume of available data is sufficient, the ratio’s prediction using an ANN is recommended for use in analysis of water distribution systems.



The use of the ANN model is expected to lead to the rehabilitation and improvement of water distribution systems and the optimal operation of water supply facilities for DMA construction.
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