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Abstract

:

All of the possible strategies to reduce water losses in piped distribution systems follow the law of diminishing returns: the higher the expenditure on water loss reduction, the lower the progressive return in terms of water saved. Therefore, water utilities need to estimate the economic level of water losses (ELWL) so that they can reduce their water loss to the level where the cost to reduce the water losses is equal to the value of the water saved. This paper aims to estimate the ELWL using four different methods: the total cost method, the marginal cost method, the cumulative cost–benefit method, and the component-based methods. This analysis is based on data (2011–2016) on the water utilities of the city of Malang (PDAM Kota Malang), Indonesia. It was found that the total cost and marginal cost methods gave almost similar results for ELWL. However, the total cost method is preferred to calculate ELWL because it is the most accurate, easier to apply, and does not need a long data series. In addition, the estimated ELWL for PDAM Kota Malang was 21.76%, which is 3.71% higher than the water loss level estimated in 2016, which means that their strategies to reduce water loss are not cost-efficient. Moreover, the lack of data is a major challenge in the estimation of ELWL in Indonesia. This study emphasizes the importance of estimating the ELWL so that water utilities, especially in Indonesia, can evaluate their strategies in reducing water loss and improving their cost-effectiveness.
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1. Introduction


Increasing water-use efficiency by 2030 is part of Sustainable Development Goal 6.4 [1]. This issue will become more important in the future, as the water demand is growing significantly, while water availability is shrinking, the cost of water treatment is increasing and water supply infrastructures are deteriorating [2]. In the upcoming 50 years, the global water demand is predicted to rise by 400% in several sectors [3]. As a result, many countries are expected to face water scarcity [4].



One of the ways to achieve water-use efficiency is by minimizing water losses in the water supply distribution networks [5]. Water loss is the part of system input volume (SIV) that is not billed and does not produce revenue, and it is equivalent to the difference between the SIV and authorized consumption [6]. Water losses can come from leakages in the distribution system, unauthorized water use, or error in the measuring equipment [7]. It is estimated that the global average water loss is 35%, while the average water loss in Indonesia is 32.75% [8].



Water loss is technically classified into real (leakage) and apparent losses [9]. The NRW (non-revenue water) comprises water losses and unbilled authorized consumption (Figure 1). The issue of apparent losses and unbilled authorized consumption are more apparent in developing countries, while developed countries mainly deal with leakage issues [10].



The water losses lead to considerable financial loss for the water supplier. Globally, it was predicted that 126 billion m3 of water is lost every year, causing a financial loss of USD 39 billion per year [11].



Water loss reduction should be carried out to minimize the operating expenses (energy cost, maintenance cost and indirect cost) and increase the service level to the customer [12]. A fundamental fact about water loss reduction is that every possible reduction strategy follows the law of diminishing returns: the more the expenditure on water loss reduction, the less the returns in terms of water saved. Therefore, water utilities should aim to reduce their water loss to the economic level where the cost to carry out additional water loss control activity is equal to the cost of producing the water that could be saved from this additional leakage control activity [6,13].



Previous studies have focused on the calculation of the economic level of leakages (ELL) with different methods [14,15,16,17,18,19,20,21]. The calculation of ELL started in mid-1990 with the method known as the Total Cost method. At that time, the methodology focused on the minimum Total Cost Approach that would determine the economic frequency of the Active Leakage Control (ALC). Afterwards, in 2005, Lambert and Fantozzi [14] developed the formula for the economic intervention frequency based on the concept of the natural rate of the rising of unreported leakage. The second method is the marginal cost approach on the basis of the marginal cost of real loss reduction (the incremental annual cost of ALC intervention divided by the volume of water loss reduced in the same year) compared with the cost of producing additional water. The two-time frame approach was introduced by Pearson and Trow in 2005 [22], for the short-run and long-run of ELL. Lim et al. [15] developed the cumulative cost and benefit method, which determines the Economic Level of NRW based on the intersection between the cumulative cost curve and the cumulative benefits curve. A recent study introduced the concept of the Sustainable Economic Level of Leakage, which includes not only the long-term utility cost and benefits, but also the external social and environmental leakage cost, such as traffic commotion during pipe repair, the carbon footprint and health risk effects from leakages at low pressure [23]. A few studies tried to calculate the economic level of apparent losses (ELAL), but were limited only to calculating the optimum replacement frequency of water meters [24].



Many studies were focused on the ELL calculation, which only accounts for the economic level of real losses. However, there are a limited number of studies which try to determine the most economical value for total losses (real and apparent losses) called the economic level of water losses (ELWL), which uses a cost–effectiveness methodology. Previous studies used a cost–benefit methodology [25,26]. Moreover, there are no studies of ELL and ELWL in the water distribution system in Indonesia, and this paper aims to fill that gap.



The main objective of this paper is to quantify the ELWL. The ELWL can be obtained simply by adding up the ELL and ELAL values. However, in this study, different existing methods for the calculation of ELL were applied in order to determine the ELWL. In this study, four different methods were used to calculate ELWL: (i) the total cost method, (ii) the marginal cost method (iii) the cumulative cost–benefit method, and (iv) the component-based method. The results of those methods were compared, which provided some insights for the future calculation of the economic level of water losses. The municipal water utility (in Bahasa: Perusahaan Daerah Air Minum (PDAM) Kota Malang) of the city of Malang, Indonesia was used as a case study in this research.




2. Materials and Methods


2.1. Description of the Case Study


Malang is located in the province of East Java, Indonesia, with a total population of more than 800,000 inhabitants in 2015. The water supply in the city of Malang is provided by PDAM Kota Malang, a water company owned by the municipality of Malang. The total length of the distribution system at the end of 2016 was 3361.3 km. The service coverage at the end of 2015 was 84.61%. The water loss level was 20.42% and the NRW level was 28.96% in 2015 [27].



The data analyzed in the paper were collected between January and February 2017. We conducted the field data collection, gathered secondary data from several reports, such as technical report, financial report, and performance audit report, and also performed in-depth interviews with water company employees. Additionally, relevant information was collected, which included the monthly and yearly International Water Association (IWA) water balance (see for example Figure 1), costs related to water loss reduction, cost of production, water tariff, activity and procedure for active leakage detection, and meter inaccuracies for different ages of meters, etc. The data from the water utilities were available only from 2011 to 2016, which was used for the analysis.




2.2. Methods to Calculate the Economic Level of Water Losses (ELWL)


The four methods to calculate ELWL were compared: (1) the total cost method, (2) the marginal cost method, (3) the cumulative cost–benefit method, and (4) the component-based method. These four methods are usually used to calculate the ELL, and no study has estimated ELWL before, i.e., no method has been introduced to calculate ELWL. Therefore, we compare those methods to determine which method(s) is/are appropriate to estimate ELWL for our case study.



2.2.1. Total Cost Method


The total cost method was introduced in mid-1990 in England and Wales to calculate the ELL [28]. For a different level of physical losses, the annual cost of the water lost is summed up with the total cost of active leakage control in order to obtain the total cost curve. The lowest point on the total cost curve is considered to be the short-run ELL.



This total cost method will be used to calculate ELWL. The annual cost of lost water and the annual cost to reduce water loss are required to calculate the total cost. The annual cost of lost water is calculated from the water loss volume (not only the real loss) with this equation:


Cost of lost water = volume of water loss each year × water tariff



(1)







Meanwhile, the cost used yearly to reduce the water loss, namely the water loss control cost, consists of the investment cost and the yearly operational and maintenance cost. The investment cost—e.g., DMA establishment, meter replacement, and the installation of android software for meter reading—was spread to the annual cost based on their estimated lifetime. Three curves (the cost of the lost water, the water loss control cost, and the total cost) were plotted in a graph with cost as the Y-axis and the volume of water loss as the X-axis. The volume of water loss when the total cost is minimal is determined as the ELWL.




2.2.2. Marginal Cost Method


The marginal cost method is also often used in the United Kingdom as another method to calculate the Economic Level of Leakage [29]. In ELL estimation using this method, the marginal cost to obtain water from real loss reduction is compared with the cost of production. A similar concept was used for ELWL analysis: the marginal cost to obtain the additional water from the water loss reduction is compared with the marginal cost of producing additional water. The marginal cost to obtain the additional water from water loss reduction, namely the marginal cost of water loss reduction, is calculated with the following equation:


  Marginal   cost   of   WL   reduction =    incremental   cos t   for   water   loss   reduction     volume   of   water   loss   reduction   over   previous   year     



(2)







The calculation result of the marginal cost of water loss is then plotted to create the marginal cost curve, with the volume of the water loss as the X-axis. The ELWL on the X-axis is determined when the marginal cost of the water loss reduction is equal with the marginal cost of water. If the marginal cost for water loss reduction is lower than the marginal cost of water, it is better to reduce the water loss. In applying this method, the same data of the water loss control cost that is used in the total cost method is used to calculate the incremental cost for water loss reduction.




2.2.3. The Cumulative Cost–Benefit Method


The third method, the cumulative cost–benefit method, was the new method developed by Lim et al. [15], which was developed based on the particular operating conditions in South Korean water utilities. In this method, the relationship between the cumulative costs for water loss control is compared with the cumulative benefit of water loss reduction. The cumulative cost is derived from the annual cost for the reduction of the losses from water utilities. The annual benefit is calculated from the volume of water loss reduction each year multiplied by the marginal cost of water. The economic level of the water loss can be determined from the intersection of the cumulative cost curve and the cumulative benefit curve [15].



In this analysis, the cumulative cost was calculated from the same water loss control cost which was already counted in the total cost method section. In order to calculate the cumulative benefit, the water tariff is multiplied by the cumulative volume of the water loss reduction. The water loss reduction volume is calculated each year by deducting the volume of water loss in that year from the water loss volume in the previous year. The ELWL was identified by plotting the cumulative cost of water loss reduction curve and the cumulative benefit of water loss reduction curve together. In this case, the cumulative cost and cumulative benefit curve were plotted against the water loss/connection as the X-axis.




2.2.4. The Component-Based Method


In addition, for the ELWL calculation, the ELL and the ELAL were calculated separately in order to ascertain and compare the ELWL values resulting from the sum of the ELL and ELAL. The calculation of ELAL was conducted on meter replacement, which is directly related to economic meter inaccuracies [30]. The economic level of unauthorized consumption and the meter reading and billing error cannot be determined, as the data was not available. Therefore, ELWL was estimated as the total of ELL, the economic meter inaccuracies, the estimated volume of unauthorized consumption, and the meter reading and billing errors from the water balance. This approach is termed as “component-based method”.



The ELL was derived by comparing three methods: (1) the total cost method, (2) the marginal cost method, and (3) the cumulative cost–benefit method, i.e., similar to the calculation of ELWL. The procedure of determining ELL was the same as that explained above for the calculation of the ELWL. The difference is that the cost data used are directly related to the reduction of physical losses only. The cost to reduce real losses for five years was calculated based on data from fieldwork to create the real loss reduction cost curve. The cost of the water lost was obtained by multiplying the volume of real losses by the average cost of production.



Based on data availability, the ELAL analysis was conducted on meter replacement. Meter replacement is directly related to meter inaccuracies. The economic level of meter inaccuracies concerns when the meter is replaced in the most economical period, so that the annual cost for the meter is minimal. This level is affected by the accuracy of the old meter, the investment cost of the meter and the water tariff.



The annual cost of the meter was calculated by dividing the value of replacing the meter with the number of years the meter was installed. When the meters are replaced very quickly, the annual cost will be very high, and vice versa. The weighted error of the meter was used to calculate the cost of lost water from meter inaccuracies in that year. The cost of the lost water was calculated by multiplying the weighted error by the average consumption per year and the water tariff. The annual cost of lost water was calculated from the cumulative cost of lost water until that year divided by the number of years. When the meters are old, their weighted error becomes high and the annual cost of lost water will approach the annual cost of the meter.





2.3. Data Analysis


In order to generate the equation of the curve and extrapolate the curve for the total cost method, the power equation in Microsoft Excel was used, as suggested by the Tripartite group [31] and Lim et al. [15]. Based on the best practice principles of ELL calculation [31], the form of the real loss control cost curve could be log (raised to power), power, or a hyperbola. It was decided to use the power equation after considering the R2 of the other two curves. There are two main considerations in the assessment of the method’s performance: (1) whether the method is able to give results considering the limited data in our study case, and (2) the best fit to the data shown by the R2 of the equation [15].



The investment cost was spread to the annual investment annual cost based on the equipment lifespan. The lifespan considered is different for each type of equipment. For the DMA, the lifetime was estimated from the equipment with the highest cost (PRV), i.e., 5 years. The leakage detection equipment’s lifetime was estimated to be 10 years.



Finally, a sensitivity analysis was performed in order to ascertain which factors would have the most impact on ELWL, ELL and ELAL. The three parameters changed to analyze the ELWL sensitivity were: (i) the water tariff, (ii) the cost of production/marginal cost of water, and (iii) the water loss control cost. In ELL sensitivity, the cost of production and the real loss control cost were altered. Meanwhile, the water tariff and the cost of the meter were modified in order to ascertain the impact to ELAL. The purpose of the sensitivity analysis was to understand the most influential variable on the estimation of water losses. While performing the sensitivity analysis, only one parameter was varied and the other two parameters were kept constant. The parameter values were varied by −20%, −10%, +10%, and +20%, and the results obtained were compared with the baseline results.





3. Results


3.1. Calculation of the Economic Level of Water Losses (ELWL)


3.1.1. Total Cost Method


The water loss control cost, the cost of lost water and the total cost were plotted with the water loss/conn/year as the X-axis (Figure 2A). The five points were collected from the water utility data from 2011 to 2015. Figure 2A shows that the water loss control cost curve and the cost of lost water curve show a good fit for the data with high R2 in the power equation. Because the value of the total cost is still decreasing and the minimum value cannot be determined, all three curves need to be extended by applying the power equation (Figure 2B). From the extended curve and the calculation, the value of ELWL was obtained from the lowest total cost, i.e., at a water loss/conn of 67 m3/conn/year, or an estimated 21.76% of SIV (Figure 2B). The full calculation is shown in the Supplementary Materials S4.




3.1.2. Marginal Cost Method


As shown in Table 1, the volume of the water loss that can be reduced is smaller when the water loss level is lower but the incremental cost to reduce the water losses continues to increase. This results in the increasing value of the marginal cost of water loss reduction.



The calculation result of the marginal cost of water loss reduction in 5 years (2011–2015) was plotted to create the marginal cost curve (Figure 3). The ELWL was determined when the marginal cost of water loss reduction was the same as the marginal cost of water. The cost of production and distribution, i.e., 0.26 EUR (conversion 1 EUR = 15.000 in March 2017), was used as the marginal cost of water. By using the formula of the curve, it was estimated that the ELWL was 67.76 m3/conn/year or 22.02% of the SIV. The estimated value of ELWL acquired from this method and the total cost method have slightly different results. This means that both the data and the method are reliable for ELWL estimation, i.e., considering the value of R2.




3.1.3. Cumulative Cost and Benefit Method


Figure 4 shows that the cumulative cost and cumulative benefit curve has the best fit of data compared with the total cost and marginal cost method, i.e., the highest R2. There were four data points in the curves which were obtained from the water loss reduction data over the previous year, i.e., five years of data result in four data points. However, Figure 4 shows that the curves do not intersect each other and, thus, the ELWL could not be identified.




3.1.4. Component-Based Method


Figure 5A presents the real loss reduction cost, cost of water lost from leakage, and total cost from the water utility data (2011 to 2015). Figure 5B shows the calculated ELL at the volume of real losses of 4,604,143 m3/year, or 10.66% of the SIV. The marginal cost method was also applied to estimate ELL. However, the marginal cost curve derived from the data has a very low R2 (0.0005), such that it is not reliable to determine ELL from that curve. The calculation of the cumulative cost for real loss was also attempted, and the cumulative benefit was determined by multiplying the cost of production with the cumulative volume of real loss reduction. Nevertheless, the same result was obtained as in the ELWL estimation; the curves (cumulative cost and cumulative benefit) did not intersect each other and the ELL could not be determined (see Supplementary Material S2). Therefore, only the results from the first method, i.e., the total cost method, were used.



For the ELAL analysis, the optimum meter replacement period was found to be 7 years (see Supplementary Material S3). The economic level of the meter inaccuracies was 1.41% of the billed metered consumption. Based on the percentage of the billed metered consumption, which was 70.84% of the SIV from the water balance in 2015, the economic meter inaccuracies were estimated as 0.99% of the SIV.



Unfortunately, it was not possible to calculate the other two components of ELAL: Unauthorized Consumption and Data Handling Error. Therefore, these values were estimated using the water balance in 2015. The estimated values of Unauthorized Consumption and Data Handling Error were 3.96 and 1% of the system input volume (SIV), respectively. The component-based method is theoretically the sum of ELL and ELAL. According to the results of ELL (10.66%) and ELAL (3.96% + 0.99% + 1%), the estimated ELWL was 16.61%.





3.2. Summary of the Methods


Table 2 presents a summary of the results. The total cost and marginal cost methods gave almost the same results, 21.76% and 22.02%, respectively, while the results of the component-based method were far below those of the other two methods, i.e., 16.61%. However, based on this analysis, the cumulative and cost benefits method could not be used in our case because the cumulative cost curve and cumulative benefit curve did not intersect.




3.3. Sensitivity Analysis


3.3.1. Sensitivity Analysis for ELWL


	
Total Cost Method






Both the water tariff and the water loss control cost influence the ELWL. When the water tariff is altered, the equation for the cost of the lost water is changed. The new equation is used to calculate the new cost of the water lost. On the other hand, when the water loss control cost is changed, the equation of the WL control cost also shifted and this equation is used to project the cost. Table 3 presents a summary of the changes in the water tariff and water loss control cost.



Table 3 shows that when the water tariff is increased, the ELWL will decrease. Additionally, there is an increase in the water loss control cost, resulting in a higher value of ELWL. However, when the water tariff and water loss control cost is altered at a similar value, the ELWL also changes at a similar rate. This means that there is no variable that most influences the ELWL value.



	ii.

	
Marginal Cost Method







In this method, the different marginal cost of the water and the water loss control cost were also applied in order to ascertain the effect to the ELWL. When the marginal cost of the water loss control cost is changed, the value of ELWL can be estimated by using the same marginal cost curve. However, in order to apply the change of the WL control cost, the marginal cost curve needs to be created again for any changes. Table 4 shows the results of the sensitivity analysis with the marginal cost method. This result is almost similar to the result of the total cost method. This finding shows that the total cost method and marginal cost method will give almost-similar values of ELWL, although the water tariff is used in the total cost method and the marginal cost of water (the cost of production and distribution) is applied in the marginal cost method.



	iii.

	
Cumulative Cost and Benefit Method







With the sensitivity analysis, it was found that the cumulative cost and cumulative benefit curve start to intersect when the marginal cost of water is increased to 160%. At this point, the ELWL will be 96 m3/conn/year. This is much higher than the result obtained from the other methods.



Another approach is to change the water loss control cost so that the cumulative cost decreases and intersects with the cumulative benefit curve. The cumulative cost and cumulative benefit curve meet when the water loss control cost decreases only by 5%. It is thus indicated that the modification of the cost of reducing water losses greatly affects the result of this method. For this option, the ELWL will be 83 m3/conn/year.




3.3.2. Sensitivity Analysis for ELL


	
Total Cost Method






The sensitivity analysis for ELL was applied for the cost of production and the real loss control cost. One parameter was modified at a time while the other parameter was kept constant. Table 5 shows that when the cost of production is increased, the ELL value will be smaller. Furthermore, the reduction in the real loss control cost results in a lower value of ELL. When the cost of production and the real control cost was altered to a similar value, the ELL also changed at a similar rate. This means that there is no leading factor that controls the ELL value.



	ii.

	
Cumulative Cost and Benefit Method







The escalation of the cost of production by 60% will cause the cumulative cost and the cumulative benefit to start to intersect, at this point, and the ELL will be 65 m3/conn/year or 21.1% of the SIV. Similarly, the reduction of the real loss control cost by 35% causes both of the curves to meet; for this option, ELL will be 71 m3/conn/year or 23.06% of the SIV (see Supplementary Material S5). It can be concluded that alterations in the real loss control cost affect the ELL result more in the cumulative cost–benefit method.




3.3.3. Sensitivity Analysis for ELAL


Different water tariffs and costs of the water meters were applied to examine which factor affect economic meter inaccuracies value the most. When the water tariff is decreased, the annual cost of the water lost from meter inaccuracies will also decrease, and the annual cost of the meter dictates the economic meter replacement frequency. Because of that, the economic meter replacement frequency changes to 8 years and the economic meter inaccuracies increase to 2.18% (Table 6).



Furthermore, the escalation in the cost of the meter also causes a higher annual cost of the meter. This annual cost then becomes the major parameter that determines the meter replacement frequency. The meter replacement frequency is changed to 8 years and the economic meter inaccuracies increase to 2.18%.






4. Discussion


Comparing all four methods, it was observed that the total cost method is the most applicable method to determined ELWL and ELL, i.e., it is able to estimate ELWL and also has a high R2. The marginal cost method needs a longer data series to produce a good fit (R2) value for the marginal cost curve, for which data availability is one of the issues in developing countries. For example, in this case, water utilities only have data for the last five years (2011–2015), and it was not possible to calculate the ELL with this method. The cumulative cost and benefits method gives good results in South Korean cases [15], but not in our case. This could be because PDAM Kota Malang spent too much money to reduce the water loss, such that the cumulative cost is far higher than the cumulative benefit. Moreover, the water tariff is also low, such that the cumulative benefit curve did not intersect with the cumulative cost curve.



The results of the component-based method are very different from the total cost and the marginal cost method. One of the possible reasons is because is also not possible in this case study to determine the ELAL of the unauthorised consumption and data handling error. The data from the water balance for both components were used to estimate ELWL. The data of the unauthorised consumption and the data handling error from the water balance are only based on technical judgement, not on real measurements, and so sometimes those data have a low level of accuracy.



In the sensitivity analysis for ELWL with the total cost and marginal cost methods, for three of the parameters altered (the water loss control cost, the water tariff and the cost of production), there was no variable that most influences the ELWL value. The same was true for the sensitivity analysis for ELL with both methods; changes in the real loss control cost or the marginal cost of water will affect the ELL value at a similar rate.



The sensitivity analysis for ELWL and ELL with the cumulative cost and benefits method showed that small changes in water loss control cost or real loss control cost will significantly affect the ELWL and ELL values. This means that this method is very sensitive to changes in the cost to reduce water loss. Hence, water utilities must be more careful in calculating the cost to obtain a good result from this method.



Based on the ELWL analysis, it was found that the ELWL is 21.76%, or 67 m3/conn/year. This is slightly higher than the water loss standard in Indonesia, i.e., it should be below 20% [32]. Considering the volume of water loss (18.05% in October 2016), the performance of the PDAM Kota Malang is relatively good. As a comparison, the average NRW in all of the water utilities in Indonesia is 37% [33], while in the city of Malang it is 27% (Table 1). However, if we look at the water balance data, the water loss of PDAM Kota Malang in 2016 was already below the ELWL, suggesting that the strategies of PDAM Kota Malang to reduce water loss are not cost-efficient. Therefore, it is recommended that PDAM Kota Malang should maintain the water loss at the economic level and avoid huge investment to decrease the water losses, i.e., they should re-think their current strategy.



Furthermore, the Economic Level of Leakage (ELL) and Economic Level of Water Losses (ELWL) in PDAM Kota Malang were compared with the ELL in Lembaga Air Perak, Malaysia [17] and ELWL in K-Water Korea [15]. In theory, when the cost of production is lower, the ELL or ELWL values should be higher and vice versa, but the reality based on this compilation is different. Although the Lembaga Air Perak has a lower cost of production (0.37 RM/m3 or 0.077 EUR/m3) than PDAM Kota Malang, the ELL in Lembaga Air Perak, Malaysia (17.88 L/conn/day) is lower than the ELL in PDAM Kota Malang (89.9 L/conn/day). PDAM Kota Malang, which has a lower cost of production than K-Water (1.51 £/m3 or 1.8 EUR/m3), has an ELWL (67 m3/conn/year) lower than the ELWL in K-Water Korea (132 m3/conn/year). This means that different methods and costs of reducing water losses in the different characteristics of the distribution system would result in different values of ELL and ELWL.



Analysing the economic level of water loss will not give accurate results if the water loss reduction strategy is not yet implemented, because the economic level is still far from being achieved and the data needed is not sufficient. The Infrastructure Leakage Index (ILI) can be used as an indicator for the utilities regarding whether they should assess the economic level or not. Farley and Liemberger [34] said that the economic level should be assessed for the waterworks in developing countries when their leakage performance category reaches band B (ILI < 8).



If the water utilities can estimate the economic level for each strategy of real loss (the active leakage control, pressure management, speed and quality of repair, and pipe and asset management) and apparent loss reduction (meter reading errors, water accounting errors, meters under registration, and water theft reduction) separately, they can set the prioritisation for the implementation of the strategy. However, the estimation of the economic level is highly dependent on the quality of the data. In some cases, it is challenging to measure the leakage reduction volume after each intervention. However, to assess the economic level for each strategy of real losses and apparent losses, this data is essential to predict the economic level. Every time an intervention is made to reduce water losses, the utilities should record the benefits gained, and also the costs. As an example, the pressure pattern before and after the PRV is installed should be recorded so that the volume of water saved after the pressure reduction can be estimated.



For the water utilities which have been successfully reducing the water losses continuously for several years and gathered the costs data that are directly related to the water loss reduction, it is recommended to apply all of the four methods to estimate the ELWL, even though one method was not applicable in our case. Those four methods can only be applied after the utilities continually decrease their water loss level from the higher level to the lower level for numerous years. However, if the water loss level for the utilities still varies and is not consistent, i.e., either decreasing or increasing suddenly, all of those methods will give an inaccurate result. This is because a positive value of the water loss reduction volume over the year is required to calculate ELWL.



The calculations of ELL and ELWL are determined by the rate of the renewal of assets. Asset renewal itself could be influenced by other factors besides leakage, such as a policy of the company on repair or replacement, the reliability of service, the rate of asset degradation, or the availability of financial resources. In this study case, PDAM Kota Malang could not afford to replace the pipes regularly according to their lifespan because of their limited budget. The water utilities replace the pipe but only for the pipe with the worst condition. This condition, known as a non-steady–state, could cause a drastic increase of the cost in maintaining water losses when the end of the life of the assets is near.



It was also pointed out that there is a need to calculate the ELWL or ELL in water utilities in Indonesia. The national target to reduce the water loss to 20% may create pressure on the water utilities to improve their distribution system. Considering the situation in PDAM Kota Malang, there is a high possibility that other water utilities will spend a lot of money for improvement without realising the economic benefits gained, i.e., following the law of diminishing returns [22]. However, we also realise that obtaining sufficient data for the ELWL and ELL calculation is an issue in Indonesia, i.e., there is a lack of data, or the water utilities did not properly collect the data. Therefore, we suggest an improvement of the data recording management in all water utilities (PDAM) in Indonesia, especially for the calculation of ELL and ELWL. This could lead to more cost-efficient strategies in reducing water loss.



We have several limitations in estimating the Economic Level of Water Losses. First, the dependency of the demand on the water price, i.e., when water prices increase, water demands decrease, which was not incorporated in this calculation. Second, due to data limitation mentioned in the previous paragraph, the R2 is quite low in Figure 3. More data points, instead of five points, i.e., 5 years, are also suggested to give more confidence in the regression results. Previous studies used five to seven data points to calculate NRW and ELL [15,35,36]. This implies that they faced the same issue of data availability.




5. Conclusions


This is the first study to estimate the ELWL by comparing four methods: (i) the total cost method, (ii) the marginal cost method, (iii) the cumulative cost–benefit method, and (iv) the component-based method. We found that the length of the data series will determine the accuracy of the results obtained from three of the methods (total cost, marginal cost, and cumulative cost-benefit). There is a limitation in the data availability, which makes it difficult to obtain reliable results using the cumulative cost–benefit and component-based methods. The total cost method is considered to be the best method for this case study. From the sensitivity analyses, it was found that in the case of the total cost and marginal cost methods, there is no variable that influences the calculation of ELL and ELWL significantly. However, the cumulative cost and benefit method is more sensitive to changes in the water loss control cost than total cost and the marginal cost methods. Therefore, the data required to be applied with this method should have higher accuracy than the other two methods. This study also revealed that even though PDAM Kota Malang has met the national standard of water losses, their current expenditure to reduce water loss is not cost-efficient. This study can be replicated by other water utilities in Indonesia to obtain the most economical target of water losses while reducing the water losses in their piped distribution systems. Finally, if sufficient data are available, we suggest estimating the economic level of water losses using all four methods in order to obtain a better insight into the economic aspects of water loss management and to reduce the errors associated with the assumptions in each method.
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Figure 1. Water balance of the water utilities of the city of Malang in October 2016 (source: PDAM Kota Malang). 
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Figure 2. (A) The ELWL curve from the water utility data; (B) the extrapolated ELWL. 
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Figure 3. The marginal cost curve for ELWL estimation. 
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Figure 4. The cumulative cost–benefit curve. 
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Figure 5. (A). The ELL curve from the water utility data; (B) the extrapolated ELL. 
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Table 1. The marginal cost of water loss reduction.
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Item

	
Year




	
2011

	
2012

	
2013

	
2014

	
2015






	
Water loss control cost (EUR)

	
385,142

	
491,866

	
776,057

	
957,252

	
1,258,592




	
Incremental WL control cost (EUR)

	
-

	
106,724

	
284,191

	
181,195

	
301,340




	
Water loss (m3/year)

	
14,382,067

	
12,133,866

	
11,023,529

	
9,678,697

	
8,824,725




	
Water loss reduction over previous year (m3/year)

	
-

	
2,248,201

	
1,110,337

	
1,344,832

	
853,972




	
Marginal cost of WL reduction (EUR/m3)

	

	
0.047

	
0.256

	
0.135

	
0.353








* conversion 1 EUR = 15.000 IDR (March 2017).
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Table 2. Summary of the ELL, ELAL and ELWL results.
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Economic Level of Leakages (ELL)

	
ELL using total cost method

	
10.66%






	
Economic Level Apparent Losses (ELAL)

	
Unauthorised Consumption *

	
3.95%




	
Customer Meter Inaccuracies

	
0.99%




	
Data Handling Error *

	
1%




	
Economic Level of Water Losses (ELWL)

	
Total cost method

	
21.76%




	
Marginal cost method

	
22.02%




	
Component based method **

	
16.61%








* Estimated from the water balance in 2015; all of the percentages are compared to the SIV value, e.g., 21.76% of ELWL means 21.76% of the total water input was lost in the system. ** ELWL = ELL + ELAL.
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Table 3. Sensitivity analysis of ELWL: the total cost method.
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Sensitivity Parameter

	
Water Loss/Connection (m3/conn/year)






	
Value changed

	
−20%

	
−10%

	
0%

	
10%

	
20%




	
Water tariff

	
73 *

	
70

	
67

	
65

	
63




	
Water loss control cost

	
62

	
65

	
67

	
70

	
72








* An example of reading the table: if the water tariff is changed by 20%, the ELWL changes to 73 m3/connection/year from the baseline of 67 m3/connection/year (0%).
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Table 4. Sensitivity analysis of ELWL: the marginal cost method.
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Sensitivity Parameter

	
Water Loss/Connection (m3/conn/year)






	
Value changed

	
−20%

	
−10%

	
0%

	
10%

	
20%




	
Marginal cost of water

	
73.6

	
70.5

	
67.8

	
65.3

	
63




	
Water loss control cost

	
61.9

	
65

	
67.8

	
70.3

	
72.6
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Table 5. Sensitivity analysis of ELL: the total cost method.
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Sensitivity Parameter

	
ELL (% of SIV)






	
Value changed

	
−20%

	
−10%

	
0%

	
10%

	
20%




	
Cost of production

	
11.57%

	
11.11%

	
10.66%

	
9.95%

	
9.49%




	
Real loss control cost

	
9.49%

	
9.95%

	
10.66%

	
11.11%

	
11.34%
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Table 6. Sensitivity analysis for economic meter inaccuracies in PDAM Kota Malang.
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Sensitivity Parameter

Value Changed

	
Economic Meter Inaccuracies




	
−20%

	
−10%

	
0%

	
10%

	
20%






	
Water tariff

	
2.18%

	
2.18%

	
1.41%

	
1.41%

	
1.41%




	
Cost of the meter

	
1.41%

	
1.41%

	
1.41%

	
2.18%

	
2.18%
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