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Abstract

:

Although the special region of Jakarta Province (DKI Jakarta), Indonesia, has a large population of 10.9 million, piped water coverage remains at only 64%. Therefore, excessive groundwater abstraction has caused serious land subsidence over the last few decades. This study proposed the priority areas for piped water supply extension to alleviate the adverse effects of groundwater over-abstraction in DKI Jakarta. Water consumption and multilayer analyses (e.g., geology, groundwater abstraction, groundwater level, piped water coverage, and groundwater quality) were carried out to determine the priority areas for piped water development. Based on three parameters, namely the water demand–supply gap, land subsidence, and groundwater quality, the northern and western regions of Jakarta were selected as the priority areas for piped water development, followed by the southern and eastern regions. The demand for piped water by the population in the abovementioned priority areas is estimated to be 462,211 m3/d, while the total water demand of Jakarta is 1,878,899 m3/d, which is greater than the supply capacity of 1,747,440 m3/d from the existing water treatment plants. Therefore, the areas for controlled groundwater abstraction were also selected to augment the shortfall of the piped water supply capacity.
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1. Introduction


The achievement of universal and equitable access to safe and affordable drinking water for all has been mandated in Goal 6 of the Sustainable Development Goals (SDGs) [1]. Groundwater accounts for 33% of the total water withdrawals worldwide, and over two billion people rely on groundwater as their primary water source [2]. The global population and economic growth will further increase groundwater demand, resulting in groundwater depletion [3]. Uncontrolled use of groundwater has caused land subsidence. In some regions of Tokyo, Japan, the land level has sunk to below sea level due to the over-abstraction of groundwater since the 1910s [4]. In Houston, Texas, approximately 4–6 m of subsidence occurred between 1940 and 1960 [5]. In the Mekong Delta, Vietnam, land subsidence was reported at 1–4 cm/year in 2006–2010 [6]. Through the use of data on groundwater table drawdown, well location and pumping rates, and geological layers, groundwater management needs to be implemented to minimize land subsidence [7].



The rapid development of cities with high population growth rates has increased their dependence on groundwater sources. In the last three decades, the urban development of Jakarta and its surroundings has grown very rapidly, which has led to extensive land use conversion, groundwater over-exploitation, and the disruption of the main ecological function of the water catchment areas for groundwater recharge [8,9,10]. In 1948, the built-up area of Jakarta was 20,000 ha with a population of about 2 million, which increased to 65,400 ha with a population of 6.5 million in 1965 [11] and over 10 million in 2019 [12]. The population density has reached about 16,700 persons/km2, which makes Jakarta the most densely populated region in Indonesia.



The 2020 National Socio-Economic Survey reported that Indonesia had achieved 90.2% access to safe drinking water [13]. However, the low coverage and/or poor performance of the piped water supply, combined with a lack of permit enforcement, leads to many industries and housing estates using deep groundwater [14]. Therefore, it is necessary to develop piped water in urban areas to supply safe drinking water and to regulate excessive groundwater abstraction [8].



Excessive groundwater abstraction in Jakarta is also closely related to the limited coverage of the piped water supply. The piped water in Jakarta is supplied by the water utility of Daerah Khusus Ibukota (DKI) Jakarta Province (Perusahaan Air Minum (PAM) Jaya) in cooperation with two private operators, namely PT. AETRA and PT. PALYJA. The privatization agreement between PAM Jaya and its two operators was signed in 1997 and will end in 2023. The initial service coverage in 1998 was 44.5%, which had increased by only 19.5% to 64.0% in Jakarta in 2020 [15].



Due to the low coverage of piped water, many people in Jakarta use groundwater to meet their needs. It was reported that excessive groundwater abstraction caused land subsidence between 1982 and 1991, with a maximum rate of about 8 cm/year, which increased to 26 cm/year between 1991 and 1997 [16] and to 1–31.9 cm/year between 1997 and 2005 [17,18]. During these periods, the greatest land subsidence occurred in the northwest region of Jakarta. In 2000, groundwater abstraction was recorded at 21,849,031 m3/year, which increased to 22,629,468 m3/year in 2008 then decreased to 6,014,240 m3/year in 2020 [19,20] due to the groundwater abstraction tax imposed by the Provincial Government of DKI Jakarta in 2009. However, it has been reported that land levels have been still subsiding, even after 2009 [21].



Land subsidence due to a large amount of groundwater abstraction depends on the type of hydrogeology and the geological environment [22]. The regional cone of depression in the confined aquifer system is a consequence of low aquifer permeability in the sedimentary basin fill [23,24]. Recharge to the confined part of the system occurs mainly in the hilly area south of Jakarta [23,25]. The groundwater recharge area in Jakarta decreased considerably from 33,467 hectares (29%) in 2007 to only about 10,008 hectares (9%) in 2013 [26] and could continue to decrease if urban development is not controlled properly.



Groundwater abstraction without adequate groundwater recharge has led to seawater intrusion in the northern region of Jakarta, which is proven by the fact that 80.1% of water samples from the observation wells in northern Jakarta’s groundwater basins are unfit for consumption due to high salinity [27]. In addition, raw water sources have also been polluted due to anthropogenic pollutants that enter water bodies [28,29] because only 4% of the population has access to sewerage [30]. This condition indicates that groundwater in Jakarta is mostly unsafe for drinking, and the development of piped water is needed to achieve SDG Target 6.1 by 2030.



Many studies on groundwater abstraction and land subsidence have been conducted; among them, recent studies have used GIS and spatial analysis to find the relationship between groundwater abstraction and land subsidence [22,31,32,33,34], the relationship between the geological environment and land subsidence [33,34,35,36], the potential for groundwater abstraction, and suitability for drinking [25,37,38,39]. However, the relationship between piped water coverage and land subsidence caused by groundwater over-abstraction has not yet been reported.



Therefore, this study aimed to propose the priority areas for piped water supply extension to alleviate the adverse effects of groundwater over-abstraction, based on groundwater abstraction by non-registered consumers estimated by GIS and spatial analysis. To achieve these objectives, the groundwater levels, land subsidence, groundwater quality, and piped water coverage in each district of Jakarta were analyzed using spatial data and analysis tools. Areas for controlled groundwater abstraction were also identified using layers representing the geology and groundwater levels to augment the current supply capacity of piped water.




2. Materials and Methods


2.1. Study Area


The administrative hierarchy in Indonesia is the national government, followed by provinces, cities/regencies, districts, and sub-districts. The special region of Jakarta (DKI Jakarta) is a province and the capital city of Indonesia. The Jakarta Province consists of five administrative cities on the mainland and one regency, i.e., the Thousand Islands Regency (Table 1). This study focused only on the five administrative cities on the mainland, hereafter called Jakarta in this study, because groundwater abstraction and land subsidence are crucial issues in mainland Jakarta.



The area of Jakarta is relatively flat with topographical slopes ranging between 0° and 2° in the northern and central region, respectively, and up to 5° in the southern region. The southernmost region has an altitude of about 50 m above the mean sea level and increases towards the south to the volcanic areas in the Bogor region, West Java province [16]. Jakarta is located on the Jakarta Groundwater Basin. The basin fill consists of marine Pliocene and Quaternary sand and delta sediments up to 300 m in thickness. Individual sand horizons are typically 1–5 m thick and comprise only 20% of the total fill deposits. Silts and clays separate these horizons. Fine sand and silt are the major water-bearing components of these aquifers. The Quaternary deposits may be conveniently divided into three aquifer systems on the basis of their hydraulic characteristics and depths; these are: (1) the phreatic aquifer system (0–40 m), (2) the upper confined aquifer system (40–140 m), and (3) the lower confined aquifer system (>140 m) [17,40]. A map of the recharge and discharge area of the Jakarta groundwater was developed by Yosua et al. (2019) [41] based on ten cross sections from previous studies. They selected three groundwater recharge areas: one in the northeast and two in the south of Jakarta, where groundwater levels were significantly higher than in other locations. In addition, due to the emergence of the depression cones, the vertical infiltration of shallow groundwater to deep aquifers is also taking place in the central area of Jakarta [41,42]. Karunia and Faisi Ikhwali [43] estimated the water balance in DKI Jakarta based on the population projection, land use change, and the water demand from 2010 to 2030. They found that there was a large deficit in the water balance at 747,700 m3/d in 2018, which will increase to 864,000 m3/d in 2030, causing a significant decrease in the groundwater stored in the aquifers below DKI Jakarta.



There are four different causes of land subsidence that could occur in Jakarta, namely subsidence due to the settlement of highly compressible soil, the natural consolidation of the soil, and geotectonic subsidence, which are caused by groundwater abstraction, and the load of construction [44,45]. Among these, the main cause of land subsidence in Jakarta is thought to be soil settlement due to groundwater over-abstraction [18]. Excessive groundwater abstraction will lead to the lowering of groundwater levels (piezometric head), which, in turn, will cause land subsidence as well as seawater intrusion in some areas [46,47]. The present shape of the regional cone of depression in the confined aquifer system in Jakarta is a consequence of low aquifer permeability in the sedimentary basin fill.



The piped water source for Jakarta is mainly the Tarum Barat Channel, which comes from the Jatiluhur Reservoir of the Citarum River and from other areas outside Jakarta (Figure 1a), while the second water source option is groundwater [48]. Currently, PALYJA supplies piped water with a total volume of 840,240 m3/day to the western region of Jakarta, and AETRA supplies 907,200 m3/day to the western region (Figure 1b, Table 2). The Jatiluhur Reservoir supplies all of AETRA’s raw water and 62.6% of PALYJA’s raw water, while the rest of the raw water is obtained from the Serpong Water Treatment Plant (WTP) in South Tangerang City (31%), along with treated water from the Cikokol WTP in Tangerang City (0.8%); only a small part is sourced within Jakarta, namely from the Krukut River and the Cengkareng drain.




2.2. Data Collection


The Ministry of Mineral Resources and Energy established the groundwater conservation center in 2013, and since then, they have monitored groundwater levels and land subsidence. There are 63 geodetic GPS stations and 403 monitoring wells scattered in the Jakarta metropolitan area, i.e., DKI Jakarta and surroundings, which took records from 2015 to 2018. These data were obtained from the website [20] by web scraping with Python in 2021. The spatial distribution of the monitoring stations is shown in Figure 2.



The data on the water treatment plants’ capacities, groundwater abstraction, and piped water supply volumes were obtained from the DKI Jakarta Provincial Government. The total capacity of the water treatment plant is approximately 1.75 million m3/d (Table 2), and registered groundwater abstraction is approximately 22,000 m3/day [19]. Meanwhile, the population data were obtained from the Central Statistical Agency in 2019 [12].



A field survey was conducted in August–September 2021 to verify the data obtained by web scraping and to discuss with the relevant agencies to expand the data and information as well as to discuss the current issues. The GIS map data (shapefile) of the Jakarta administrative area and the attribute data were obtained from the geospatial portal [49], which was established by the Indonesian Government to connect various ministries, institutions, provinces, and regions that are connecting partners in the National Geospatial Information Network.




2.3. Data Analysis


The collected data were analyzed using R version 4.0.3 run on R Studio v.1.4.1103. The population density and piped water service coverage were calculated for each district to estimate the groundwater and piped water consumption per district, groundwater consumption in the areas that are not served by piped water, and factors causing a large amount of groundwater abstraction in the areas that have been served by piped water.



To estimate the water supply and consumption in each district in Jakarta, the water treatment plants’ capacity was compared with the registered and estimated groundwater abstraction and piped water consumption. The yearly piped water consumption in 2019 was 362,626,303 m3/year, and the daily piped water consumption was 993,497 m3/day. Based on data on piped water coverage per district (as shown in Section 3.2), the estimated population connected to piped water is 5,703,643. Thus, the per capita water consumption is estimated to be 174.2 L per capita per day (LPCD). The water consumption per capita was then used to estimate the water demand of the total population, which includes both connected and non-connected consumers. Meanwhile, the groundwater abstraction by non-registered consumers was estimated on the basis of water consumption per capita multiplied by the population not connected to piped water [50,51].



The screen depths of the registered wells are 65–243 m [20], and they are used by the commercial and industrial sectors. Therefore, it was necessary to estimate the groundwater abstraction by non-registered residential/domestic consumers based on their water consumption, which was estimated by multiplying the per capita water consumption by the population not connected to the piped water. The registered and estimated groundwater abstraction in each district was plotted on a map superimposed by the piped water service coverage areas to analyze the relationship between piped water coverage and groundwater abstraction. In addition, the groundwater levels and the rates of land subsidence were also visualized on a map to study the relationship between the cones of groundwater depression and land subsidence.



Monitoring anions in groundwater is useful for detecting contamination, as they are conservative in aquifers [52]. Chloride is an indicator of seawater intrusion, considering that seawater is the main source of chloride in groundwater samples taken from coastal areas, while both chloride and nitrate occur together in groundwater contaminated by sewage effluent [25]. In addition, fertilizers used for agriculture could increase the nitrate concentrations in groundwater [25,53,54]. Therefore, groundwater quality was visualized on a map to select the priority areas for piped water supply development.



The drinking water quality guidelines, namely Minister of Health Regulation No. 492/MENKES/PER/IV/2010 issued in 2010 [55], contain 26 mandatory and 73 additional water quality parameters. The water suppliers must abide by the mandatory parameters, while the additional parameters are selected and determined by local governments depending on the local environmental quality. Among the 26 mandatory parameters, there are 12 parameters related to the results of groundwater quality monitoring (Table A1). In this study, chloride and nitrate were selected as indicators of groundwater contamination to determine the priority zones for the piped water supply.





3. Results


3.1. Groundwater Abstraction and Land Subsidence


Although the groundwater levels are commonly measured from the mean sea level of the adjacent bays, the raster map of the groundwater levels from the mean sea level from Jakarta Bay (Figure A1) drawn based on the monitoring well data was too coarse to identify the local depression cones of the groundwater levels. Therefore, we drew a map of the groundwater levels measured from the ground levels, i.e., the altitude (Figure 3a), and found that the groundwater level contour and the locations of land subsidence were in good agreement. In the northwest region of Jakarta, the groundwater table drawdown to depths lower than 30 m from the land surface is widespread, and the cone of depression is quite large; this has caused land subsidence in these areas. Meanwhile, in the central region, the areas with a groundwater table less than 15 m deep are widespread, while there are some areas with groundwater depths of 20–30 m, where land subsidence also appears in the cone of depression. Figure 3b shows that the areas with low groundwater levels appear in areas that are not served by piped water, such as in the northwest, causing land subsidence in that region (Figure 3a).



Meanwhile, the current amounts of estimated and registered groundwater abstraction (Figure 4a and 4b, respectively) in the northwest are not too large, indicating the possibility that large amounts of groundwater abstraction occurred in the past before the regulations on groundwater abstraction were imposed. Changes in land use due to rapid urban development without a piped water supply might have resulted in a lack of groundwater recharge, causing the groundwater to decline or cones of depression to appear due to groundwater abstraction, resulting in land subsidence, such as in the central and northwest regions.



The spatial visualization of the estimated groundwater abstraction per area in each district (Figure 4a) shows that the Jatinegara district, with the darkest brown color, has the highest estimated groundwater abstraction per area, even though the area has been served by piped water. In addition to the possibility of partial/zero customers, the presence of large slum areas along the Ciliwung River may be the cause of large groundwater abstraction in the Jatinegara district because the inhabitants in the slum areas do not have access to piped water [56].



The estimated groundwater abstraction in the south of Jakarta is generally moderate to high (1,000,000 m3/km2/month) because the groundwater quality in the southern region is considered good compared with the northern region, as there is no influence of seawater intrusion. Meanwhile, registered groundwater abstraction (Figure 4b) is accumulated and extensive in the southwest region of Jakarta, which indicates that in recent years there has been rapid development in the region and high amounts of groundwater abstraction due to a lack of piped water development.



Geological layers may also affect the occurrence of land subsidence; Figure 5a shows that the central to northern region of Jakarta is covered by a sedimentary layer, and land subsidence occurs in these areas, as shown in Figure 3a. This is because in the sedimentary layer fine material is also carried away at the time of groundwater abstraction, causing cavities in the soil. Furthermore, widespread land subsidence is caused by the pressure depression in the aquifers, which is represented by the groundwater level contour in the central and north regions of Jakarta (Figure 3a). However, in the southern region, the location of land subsidence is not extensive, possibly due to the dominance of volcanic layers (Figure 5a), which is also represented by the groundwater level contour (Figure 3a).



The urban development in the southern region of Jakarta before the extension of piped water services has resulted in a large amount of registered groundwater abstraction. This has caused the emergence of a cone of depression and land subsidence at the southern end of Jakarta (small arrows in Figure 3a,b), although the geological layer in the south is dominated by volcanic ash layers.



The use of groundwater in urban activities cannot be eliminated; however, its use can be better managed by considering the geological conditions and groundwater levels to avoid land subsidence. Figure 5b shows the potential areas of controlled groundwater abstraction based on the multilayer analysis of the geological layers and groundwater levels up to 10 m below the ground level. The areas colored dark and light blue indicate the areas where the groundwater table ranges across 0–5 m and 5–10 m, respectively, below the ground surface and are located in rock and solidified lava pieces (volcanic layer). The use of controlled groundwater, taking the geology, groundwater levels, and groundwater quality into account, could improve the deficiency of the piped water supply to supply piped water to those living in the priority areas proposed in this study.




3.2. Water Supply and Demand


The total piped water consumption is estimated to be 993,497 m3/d, which is much less than the total supply capacity of 1,747,440 m3/d due to high water loss [57], limited supply volume below the capacity, and the presence of zero customers (Figure 6). Therefore, it is estimated that the water suppliers might have extra capacity to supply water to more consumers living both inside and outside the present supply areas if the water loss is reduced. The average per capita piped water consumption is estimated to be 174.2 LPCD, which was used to estimate the groundwater abstraction by non-connected consumers, namely 886,465 m3/d. Thus, the total water demand in Jakarta, including both connected and non-connected consumers, is 1,878,899 m3/d. This figure is higher than the total water treatment plant capacity of 1,747,440 m3/d by 131,459 m3/d without considering water losses. Therefore, it is necessary to develop additional surface water sources for piped water to meet the total water demand, which can also function as a groundwater recharge area through infiltration wells, such as in the southern area of Jakarta [10]. Alternatively, the controlled use of groundwater in the areas where the groundwater table is high and the risk of land subsidence is low can fill the gap between water demand and piped water supply, as outlined in Section 3.1.



Furthermore, the water demand and supply and the demand–supply gap, (i.e., (demand–supply)/demand, as a percentage) in each district were analyzed to obtain more detailed information on piped water coverage. Figure 7a shows that water demand and supply are significantly different among the districts, namely two districts (Cakung and Cengkareng) have high water demands of more than 900,000 m3/d and very low demand–supply gaps of less than 10%, whereas three districts (Gambir, Cempaka Putih, and Menteng) have very low water demands of less than 20,000 m3/d. The demand–supply gaps, represented by blue dots, show that there are 22 districts with large gaps of more than 50%, and the demand–supply gap is the largest in Jagakarsa district in South Jakarta (Figure 4a and Figure 7b).




3.3. Groundwater Quality


The Groundwater Conservation Center reported the monitoring results of 14 water quality parameters that did not meet the guidelines of the Ministry of Health [55] (Figure 8). The highest rates of water quality violations were found for pH (30.6%; guideline values: pH 6.5–8), followed by TDS (26.58%; 500 mg/L), iron (25.66%; 0.3 mg/L), and turbidity (25.66%; 5 NTU). Of these 14 parameters, chloride and nitrate were used as parameters to determine the piped water development zone. Although the violation rates of chloride and nitrate were not so high, 9.58% and 5.26%, respectively, the highest concentrations were 15,632 mg/L and 182 mg/L, respectively, which are significantly higher than the standards of 250 mg/L for chloride and 50 mg/L for nitrate.



We selected chloride and nitrate as indicators of sea water intrusion and anthropogenic contamination, such as fertilizer use and wastewater intrusion, respectively, because these anions are conservative in groundwater, and high concentrations of these anions make groundwater unsuitable for drinking. The spatial distribution of chloride and nitrate concentrations above the water quality standards is shown in Figure 9. High chloride concentrations were found only in the northern region along the coastal area, which indicates seawater intrusion in the north, such as in the districts of Penjaringan, Pademangan, Tanjung Priok, Cilincing, and Kalideres; this intrusion is spreading to the south in the eastern region of Jakarta, such as Cakung and Duren Sawit Districts. The northwestern region has very high chloride concentrations, which correspond to a depression cone in the same region (Figure 3a). High nitrate concentrations in the groundwater were detected in East Jakarta (Cipayung and Makasar Districts) and the southern region of Jakarta, which may be caused by agricultural fertilizers and/or the improper disposal of human/animal waste.




3.4. Piped Water Development Plan


The water demand of the non-connected population per district (Figure 10a) was used to determine the priority zones for piped water development by analyzing the spatial maps of water demand, house connections, districts, and piped water coverage. On the basis of the results of the water demand analysis, the number of house connections to be developed per district was estimated (Figure 10b). The largest number was in Jagakarsa District in the south, followed by Kalideras District in the northwest.



After we had accounted for the various analysis results that have been discussed, the parameters used to select the priority areas for developing piped water service coverage were summarized (Table A2). To prevent land subsidence due to groundwater abstraction, most of the northern region of Jakarta and some of western Jakarta are areas that require piped water supply because only small regions in these areas are covered by piped water, which has resulted in the appearance of extensive and deep depression cones (Figure 3a). The southern region also needs piped water to be developed because there is a depression cone that indicates the potential of extensive land subsidence in the future if groundwater use is not controlled and switched to piped water.



The districts where seawater intrusion has been taking place can also be considered for piped water development. Most of the northern coastal area districts have experienced seawater intrusion, as indicated by the high chloride concentrations in the monitoring wells (Figure 9). Seawater intrusion has also reached the central districts of Jakarta, such as Cakung District in East Jakarta and Kalideres and Cengkareng in West Jakarta, while high nitrate concentrations indicate groundwater contamination by agricultural fertilizers and/or domestic wastewater.



Table 3 shows a summary of the water demand and house connections in the three districts with the highest, median, and lowest water demand as examples. According to these results, the highest demand for piped water development is Jagakarsa District in the south of Jakarta City with the largest number of house connections (54,167), and the area with the smallest number is Cakung District in the east of Jakarta City with 1732 house connections.



Figure 11 shows the priority map of the piped water development plan. Based on the groundwater quality, land subsidence, groundwater levels, and water demand (Table A2), the first priority for piped water development is the northern coastal regions because, although groundwater abstraction is low, the cone of depression in the north is deep and wide, which has caused extensive land subsidence (Figure 3). In addition, the groundwater in the northern area is salty due to seawater intrusion (Figure 9) and thus cannot be the source of safe drinking water for the people living in the area. Throughout the northern coastal region, the water demand is low, except for Kalideres District (Figure 10). Therefore, Kalideres District is the top priority for piped water development, followed by the other districts in northern Jakarta.



The next priority for piped water development is in the southern region, followed by the eastern regions of Jakarta because the water demand in this area is very high (Figure 10), causing a cone of depression to appear due to the over-abstraction of groundwater (Figure 3), which would cause land subsidence in the future.





4. Discussion


This study assumed that the water consumption of the non-connected consumers is the same as that of the consumers connected to piped water or that their water consumption will be the same as that of connected consumers when they are connected. Although there is no information on the amount of groundwater consumed by households and small-scale commercial consumers, they might use more water than the consumers connected to piped water because they do not have to pay the water tariff, except for the electricity tariff for pumps. However, it is considered reasonable to assume that they would use the same amounts of piped water once they are connected. In addition, it was assumed that all of the large-scale consumers of groundwater are registered and only private households and small-scale commercial and industrial consumers use groundwater without registration. This is also considered to be reasonable because Jakarta implemented regulations requiring large-scale groundwater wells to be registered in 2009 in accordance with Governor Decree No. 37 issued in 2009 regarding the groundwater abstraction tax (Peraturan Gubernur Provinsi Daerah Khusus Ibu Kota Jakarta Nomor 37 Tahun 2009).



Although the additional supply potential was estimated on the basis of the water production capacity of the water treatment plants, their actual supply capacities and the water loss in the distribution systems were not taken into consideration. The proportion of non-revenue water could be as high as 46%, caused by physical water loss, meter inaccuracies, incorrect data entry, and illegal connections [57], which must be brought down in the future to meet the increasing water demand. It was also assumed that the consumers will be willing to connect to the piped water supply systems once they are made accessible. However, it is known that there are so-called zero customers in Jakarta who are not satisfied with the current services of the piped water supply [58]. The connection fee could also be a potential barrier to low-income households connecting to the piped water supply. Thus, it is necessary to overcome these constraints to ensure non-connected households become connected to reduce their groundwater abstraction.



Although the whole area of Jakarta should be covered with piped water supply in the near future to meet all water demands, the controlled use of groundwater, combined with an extension of the piped water supply could be also an inevitable coping strategy to fill the gap between water demand and supply volume. The use of groundwater in a developing city cannot be terminated; however, it can be better managed by considering the geological conditions, groundwater levels, and water quality to alleviate land subsidence. Thus, this study proposed the controlled abstraction of groundwater in a small part of eastern Jakarta, where volcanic layers are dominant (Figure 5b) and groundwater levels are high (Figure 3). The controlled use of groundwater, taking the groundwater quality, geological layers, and groundwater recharge into account, can improve access to drinking water in Jakarta. Groundwater use in volcanic layers is less likely to cause land subsidence than in the areas with sedimentary layers.



More than 90% of the raw water sources for piped water are located outside of the Jakarta area (Figure 1), indicating Jakarta’s high dependence on other provinces providing raw water. In addition, the high water demand and the limited capacity of the water treatment plants have caused a supply shortage of 131,459 m3/d, without taking water loss into account. The development of piped water service coverage takes time, and groundwater use is unavoidable in a growing city such as Jakarta; therefore, in an effort to provide access to safe drinking water, it is necessary to apply groundwater management measures while taking health and the environmental issues into account.



The contributions of this study are as follows: First, this study revealed that the gaps between water demand and supply varied extensively among the 42 districts in Jakarta (Figure 7a), which indicated that access to piped water is not evenly distributed. Thus, this needs to be taken into consideration for controlled groundwater use and piped water development. The need to develop house connections for each district, which was obtained from the results of the water demand of the non-connected population, can be also used to estimate the required investment to expand the coverage area of piped water.



The second contribution of this study is that the spatial analysis method applied in this study enabled us to establish the priority districts for piped water supply coverage. Various parameters, i.e., the water demand, present connection rate to piped water, groundwater abstraction, land subsidence, and groundwater quality, were quantified and taken into consideration for identifying priority districts. The comparative importance of these parameters should be determined by the stakeholders; in this study, water demand, land subsidence, and groundwater quality were selected to set the priority for piped water development because of the urgency to meet the water demand of the population of this area.



The third contribution of this study is that the required amounts of additional piped water supply were quantified for future piped water supply development. However, there are some factors that were not included in this study, such as the investment costs and the time required to extend the piped water, which must also be taken into consideration for the actual piped water plan. Therefore, the steps to be taken in future studies are to update the dataset used in this study to improve the accuracy of the estimated water demand, non-connected population, groundwater abstraction, and groundwater quality. In addition, updating the dataset of groundwater level contours and increasing the numbers of monitoring locations and groundwater quality parameters will improve the accuracy in identifying the areas for controlled groundwater abstraction as an alternative to piped water.




5. Conclusions


Although Jakarta has experienced serious land subsidence for many years, the over-abstraction of groundwater continues due to the limited supply and low service levels of piped water. This study delineated the relationship between the deficiencies in piped water supply and groundwater over-abstraction using GIS and spatial analysis. The correlations between groundwater abstraction and the drawdown of groundwater tables and between groundwater abstraction and land subsidence are clearly shown in the GIS maps. Based on the quantitative data on the piped water consumption per capita, the additional volume of piped water for groundwater consumers in each district was estimated. In addition, from the data on the piped water supply capacity, the gap between water demand and piped water supply, groundwater levels, land subsidence, and groundwater quality, the priority districts for early piped water supply extension were selected, and the total amount of additional piped water supply was estimated. As a result, it was found that the existing water treatment plants could supply more water to meet most of the increased demand for piped water, provided that the water utilities could reduce their water loss and improve their water supply efficiency. The results of this study demonstrated the importance of setting priorities for extending and improving piped water supply services. For this purpose, the methods presented in this study enabled the consolidation of various data on GIS maps, and they would be useful, not only for Jakarta but also other cities where groundwater over-abstraction is prevailing, to make plans for the extension of piped water services to regulate groundwater over-abstraction.
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Table A1. Drinking water quality standards 1 related to groundwater.






Table A1. Drinking water quality standards 1 related to groundwater.





	No.
	Parameter
	Maximum Amount Allowed
	Remarks (Parameter)





	1
	Chloride
	250 mg/L
	Mandatory



	2
	Nitrate
	50 mg/L
	Mandatory



	3
	Sodium
	200 mg/L
	Additional



	4
	TDS
	500 mg/L
	Mandatory



	5
	Hardness
	500 mg/L
	Mandatory



	6
	Sulfate
	250 mg/L
	Mandatory



	7
	Zinc
	3 mg/L
	Mandatory



	8
	Nitrite
	3 mg/L
	Mandatory



	9
	Lead
	0.01 mg/L
	Additional



	10
	Iron
	0.3 mg/L
	Mandatory



	11
	Manganese
	0.4 mg/L
	Mandatory



	12
	pH
	6.5–8.5
	Mandatory



	13
	Turbidity
	5 NTU
	Mandatory



	14
	Color
	15 TCU
	Mandatory







Note: 1 Minister of Health Regulation No. 492/MENKES/PER/IV/2010.
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Table A2. Summary of issues for piped water development.
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	No.
	District
	City
	Water Demand and House Connection
	Groundwater and Land Subsidence
	Chloride
	Nitrate





	1
	Cakung
	East Jakarta
	
	
	√
	√



	2
	Cipayung
	East Jakarta
	√
	√
	
	√



	3
	Jatinegara
	East Jakarta
	
	√
	
	



	5
	Kramat Jati
	East Jakarta
	
	
	
	√



	6
	Penjaringan
	North Jakarta
	
	√
	√
	√



	7
	Cilincing
	North Jakarta
	
	√
	√
	



	8
	Pademangan
	North Jakarta
	
	√
	√
	√



	9
	Tanjung Priok
	North Jakarta
	√
	√
	√
	



	10
	Jagakarsa
	South Jakarta
	√
	√
	
	



	11
	Cilandak
	South Jakarta
	√
	√
	
	√



	12
	Mampang Prapatan
	South Jakarta
	√
	
	
	



	13
	Cengkareng
	West Jakarta
	
	√
	√
	



	14
	Kalideres
	West Jakarta
	√
	√
	√
	√



	15
	Kembangan
	West Jakarta
	
	
	
	√
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Figure A1. Raster map of groundwater levels above the mean sea level of Jakarta Bay plotted with the altitude contours in the Jakarta region. 
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Figure 1. (a) Water sources and water treatment plants (modified from PAM Jaya) [15]. (b) Water supply areas of the two operators: PALYJA and AETRA (modified from PAM Jaya) [15]. 
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Figure 2. GPS stations and monitoring wells retrieved by web scraping [20]. 
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Figure 3. (a) Groundwater level below ground level and land subsidence rates and (b) groundwater level below ground level and piped water service area. Note: the areas indicated by the light blue color are the service areas of piped water. 
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Figure 4. (a) Estimated groundwater abstraction per month in each district. (b) Registered groundwater abstraction per month in each district. 
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Figure 5. (a) Geological layers in Jakarta’s groundwater basin. (b) Areas of controlled groundwater abstraction. 
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Figure 6. Water demand and supply in Jakarta. 
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Figure 7. (a) Water demand and supply and the demand–supply gap per district. (b) Percentage of the population served by piped water per district. 
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Figure 8. Violation rates of the groundwater quality standards in Jakarta. 
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Figure 9. Chloride and nitrate concentrations in groundwater monitoring wells. 
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Figure 10. (a) Water demand of the non-connected population per district. (b) Number of piped water connections to be developed in each district. 
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Figure 11. Priority areas for piped water development. 
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Table 1. Administrative city/regency and population in the province of DKI Jakarta.
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	No.
	Administrative City/Regency
	Population 1





	1
	Central Jakarta
	1,127,593



	2
	East Jakarta
	3,146,725



	3
	North Jakarta
	1,797,871



	4
	South Jakarta
	2,309,643



	5
	West Jakarta
	2,505,315



	6
	Thousand Islands
	28,716



	
	Total
	10,915,863







Note: 1 Census, Central Statistical Agency (2019).
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Table 2. Water treatment plants in Jakarta.
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Region

	
Water Treatment Plant 2

	
Capacity (m3/d)

	
Total (m3/d)






	
PALYJA

	
Pejompongan 1 and 2

	
544,320

	
840,240




	
Cilandak

	
34,560




	
Distribution Central Reservoir

(DCR 4 and 5)–Tangerang Water Utility

	
241,920




	
Taman Kota

	
12,960




	
Cikokol

	
6480




	
AETRA

	
Buaran 1 and 2

	
518,400

	
907,200




	
Pulo Gadung

	
388,800




	
Grand Total

	

	

	
1,747,440








Note: 2 Jakarta Water Utility (PAM Jaya) [15].
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Table 3. Maximum, median, and minimum water demand.
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	No.
	District
	Population
	Water Demand (m3/day)
	House Connections (Units)
	Remarks





	1
	Jagakarsa
	351,039
	60,470
	54,167
	Highest



	2
	Pancoran
	171,845
	25,117
	22,499
	Median



	3
	Cakung
	555,511
	1933
	1732
	Lowest
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