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Abstract

:

Dhaka city is experiencing high water use and rapid declination of groundwater. The current water price in the city is low and based on a uniform rate. To arrest the resource degradation along with pursuing cost recovery and promoting social equity, this paper develops a new pricing model for domestic water uses using the integrated water resources management principles. The development is accomplished through estimation of domestic water usage, evaluation of current water prices, and assessment of groundwater degradation externalities in the Tejgaon area of the city using both primary and secondary data. Two economic and two environmental externalities are incorporated. The model is based on an increasing block tariff strategy, and the estimated unit prices for the first and second blocks are respectively 5% and 75% higher than the existing price. The model has the potential to reduce the domestic water use in the city by up to 27%, increase the revenue for the Dhaka Water Supply and Sewerage Authority by up to 75%, and reduce the water bill for poor households by up to 67%. The model has a great potential for practical deployment and the concept can also be applied to other cities and water uses.
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1. Introduction


Water is one of the most important resources for maintaining the needs of humans and the environment. Unfortunately, water resources are diminishing despite their unlimited importance. Several human activities, such as unconscious water use and pollution, are the underpinning factors for the decreasing state [1]. According to the United Nations Development Program, over 40% of the global population is affected by water shortages, and the percentage is anticipated to exceed half of the population (57%) by 2050 as a consequence of climate change [2,3]. To deal with the scarcity, different countries are adopting various management strategies, such as managed aquifer recharge (MAR), low impact development (LID)/ green infrastructure (GI), and grey water reuse [4,5,6,7,8]. India has started practising MAR in Uttar Pradesh, Andhra Pradesh and Tamil Nadu for groundwater recharge and achieved two to nine times higher recharge rates than normal infiltration processes [4,9,10,11]. Moreover, the concept of greywater recycling and reuse has gained significance in many water stressed countries including Australia, Germany, USA, Brazil, Malaysia, Middle East, Japan and China over the years [4,6,7,8,12,13]. LIDs/GIs, including modern practices adopted in Germany, the United States, and Japan to build healthy urban water cities, have also succeeded in improving water infiltration to the ground [14]. However, in developing countries, most of the water conservation methods in addressing the water crisis remain ineffective and have low adoption because of the associated costs, inaccessibility, and technical knowledge requirements [15].



Integrated water resources management (IWRM) has been highlighted several times as an effective policy paradigm for the management of water scarcity issues in both developing and developed countries [16,17,18,19,20,21,22,23]. It is a process that encourages the coordinated development and management of water based on three core principles—economic efficiency, social equity, and environmental sustainability [24,25,26]. The concept is now widely used in the implementation of overarching water policies and legislations that employ basin-wide management, water rights, water pricing, and participatory decision-making [23,27,28,29,30,31,32]. The principles of IWRM direct that the water tariff is to be designed such that economic efficiency, environmental integrity, and social equity can be achieved to provide the greatest benefit with the limited available water resources, to account for the social and environmental costs of sustaining the management of resources, and to ensure equitable access to an adequate quantity of water for the marginalized and poorer user groups, respectively [25,33,34,35]. The recovery of costs with a reflection of economic value is the first precondition for ensuring economic efficiency in the pricing system [36,37,38,39]. The efficacy of a water-pricing system is contingent on the type of tariff and its monetary value [40,41,42,43,44,45]. There is a bewildering miscellany of actual water tariff structures implemented by diverse water utilities, even within similar geographical conditions. The structures can be divided into two main categories: flat-rate charge (amount of consumed water has no bearing on the bill) and water use charge (water bill is dependent on the use). Based on the differences in the charging formulae, the water use charge is further subdivided into four main categories: uniform volumetric charge, increasing rate tariff, increasing block tariff (IBT) and decreasing block tariff [46,47,48,49]. Therefore, it is highly requisite for any water utility or community to choose a tariff system that fits well to its areal and socioeconomic characteristics [50,51,52].



The second principle of IWRM highlights the conservation of scarce water resources for the present and future generations. Thus, the total cost recovery should not only encompass the infrastructure construction, maintenance and management costs, but also include the environmental costs [36,37]. The extensive and wasteful use of resources results in several negative impacts on the environment [53] and leads the resources towards declination, which direct to the consideration of environmental externalities in water pricing [36,40,54,55]. That consideration can assist in full cost recovery, on one hand, and provide water conservation incentives, on the other.



In addition to efficient resource use and environmental integrity, the IWRM framework conveys comprehensive significance in ensuring equitable access for the poor marginal social groups [27,56]. However, it is often overlooked whether the needs of the poor groups are met or not [57,58]. For example, an absence of municipal water supply in the low-income communities, often controlled by power groups, can result in a high price burden for the communities. With the assistance of local powerful groups, private vendors provide substandard services and make money by taking advantage of water deprived poor people [57,59]. Hence, to ensure an equitable water access in a society, it is highly necessary to bring low-income people under an IWRM-based water-pricing structure.



The implementation of an IWRM-based water-pricing system often becomes a challenge. The underpinning factor is that the last principle of the framework, i.e., equity, contradicts the other two principles [42,60]. Provision of a subsidized low price does not satisfy the criterion of cost recovery on the one hand [56,60], and it reinforces the misuse of the valuable environmental resource and leads to its degradation on the other [61,62]. This conflicting issue, therefore, directs a use-specific water-pricing system to successfully integrate IWRM principles.



In the megacity Dhaka of Bangladesh, the Dhaka Water Supply and Sewerage Authority (DWASA), an autonomous government organization, supplies potable water to its residents [4,63]. Due to rapid population growth and unplanned urbanization, the water demand in the city is increasing day by day. However, the rivers, khals and wetlands in and around the city are being reduced due to encroachment and unplanned urbanization [64,65,66,67,68] and their water is becoming polluted by industrial and municipal wastes [69,70,71,72,73,74], making the city water supply dependent on groundwater. DWASA supplies a major part (up to 78%) of water from groundwater sources [75]. However, the water is supplied at a subsidized uniform volumetric charge, which is comparatively lower than most other neighbouring Asian cities including Delhi, Karachi, Kathmandu, Singapore, Jakarta, Manila, Beijing and Bangkok [76,77,78,79,80,81,82,83]. This low tariff encourages unconscious and excessive use of water [61]. Hardin, for the first time, pointed out the reason that whenever a product is free or undervalued, it promotes misuse rather than efficiency [84].



In Dhaka city, only domestic use has led to the abstraction of about 2.0 Mm3 of groundwater every day [85], which is in excess of the recharge to the aquifer. The natural groundwater recharge in this metropolis is about 25% lower than the abstraction [86]. The city’s subsurface geology consists of an aquitard layer called Madhupur clay, which is 6 to 12 m thick and prevents recharging from rainfall infiltration and riverbed seepage [87,88,89]. As a result, most aquifer recharge is received from subsurface horizontal inflow, which is insufficient to maintain the groundwater balance at the current pace of abstraction [4]. Thus, the city has experienced a drawdown of up to 80 m with an annual rate of 3.07 m [4,85,90].



The groundwater of the city is almost a common pool resource due to its lower price, which in turn has led to a severe decline in this valuable environmental resource. As the stock is not unlimited, the dynamic inefficiency makes one of the most valuable resources become scarcer day by day [62]. The declination of the groundwater has further negative implications (externalities) on the future water supply as well as on the environment [91,92]. A range of externalities, such as an increase in financial expenses for groundwater extraction, a reduction in longevity of the deep tubewells and damage to the aquifer, arise due to the depletion [54,92,93,94,95,96,97]. In addition, as a major user of energy, groundwater extraction contributes to a significant percentage of greenhouse gas generation, which not only causes environmental threats [98] but also fuels climate change [99]. This cost of externalities should be taken into account while the water price is set [36,40,55,100]. Unfortunately, the existing water-pricing policy of Dhaka city disregards the associated cost of groundwater externalities and is hinged only on the installation and operation and maintenance (O&M) costs. Hence, the users receive all the benefits of groundwater without paying the full cost [62,101]. Additionally, while the rich enjoy tapped water in their houses, most low-income communities rely on private vendors.



Slum dwellers pay about 7–14 times higher prices than residents of formal housing, which is about 12–15% of their monthly income [57]. As a result, the slum dwellers use 7.5–10 times less water in comparison with a middle-class household consumer in Dhaka city [102]. The main burden of water price is generally imposed on women due to their responsibility of maintaining the family [103,104]. Thus, the total water-pricing process of this megacity does not follow the three principles of IWRM, although it is a critical concern for many countries.



Although the need for reforming the water price with cost recovery has been underscored in many water-related policies of Bangladesh [105,106,107,108,109], only the DWASA has proposed in its water supply master plan for the Dhaka city, for the first time, an IBT structure to deal with affordability and cost recovery issues [110]. However, the proposed pricing structure does not include the cost of externalities, which underscores the necessity for redesigning the said structure. Moreover, though several studies addressed the role of IWRM in an efficient pricing system [25,27,28,29,30,33,34], none delved further into the development of an IWRM-based water-pricing model. This study fills in these knowledge gaps by developing a water-pricing model for domestic water use in the Dhaka city incorporating the core principles of IWRM to support water conservation and pro-poor water policy.




2. Materials and Methods


2.1. Study Area


This study was carried out in Dhaka city, where groundwater overexploitation is a major concern. The over-abstraction started since the early 1980s due to the uncontrolled urban growth [4,111], rapid population growth [112,113,114], diminution of water bodies [115], and hindrance to infiltration due to the increase in built-up areas [116,117]. The extent of groundwater declination has come to a point where it would not be feasible to dig more tubewells and increase the production rate [118]. The city is likely to face a great scarcity of groundwater if the abstraction continues at this excessive rate [119]. The existing groundwater depletion scenario requires a proper management policy.



This study focused on the Tejgaon area as a representative of the Dhaka city as a case study (Figure 1).The Tejgaon area is considered critical for future water supply as well as for posing a substantial risk of environmental degradation due to the drawdown of up to 70m in the groundwater level [76,120]. Hence, this was identified as a suitable location for studying the groundwater degradation externalities. In addition, the study aimed at evaluating the existing domestic water-pricing practices in both formal and informal settlements. The Tejgaon residential area represents the formal settlements with legal water connections, and the Tejgaon slum symbolizes the informal communities with illegal water connections. The Tejgaon residential area is under the ward nos. 25 and 26 of the Dhaka North City Corporation (DNCC). It is in a prime location of DNCC under zone 3 and zone 5. The Tejgaon slum is located alongside a railway line in ward no. 25 of DNCC (zone 3). The residential area has a population of 0.13 million in an area of 256 ha [121], whereas the slum has a population of about 1820 in an area of 2 ha. The combination of residential and slum areas in the same geographic location further helped obtain a comparative scenario of domestic water uses in different settlements and extrapolate the results to the city.




2.2. Methods and Data


The study formulated a water-pricing model, which assimilated three aspects: cost recovery, affordability of water use, and amount of water use per capita to penalize high water users (Figure 2). Consideration of affordability for the users combined with penalization for overuse of water supplemented the equity ethics of IWRM-based water pricing. On the other hand, the reflection of the full economic cost not only attains the economic efficiency of water supply, but also makes the water users aware of their uses [62]. The full economic cost can be subdivided into two broad parts: cost of extraction and cost of resource degradation externalities. The cost of externalities symbolizes the compensation for continuous degradation of resources to the environment. It is further subdivided into economic and environmental externalities, which arise due to the declination of groundwater level, such as the cost of deepening tubewells and pumps, higher fuel cost, and greenhouse gas emissions caused by the greater use of energy [54]. The study thus embraces the three objectives of IWRM.



To develop the above IWRM-based water-pricing model, the study needed to accomplish a number of activities (Figure 3). Firstly, the domestic water usage was estimated to provide a basis for the amount of water used in both formal and informal settlements. Secondly, the current water-pricing system was evaluated on the basis of the factors of water pricing and its impacts on livelihoods were assessed to gain a good understanding on the affordability for water users. Thirdly, the groundwater depletion externalities in the study area were identified and the associated costs were estimated, which led to calculation of the full economic cost of water. Finally, a water pricing model was developed as a long-term solution for the existing negative impacts.



The proposed water-pricing model follows an IBT strategy. Among the different water pricing schemes, IBT facilitates cost recovery while simultaneously penalizing large consumption and subsidizing basic use for the poor. The execution of IBT, therefore, supports IWRM because of its conservation-oriented design and advancement of equity and efficient water use [34,56,122,123,124,125]. The unit price of water is suggested such that the consumption in the first pricing block covers the extraction cost, while the use in the second block covers the cost of water degradation externalities. The World Health Organization (WHO) sets the standard domestic use to 50 lpcd, which is sufficient for assuring hygiene with a low risk of health [126,127]. Hence, the consumption limit of the first block is considered to be 50 lpcd in the proposed pricing model:


   If   Q ≤ 50     lpcd ,   P  ( Q )  = E C × Q   



(1)






   If   Q  > 50      lpcd ,   P  ( Q )  = M P × Q     



(2)




where  Q  is the quantity of water usage, and   P  ( Q )    is the price of water. The unit extraction cost of groundwater    (  E C  )    and the modified price of groundwater    (  M P  )    are then estimated as:


  E C = C u r r e n t   p r i c e + S u b s i d i z e d   a m o u n t   o f   p r i c e  



(3)






  M P = E C + C o s t   o f   e x t e r n a l i t i e s = E C + ( C o s t   o f   e c o n o m i c   e x t e r n a l i t i e s + C o s t   o f   e n v i r o n m e n t a l   e x t e r n a l i t i e s )  



(4)







There are usually economic and environmental externalities in the over-exploitation of groundwater. The major economic externalities include increased energy consumption for the lowering of deep tubewells, and damage costs for the dryness of deep tubewells [54,94,95]. The major environmental externalities include the carbon footprint of water and health externalities [54]. The inadequate water use causes a great risk to the health of the slum dwellers and burdens them with extra treatment costs. Therefore, the treatment costs for water shortage related diseases were considered as health externalities. The study estimated the cost of the externalities from the data of the last 24 years (1996 to 2020). Table 1 provides the formulae used for the monetary valuation of the above-mentioned externalities.



To convert the cost of externalities into an annual uniform cost, the following uniform series capital recovery factor formula [130] was used:


  A n n u a l   u n i f o r m   c o s t ,   A = P  [    i   (  1 + i  )  n      (  1 + i  )  n  − 1    ]   



(11)




where  P  is the present cost of externalities,  i  is the interest rate, and   n    is the economic life of a tubewell. The value of  i  was drawn from the published information by the Central Bank of Bangladesh. The average interest rate on bank loans at all state-owned commercial banks is 9% for the industrial category [131]. Moreover, the average economic useful life of a deep tubewell is now about 6 years in the Dhaka city.



Given the objectives of this study, both qualitative and quantitative data were collected using a questionnaire survey (sample size n = 100), and a number of participatory tools, namely focus group discussions (FGDs), key informant interviews (KIIs), in-depth interviews (IDIs), and pair-wise ranking. Data were collected during February to December, 2020. Firstly, after a reconnaissance survey to check the suitability of the slum as a representative study area, the pair-wise ranking tool was employed to identify the dominant water problems prevailing in the slum. Then a questionnaire survey was used for both the residential and slum areas (n = 50 from each settlement) to gather information on drinking water consumption, domestic water use, water price, affordability, and impacts of current price on water use, health and sanitation. A stratified random sampling technique was followed where both formal and informal settlements were segmented into smaller strata by location. The survey respondents were both male and female aged mostly between 20 and 40 years. The education level of the respondents was higher in the formal settlements (secondary and higher) than that of the informal settlements (secondary and below). To better understand the gendered impact of water pricing, four FGDs were conducted in the slum with men and women separately (two from each group) to avoid swaying in their opinions. Four IDIs were also conducted with the slum dwellers for pulling out their deep-rooted views on prevailing practices due to water pricing. The interviews also helped understand the water distribution system clearly. Finally, interviews of five key informants—two executive engineers from DWASA, an NGO school teacher, and two water suppliers to the slum—helped identify the externalities associated with groundwater over-extraction and shed light on how externalities rise with level of extraction.



The study also required different secondary data and information including groundwater level, water consumption, current water-pricing system, and the externalities arising from the excessive withdrawal of groundwater. The information was collected during April’September, 2020 from a few sources where DWASA contributed a major portion of the secondary data and information (including water use data of the Tejgaon residential area, factors of the current water-pricing system, and information on groundwater externalities including energy consumption for groundwater production, the number of shifted and dried deep tubewells in the study area, and cost of construction of new deep tubewells). The groundwater level data were collected from the Bangladesh Water Development Board, energy price data from the Bangladesh Power Development Board, the grid emission factor from the Department of Environment, and the unit damage cost due to greenhouse gas emissions from the World Bank.





3. Results


3.1. Existing Water Supply Scenario


In the Tejgaon residential area, every household has a DWASA domestic water connection and pays the water bill according to the price structure set by the organization. In contrast, although DWASA started providing water supply connections to low-income communities in 2010, the Tejgaon slum is still not included for such connections. As a result, the water supply system to the slum depends on a completely different setup (Figure 4). A group of businessmen working as middlemen provide water to the slum unethically. They obtain water connections from the DWASA to use for commercial or community purposes and sell it to the slum dwellers at a higher price for their profit. For conducting the water selling business, they have established reservoir tanks, toilets, and sometimes bathing points in specific places close to the slum households. At present, there are six reservoirs of water in the slum with different types of connections. In the Dhaka city, the role of NGOs in slum development is more visible in promoting access to public water and sanitation services. Unfortunately, no involvement of the NGOs working in the water sector is found in this slum. The whole illegal system is run through the assistance of goons. Hence, the slum dwellers collect water daily according to their needs and affordability from these reservoirs finding no other alternate options. They have to pay separately for the use of the toilet and bathroom on a per-use basis.




3.2. Current Water-Pricing Practice and Its Impacts


The tariff for the DWASA domestic water connection was fixed at Bangladesh taka (BDT) 14.46 per 1000 L in 2020 (1 US$ = 84 BDT). Though this tariff in 2020 was nearly double the tariff in 2016 (BDT 8.09), it did not cover the full cost of extraction of water. As shown in Figure 4, the tariff structure of DWASA covers the O&M cost of water production and supply, which is also supported by a 5% subsidy from the government and other donor fundings. Thus, the residents of Dhaka enjoy one of the lowest water tariffs in the world. The slum dwellers, on the other hand, pay more than 17% higher price (BDT 250) for buying the same amount of water (1000 L) than the DWASA set price for domestic connections. Additionally, bathing and sanitation are charged separately on a use basis (BDT 10 and BDT 5 for one-time use, respectively). The engagement of local vendors in meeting their economic interests is the root cause of this massive pricing disparity. As uniform volumetric pricing is used by DWASA, there is no extra charge for a higher water use. Thus, vendors pay proportionally to their unusual higher water use and operate their water selling business at a high profit. The amount of profit of the vendors differs among the collection points, depending on the type of water connection (the unit price is kept equal at all the six collection points), the frequency of use of the water points, the distance of the water points, and the restrictions on use of the water points.



The existing water-pricing practices were assessed through a comparative breakdown between formal and informal settlements based on two surfaces: comparison with other South Asian cities and how it shapes their livelihood covering various socio-economic aspects, such as affordability, water use, health, and gender. The unit water prices in other cities, such as Beijing ($0.95), Manila ($0.78), Jakarta ($0.70), Gampaha ($1.44), Singapore ($2.74), Kathmandu ($1.11), Karachi ($0.34) and Delhi ($3.30) [76,77,78,79,80,81,82,132], are about 2–20% higher than that of Dhaka. Figure 5 shows that the per capita water use is higher in the Dhaka (representing Tejgaon residential area) and Karachi cities due to the low unit price. The water use in other cities are lower than the Dhaka city because of the higher prices. A negative correlation is identified (Pearson correlation coefficient of -0.487, p = 0.153 and Spearman correlation coefficient of −0.612, p = 0.060) between the water price and the water use in the above cities. This means that when the unit price is low, the per capita water use is more. Thus, there is a significant impact of water price on the amount of water used.



Depending on the price elasticity, the use of water is influenced by the collective factors of income and water price. The average income of the residents of Tejgaon (BDT 42490) is almost seven times higher than that of the slum residents (BDT 6440). Due to low income and the high water price, a slum family uses on an average about 11 times less water than a formal residential family. Only a small portion of the surveyed formal residents (8%) mentioned that the water price was high (not affordable). In direct contrast, nearly 90% of the slum respondents criticized the existing water price for not falling within their affordability range. The combination of high water price with low income forces the slum dwellers to spend about 8–14% of their monthly income for water, while formal residents spend only about 1% of their monthly income for water on an average. As a result, with the increase in the number of members in a slum family, the monthly water consumption in the family hardly increases (r = 0.58, p < 0.001), resulting in a decrease in per capita water use (r = −0.77, p < 0.001) (Figure 6).



This deprivation from sufficient amount of water also gives rise to several inconsistencies in the livelihoods of slum dwellers (Table 2). About 64% of the slum dwellers claimed that they could not afford to pay for their required drinking water. The standard amount of drinking water use ranges from 2 to 5.3 L [127], but the slum dwellers consume barely 1.2 L on average. In contrast, only 2% of the formal residents claimed using less water for their sanitation due to their low affordability.



The overpricing of water for sanitation also adds numerous miseries to the life of the slum dwellers. As already mentioned, they have to pay per use basis for the community toilets and bathing points. Despite paying their monthly water charges, a family of five members have to pay an additional BDT 1500 for taking baths every day in a month, which makes bathing a luxury for the slum dwellers. As a result, only 12% of the slum dwellers take baths everyday. The interval of taking baths varies from one day in small families to four days in large families. Although there are two toilets within the slum and five toilets outside the slum, the slum residents, especially the children, have to defecate in the open place beside the railway track. The reason for open defecation is highly related to the cost of sanitation rather than the insufficient number of toilets. If a person uses the toilets three times a day, he has to pay BDT 450 per month. The excessive cost, therefore, results in an unhygienic and unclean sanitation practice in the slum families.



Additionally, the patriarchal society as well as the water managing responsibility of women forces the women to compromise on their sanitation hygiene in most of the families. In 80% of the households, at least one woman completes her defecation and urination at home and throws those wastes beside the railway track. Nearly 60% of the female respondents have claimed that they have stopped their menstruation cycles through uterus removal surgery called hysterectomy, because it saves from bearing the additional cost of maintaining menstruation hygiene.



Furthermore, insufficient water consumption affects a large percentage of the slum residents by causing various diseases. About 66% of the slum respondents complained of suffering from water shortage related illnesses, such as urine infection (18%), constipation (10%), itches (8%), diarrhea (6%) and more than one disease (24%) (Figure 7). Thus, because of the low affordability with high price, the necessity of water is being compromised for the slum dwellers.




3.3. Proposed Water-Pricing Model


The proposed water-pricing model integrates the cost of groundwater degradation externalities into the pricing as a compensation for economic and environmental damages caused by groundwater depletion. The results obtained from the monetary valuation of the damage caused by the economic-environmental externalities are shown in Table 3. The total cost of externalities is estimated to be worth of BDT 443 million, indicating a severe groundwater depletion in the study area. Every year, the depletion costs around BDT 92 million for increased energy costs and damage costs for dryness of deep tubewells. On the other hand, the carbon footprint of water and health externalities combined cost around BDT 7 million per year in the study area.



For determining the unit price increment, the total annualized cost of externalities is further divided by the total amount of water drawn from groundwater. In the study area, DWASA supplies 12.43 billion liters of water on an average every year. As DWASA extracts 78% of its water from groundwater, the total amount of water extracted from groundwater in the study area is considered to be 9.69 billion liters. Thus, the cost of externalities for 1000 L of water production is calculated to be BDT 10.19. Table 4 shows the estimated price of water from the proposed water-pricing model. When the externality cost is incorporated, the price of water is estimated to be about 75% higher than the existing price. Considering the proposed water-pricing model, the new water rate will make water services more affordable to the poorest households. On the other hand, as water price rises with water use, excessive water consumption would be penalized severely.



  1 st   block   ( Q    2 nd   block   ( Q  





4. Discussion


Being non-renewable in nature, water is becoming scarcer in many regions because of growing population, rising incomes, and climate change. Water pricing is increasingly becoming one of the important policy tools to manage scarce resources more efficiently because of price-demand elasticity [133,134]. Multiple objectives are addressed by a well-designed water price structure, including economic efficiency, equity, and environmental and financial sustainability [41,43,135]. It has already been proved to be a viable strategy for incentivizing water consumption reduction, which in turn, assists the conservation of a valuable environmental resource, groundwater [48,56,125]. The two-tiered IBT pricing of urban water supply such as the proposed pricing model has a high probability of achieving the efficiency, fairness, and sustainability goals to direct the pathway of IWRM [55,122,136]. Considering the present inconsistencies in the prevailing water-pricing practice, this study developed a use-specific IBT tariff structure incorporating the cost of groundwater degradation externalities and validated the structure to determine whether it meets the key objectives of IWRM or not.



As shown in Table 3, the first block price adds the subsidized amount to the existing price and directs to the cost recovery even from low-use consumers. The second block price incorporates the cost of groundwater exploitation externalities to notify high water consumers about the true economic value of water. Furthermore, the increment in price brings about a great economic benefit to the authority. DWASA now earns about BDT 180 million and BDT 13460 million annually from the Tejgaon residential area and the entire city, respectively, which can be increased by about 5% to 75% by implementing the first and second block prices.



According to the DWASA master plan for Dhaka city, the water demand-price elasticity in 2012 was 3%, which indicates that a rise in price by 1% would decrease the per capita daily water use by 3% [110]. However, considering the changes in additional factors, such as increase in household income and less options to cut the demand, DWASA estimated that the price elasticity would be 2.5% in 2020. If this elasticity factor is considered, the rise in water price will have a significant influence on reducing overall water demand in the city (Table 5). Due to the small increment in price, the water use would be reduced by about 2% in the first block and 27% in the second block. Although the amount of reduced per capita water consumption is comparatively lower for the first block users, the significance rises to a greater extent when it is considered on a large scale. For instance, the amount of annual household water use can be saved up to 0.22 and 4 billion liters in the first and second blocks, respectively, for the Tejgaon residential area only. Moreover, when it comes to Dhaka city, the water consumption can be reduced by up to 255 billion liters in a year from its present level. Thus, the pricing model would aid sustainable water management strategies by reducing the over-extraction of valuable groundwater resources and saving it for the future generations of the city. The reduced consumption in turn would reduce energy consumption and greenhouse gas emissions. As shown in Table 5, the implementation of the proposed pricing model also saves about 50–750 MWH of electricity in a year in the study area. Furthermore, the huge amount of electricity saved would emit about 35–505 tons of carbon dioxide and its equivalent gases. Considering the Dhaka city, the proposed pricing model would benefit the environment more as it reduces electricity consumption by 3710–56160 MWH per year, which would further decrease the greenhouse gas emissions by up to 37630 tons per year. Hence, the proposed pricing model satisfies the ‘environmental integrity’ theme of IWRM through its substantial positive impact on the environment in terms of both conserving groundwater resources and reducing greenhouse gas emissions.



The findings show that large water users (formal residents) are using water capriciously because the existing water expenses comprise only 1% of their average income. The slum dwellers, on the other hand, pay approximately 17% more for water, forcing them to use insufficient water due to their low affordability. The proposed water-pricing model would benefit the slum dwellers in two ways: diminishing the economic burden of water and providing enough water for assuring hygiene. As the proposed price would be almost 17 (1st block) and 10 (2nd block) times lower than the existing water prices in the slum, one slum dweller can save about BDT 336-352 per month even if he/she uses 50 L of water in a day. Furthermore, the additional burden of spending BDT 210 per month on treatment for water shortage related diseases is reduced. Regarding the provision of sufficient water, even for those having comparatively low income, the dwellers of the Baganbari slum (a slum with a legal water connection) use, on average, about two times more water (40 lpcd) than those of the Tejgaon slum (Table 6). The quantity of water consumption of the Baganbari slum dwellers meets the basic access standard (20 lpcd) of WHO [127], which indicates that the lower first block price of the proposed pricing model can assist the slum dwellers in attaining the basic water access. In addition, the two-tiered pricing further leads to a cross-subsidy system in that the large consumers subsidize the small consumers, who are usually the low-income households. Whenever water consumption is maintained in the first block, a household can reduce its water bill by about 67%. On the contrary, when water consumption involves both the first and second blocks, the percent rise in the water bill is higher as a penalization for high consumption.



The proposed IBT model fulfills multiple objectives, such as groundwater conservation, the cost recovery of water supply and the reduction of price burden of water for low-income residents, and thus satisfies the three core principles of IWRM. However, the implementation of an IBT-tariff structure is quite challenging. One of the most important challenges is the necessity to quantify individual household use and household size to allocate use to the relevant block and allow customers to be billed at rates pertinent to their use levels. The lack of effective water metering in the Dhaka city is thus an obvious barrier to the implementation of the proposed water tariff. In this case, the solution can be drawn from the Israel metering practice, where standard water meters are mandated by law for all the wells, water producers, and consumers in the country. Such metering and IBT have formed the basis of demand management by reducing the water usage by 26% [125]. Moreover, non-metered users can also be encouraged to install meters in their households either by provision of a loan for sharing the meter installation cost or levying an additional fee to discourage their practice. In addition, in Dhaka city, DWASA provides legal water connections to the slums through NGOs, which sometimes become unsustainable after accomplishment of the NGO project. In this case, supplying water directly through the community management group can be more effective. The standard meter installation and monitoring of community management group would need a huge investment, but it can be recovered from the additional revenue earned following the implementation of the proposed water pricing.




5. Conclusions


Water pricing is more effective at managing scarce resources than non-pricing policy tools due to the price-demand elasticity, which creates a great scope for managing the water demand in the Dhaka city. The current water supply system in the city provides a continuous domestic water at a low price (BDT 14.46 per m3), which in turn underrates the true value of water, and results in an overuse of scarce groundwater resources. Thus, the prevailing system is leading to a rapid depletion of this important environmental resource. On the contrary, the slum dwellers are being deprived of basic water needs because of the high price (BDT 250 per m3) arising from illegal channels of water supply. The combination of a high water price and low income has led to suffering in the life of the slum dwellers, such as less water use (by 11 times), water-shortage related diseases (66%), unhealthy bathing practice (58%), unhygienic sanitation (82%), and gender inequalities. To improve the conditions, this study has developed a domestic water-pricing model following an IBT-pricing structure with the use limit of 50 lpcd in the first block. The suggested unit price of water in the first block covers the unit extraction cost (BDT 15.18), while that in the second block includes the cost of resource degradation externalities (BDT 25.37). As externalities, the study considered the increased energy consumption due to groundwater depletion, damage costs due to the dryness of tubewells, the carbon footprint of water, and treatment costs. Incorporating the cost of externalities, the price of water is estimated to be about 75% higher than the existing price in the second block.



The proposed water-pricing model satisfies the core principles of IWRM by earning an additional revenue of 5% to 75% (economic efficiency); reducing water usage up to 27%; lessening energy consumption by up to 56160 MWH; lessening greenhouse gas emissions by 37630 tons per year (environmental integrity); and allowing cross subsidies from large users to small users (social equity). This is a solid demonstration of operationalization of the IWRM concept using environmental economics. The IWRM concept was critiqued in the past due to the absence of an operational framework. This case study breaks that implementation barrier. Since people are already using filtration devices, bottled water, jar water, water vending machines, water lorries, etc., which are far more expensive than the unit price suggested in the proposed model, there is a great potential for practical deployment of the model. It will be a win-win situation for the service provider, water user and the environment. Real initiatives are now needed from the government to pilot the proposed model. The model would be very useful to the policy and decision-makers for optimal water allocation in the domestic sector for the present and future. However, the conclusions drawn from the study are constrained by the limited primary and secondary data collected from a specific area of Dhaka city. Hence, there is potential for further refinement of the model with more data from other areas of the city as the externalities vary from area to area. The model can be applied to other cities in the developing countries, particularly in South Asia. Similar pricing models can also be developed for other water uses, such as industrial, commercial and agricultural uses.







Author Contributions


Conceptualization, S.K. and M.S.M.; methodology, S.K. and M.S.M.; software, S.K.; validation, S.K., formal analysis, S.K.; investigation, S.K.; resources, M.S.M.; data curation, S.K.; writing—original draft preparation, S.K.; writing—review and editing, M.S.M.; visualization, S.K.; supervision, M.S.M.; project administration, M.S.M.; funding acquisition, M.S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the International Development Research Center (IDRC) Canada under IDRC-South Asian Water (SAWA) Leadership Program on Climate Change.




Informed Consent Statement


Informed consent was obtained from all respondents participating in the study.




Data Availability Statement


Data can be made available upon request.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Kılıç, Z. The importance of water and conscious use of water. Int. J. Hydrol. 2020, 4, 239–241. [Google Scholar] [CrossRef]

	



Boretti, A.; Rosa, L. Reassessing the projections of the world water development report. NPJ Clean Water 2019, 2, 15. [Google Scholar] [CrossRef]

	



United Nations. Transforming Our World: The 2030 Agenda for Sustainable Development; Department of Economic and Social Affairs, Division for Sustainable Development Goals: New York, NY, USA, 2015. [Google Scholar]

	



Moshfika, M.; Biswas, S.; Mondal, M.S. Assessing groundwater level declination in Dhaka city and identifying adaptation options for sustainable water supply. Sustainability 2022, 14, 1518. [Google Scholar] [CrossRef]

	



Nolde, E. Greywater reuse systems for toilet flushing in multi-storey buildings–over ten years experience in Berlin. Urban Water 2000, 1, 275–284. [Google Scholar] [CrossRef]

	



Ghisi, E.; Ferreira, D.F. Potential for potable water savings by using rainwater and greywater in a multi-storey residential building in Southern Brazil. Build. Environ. 2007, 42, 2512–2522. [Google Scholar] [CrossRef]

	



Ismail, Z.; Ellias, S.; Tajuddin, R.M.; Atan, I.; Ashaari, Y.; Endut, I.R.; Baki, A. Alternative water resources for sustainable buildings. In Proceedings of the 3rd AUN/SEED-Net Regional Conference on Global Environment, Mid Valley, MY, USA, 11 February 2011. [Google Scholar]

	



Juan, Y.K.; Chen, Y.; Lin, J.M. Greywater reuse system design and economic analysis for residential buildings in Taiwan. Water 2016, 8, 546. [Google Scholar] [CrossRef]

	



Alam, M.F.; Pavelic, P.; Sharma, N.; Sikka, A. Managed aquifer recharge of monsoon runoff using village ponds: Performance assessment of a pilot trial in the Ramganga basin, India. Water 2020, 12, 1028. [Google Scholar] [CrossRef]

	



Massuel, S.; Perrin, J.; Mascre, C.; Mohamed, W.; Boisson, A.; Ahmed, S. Managed aquifer recharge in South India: What to expect from small percolation tanks in hard rock? J. Hydrol. 2014, 512, 157–167. [Google Scholar] [CrossRef]

	



Richard-Ferroudji, A.; Raghunath, T.P.; Venkatasubramanian, G. Managed aquifer recharge in India: Consensual policy but controversial implementation. Water Altern. 2018, 11, 749–769. [Google Scholar]

	



Craddock, H.A.; Panthi, S.; Rjoub, Y.; Lipchin, C.; Sapkota, A.; Sapkota, A.R. Antibiotic and herbicide concentrations in household greywater reuse systems and pond water used for food crop irrigation: West Bank, Palestinian territories. Sci. Total Environ. 2020, 699, 134205. [Google Scholar] [CrossRef]

	



Cui, S.; Dong, H.; Wilson, J. Grey water footprint evaluation and driving force analysis of eight economic regions in China. Environ. Sci. Pollut. Res. 2020, 27, 20380–20391. [Google Scholar] [CrossRef] [PubMed]

	



Shafique, M.; Kim, R. Recent progress in low-impact development in South Korea: Water-management policies, challenges and opportunities. Water 2018, 10, 435. [Google Scholar] [CrossRef]

	



Radingoana, M.P.; Dube, T.; Mazvimavi, D. Progress in greywater reuse for home gardening: Opportunities, perceptions and challenges. Phys. Chem. Earth Parts ABC 2020, 116, 102853. [Google Scholar] [CrossRef]

	



Jaren, L.S.; Mondal, M.S. Assessing water poverty of livelihood groups in peri-urban areas around Dhaka under a changing environment. Water 2021, 13, 2674. [Google Scholar] [CrossRef]

	



Kumar, M.D.; Batchelor, C.; James, A.J. Operationalizing IWRM concepts at the basin level: From theory to practice. In Current Directions in Water Scarcity Research; Kumar, M.D., Reddy, V.R., James, A.J., Eds.; From Catchment Management to Managing River Basins; Elsevier: Amsterdam, The Netherlands, 2019; Volume 1, pp. 299–329. [Google Scholar]

	



Mollinga, P.P. IWRM in South Asia: A concept looking for a constituency. In Integrated Water Resources Management: Global Theory, Emerging Practice and Local Needs; Mollinga, P.P., Dixit, A., Athukorala, K., Eds.; SAGE Publications: New Delhi, India, 2006; pp. 21–37. [Google Scholar]

	



Rahaman, M.M.; Varis, O. Integrated water resources management: Evolution, prospects and future challenges. Sustain. Sci. Pract. Policy 2005, 1, 15–21. [Google Scholar] [CrossRef]

	



Sun, F.; Chen, M.; Chen, J. Integrated management of source water quantity and quality for human health in a changing world. In Encyclopedia of Environmental Health; Elsevier: Amsterdam, The Netherlands, 2011; pp. 254–265. [Google Scholar] [CrossRef]

	



Videira, N.; van den Belt, M.; Antunes, R.; Santos, R.; Boumans, R. Integrated modeling of coastal and estuarine ecosystem services. In Treatise on Estuarine and Coastal Science; Wolanski, E., McLusky, D., Eds.; Academic Press: Waltham, MA, USA, 2011; pp. 79–108. [Google Scholar]

	



Dirwai, T.L.; Kanda, E.K.; Senzanje, A.; Busari, T.I. Water resource management: IWRM strategies for improved water management, a systematic review of case studies of East, West and Southern Africa. PLoS ONE 2021, 16, e0236903. [Google Scholar] [CrossRef]

	



Rahi, H.J.E. Integrated water resources management: A tool for sustainable development. Future Eng. J. 2021, 2, 1. [Google Scholar]

	



GWP. Catalyzing Change: A Handbook for Developing Integrated Water Resources Management (IWRM) and Water Efficiency Strategies; Global Water Partnership: Stockholm, Sweden, 2004. [Google Scholar]

	



Kasbohm, J.; Grothe, S.; Steingrube, W.; Lai, L.; Hong, N.; Oanh, L.; Huong, N. Integrated water resources management (IWRM)—An introduction. J. Geol. Ser. B 2009, 33, 3–14. [Google Scholar]

	



Gain, A.K.; Mondal, M.S.; Rahman, R. From flood control to water management: A journey of Bangladesh towards integrated water resources management. Water 2017, 9, 55. [Google Scholar] [CrossRef]

	



Benson, D.; Gain, A.K.; Rouillard, J.J. Water governance in a comparative perspective: From IWRM to a “nexus” approach? Water Altern. 2015, 8, 756–773. [Google Scholar]

	



Giordano, M.; Shah, T. From IWRM back to integrated water resources management. Int. J. Water Resour. Dev. 2014, 30, 364–376. [Google Scholar] [CrossRef]

	



Shevah, Y. Impact of persistent droughts on the quality of the middle east water resources. In Separation Science and Technology; Ahuja, S., Ed.; Evaluating Water Quality to Prevent Future Disasters; Academic Press: Cambridge, MA, USA, 2019; Volume 11, pp. 51–84. [Google Scholar]

	



Smith, M.; Clausen, T.J. Integrated Water Resource Management: A New Way Forward; International Union for Conservation of Nature (IUCN): Gland, Switzerland, 2015. [Google Scholar]

	



Kafy, A.A.; Faisal, A.A.; Raikwar, V.; Rakib, A.A.; Kona, M.A.; Ferdousi, J. Geospatial approach for developing an integrated water resource management plan in Rajshahi, Bangladesh. Environ. Chall. 2021, 4, 100139. [Google Scholar] [CrossRef]

	



Katusiime, J.; Schütt, B. Integrated water resources management approaches to improve water resources governance. Water 2020, 12, 3424. [Google Scholar] [CrossRef]

	



Hek, T.; Ramli, M.F. A review on water pricing problem for sustainable water resource. In Proceedings of the AIP Conference, Perak, Malaysia, 19 November 2016; American Institute of Physics Publishing: College Park, MD, USA, 2016; Volume 1847. [Google Scholar]

	



García-Rubio, M.; Ruiz-Villaverde, A.; González-Gómez, F. Urban water tariffs in Spain: What needs to be done? Water 2015, 7, 1456–1479. [Google Scholar] [CrossRef]

	



Postel, S. Last Oasis: Facing Water Scarcity, 1st ed.; W.W. Norton & Company Ltd: New York, NY, USA, 1992. [Google Scholar]

	



Bielsa, J.; Cazcarro, I. Implementing integrated water resources management in the Ebro river basin: From theory to facts. Sustainability 2015, 7, 441–464. [Google Scholar] [CrossRef]

	



Hossain, N.; Bahauddin, K.M. Integrated water resource management for mega city: A case study of Dhaka City, Bangladesh. J. Water Land Dev. 2013, 19, 39–45. [Google Scholar] [CrossRef]

	



Meran, G.; Siehlow, M.; von Hirschhausen, C. Integrated water resource management: Principles and applications. In The Economics of Water: Rules and Institutions; Meran, G., Siehlow, M., von Hirschhausen, C., Eds.; Springer Water; Springer International Publishing: Cham, Switzerland, 2021; pp. 23–121. [Google Scholar] [CrossRef]

	



Van Koppen, B.; Tarimo, A.K.P.R.; Van Eeden, A.; Manzungu, E.; Sumuni, P.M. Winners and losers in IWRM in Tanzania. Water Altern. 2016, 9, 588–607. [Google Scholar]

	



Laila, S.N. An Investigation of Urban Water Economics and the Role of Pricing in Demand Management and Cost Recovery: Dhaka city, Bangladesh. Master’ Thesis, Asian Institute of Technology, School of Engineering and Technology, Bangkok, Thailand, 2008. [Google Scholar]

	



Dinar, A.; Pochat, V.; Albiac-Murillo, J. Introduction. In Water Pricing Experiences and Innovations; Dinar, A., Pochat, V., Albiac-Murillo, J., Eds.; Global Issues in Water Policy; Springer International Publishing: Cham, Switzerland, 2015; Volume 9, pp. 1–12. [Google Scholar]

	



Donoso, G. Urban water pricing in Chile: Cost recovery, affordability, and water conservation. WIREs Water 2016, 4, e1194. [Google Scholar] [CrossRef]

	



Mohayidin, G.; Attari, J.; Sadeghi, A.; Hussein, A. Review of water pricing theories and related models. Afr. J. Agric. Res. 2009, 4, 1536–1544. [Google Scholar]

	



Rios, P.S.; Deen, T.; Nagabhatla, N.; Ayala, G. Explaining water pricing through a water security lens. Water 2018, 10, 1173. [Google Scholar] [CrossRef]

	



Beecher, J.A.; Kalmbach, J.A. Structure, regulation, and pricing of water in the United States: A study of the great lakes region. Util. Policy 2013, 24, 32–47. [Google Scholar] [CrossRef]

	



Whittington, D. Pricing water and sanitation services. In Treatise on Water Science; Wilderer, P., Ed.; Elsevier: Oxford, UK, 2011; pp. 79–95. [Google Scholar]

	



Singh, M.R.; Upadhyay, V.; Mittal, A.K. Urban water tariff structure and cost recovery opportunities in India. Water Sci. Technol. 2005, 52, 43–51. [Google Scholar] [CrossRef] [PubMed]

	



Boyer, C.; Adams, D.; Borisova, T.; Clark, C. Factors driving water utility rate structure choice: Evidence from four southern U.S. States. Water Resour. Manag. 2012, 26, 2747–2760. [Google Scholar] [CrossRef]

	



Shukla, R.; Nayak, S. Urban water in India: Pricing and challenges. Rev. Dev. Change 2014, 19, 93–108. [Google Scholar]

	



Kanakoudis, V.; Papadopoulou, A.; Tsitsifli, S. Domestic water pricing in Greece: Mean net consumption cost versus mean payable amount. Fresenius Environ. Bull. 2014, 23, 2742–2749. [Google Scholar]

	



Singh, G.; Kumar, V.; Sharma, K.R.; Singh, A.; Buttar, T.S.; Gupta, R.K.; Mir, G.; Kumar, A. Participatory rural appraisal (PRA) approach for watershed management in India: A review. Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 1924–1940. [Google Scholar] [CrossRef]

	



Tsitsifli, S.; Gonelas, K.; Papadopoulou, A.; Kanakoudis, V.; Kouziakis, C.; Lappos, S. Socially fair drinking water pricing considering the full water cost recovery principle and the non-revenue water related cost allocation to the end users. Desalination Water Treat. 2017, 99, 72–82. [Google Scholar] [CrossRef]

	



Custodio, E. Aquifer overexploitation: What does it mean? Hydrogeol. J. 2002, 10, 254–277. [Google Scholar] [CrossRef]

	



Baniasadi, M.; Meherjordi, M.R.Z.; Boshrabadi, H.M.; Mirzaei, H.R.; Estakhrooye, A.R. Evaluation of negative economic-environmental externalities of overextraction of groundwater. Groundwater 2020, 58, 560–570. [Google Scholar] [CrossRef]

	



Pulido-Velazquez, M.; Alvarez-Mendiola, E.; Andreu, J. Design of efficient water pricing policies integrating basinwide resource opportunity costs. J. Water Resour. Plan. Manag. 2013, 139, 583–592. [Google Scholar] [CrossRef]

	



Molinos-Senante, M.; Donoso, G. Water scarcity and affordability in urban water pricing: A case study of Chile. Util. Policy 2016, 43, 107–116. [Google Scholar] [CrossRef]

	



Rahaman, M.; Ahmed, T. Affordable water pricing for slums dwellers in Dhaka metropolitan area: The case of three slums. J. Water Resour. Eng. Manag. 2016, 3, 15–33. [Google Scholar]

	



Haque, M. Urban water governance: Pricing of water for the slum dwellers of Dhaka metropolis. In Urban Drought: Emerging Water Challenges in Asia; Springer: Singapore, 2019; pp. 385–397. [Google Scholar]

	



Bayliss, K.; Tukai, R. Services and Supply Chains: The Role of the Domestic Private Sector in Water Service Delivery in Tanzania; UNDP: New York, NY, USA, 2011. [Google Scholar]

	



Grafton, R.Q.; Chu, L.; Wyrwoll, P. The paradox of water pricing: Dichotomies, dilemmas, and decisions. Oxf. Rev. Econ. Policy 2020, 36, 86–107. [Google Scholar] [CrossRef]

	



Macian-Sorribes, H.; Pulido-Velazquez, M.; Tilmant, A. Definition of efficient scarcity-based water pricing policies through stochastic programming. Hydrol. Earth Syst. Sci. 2015, 19, 3925–3935. [Google Scholar] [CrossRef]

	



Das, A.; Kashem, S.; Hasan, M. Using market mechanism to stimulate sustainable use of the non-renewable environmental resource (groundwater) in Barind Tract of Bangladesh. HKIE Trans. 2021, 28, 39–48. [Google Scholar] [CrossRef]

	



DWASA. Annual Report 2017–2018; Dhaka Water Supply and Sewerage Authority: Dhaka, Bangladesh, 2018. [Google Scholar]

	



Nahar, M.S.; Zhang, J.; Ueda, A.; Yoshihisa, F. Investigation of severe water problem in urban areas of a developing country: The case of Dhaka, Bangladesh. Environ. Geochem. Health 2014, 36, 1079–1094. [Google Scholar] [CrossRef]

	



Islam, M.S.; Shahabuddin, A.; Kamal, M.M.; Ahmed, R. Wetlands of Dhaka city: Its past and present scenario. J. Life Earth Sci. 2014, 7, 83–90. [Google Scholar] [CrossRef]

	



Habib, M.A.; Sultana, M.; Kabir, F. Impact of urban expansion on surface water bodies in Dhaka metropolitan area of Bangladesh: A remote sensing and GIS based analysis. BUFT J. Bus. Econ. BJBE 2020, 1, 151–161. [Google Scholar]

	



Faridatul, M.I.; Wu, B.; Zhu, X. Assessing long-term urban surface water changes using multi-year satellite images: A tale of two cities, Dhaka and Hong Kong. J. Environ. Manag. 2019, 243, 287–298. [Google Scholar] [CrossRef]

	



Paul, S.S.; Akhter, S.H.; Hasan, K.; Rahman, M.Z. Geospatial analysis of the depletion of surface water body and floodplains in Dhaka city (1967 to 2008) and its implications for earthquake vulnerability. SN Appl. Sci. 2019, 1, 565. [Google Scholar] [CrossRef]

	



Chattapadhya, S.; Nazrul Islam, A.K.M. Water poverty index and water management challenges in Bangladesh. Euro-Asian J. Econ. Financ. 2016, 4, 1–8. [Google Scholar]

	



Hossain, M.A.; Sultana, S. Urbanisation and urban population in Bangladesh: The census data of 2001 and 2011 revisited. CUS Bull. Urban. Dev. 2016, 70, 11–18. [Google Scholar]

	



Hussain, N. Water quality and status aquatic fauna of Dhaka mega city, Bangladesh. Sriwij. J. Environ. 2018, 3, 68–73. [Google Scholar] [CrossRef]

	



Rahman, S.; Khan, M.T.R.; Akib, S.; Biswas, S.K. Investigation of heavy metal pollution in peripheral river water around Dhaka city. Pensee J. 2013, 75, 15. [Google Scholar]

	



Sarkar, A.M.; Rahman, A.K.M.L.; Samad, A.; Bhowmick, A.C.; Islam, J.B. Surface and ground water pollution in Bangladesh: A review. Asian Rev. Environ. Earth Sci. 2019, 6, 47–69. [Google Scholar] [CrossRef]

	



Mondal, M.S.; Salehin, M.; Huq, H. Evaluation of institutional arrangements for governance of rivers surrounding Dhaka city. In Globalization of Water Governance in South Asia; Routledge: London, UK, 2013; pp. 273–291. [Google Scholar]

	



DWASA. Annual Report 2020–2021; Dhaka Water Supply and Sewerage Authority: Dhaka, Bangladesh, 2021. [Google Scholar]

	



Arfanuzzaman, M.; Rahman, A.A. Sustainable water demand management in the face of rapid urbanization and groundwater depletion for social–ecological resilience building. Glob. Ecol. Conserv. 2017, 10, 9–22. [Google Scholar] [CrossRef]

	



DJB. Revised Water Tariff 2018. Available online: http://delhijalboard.nic.in/sites/default/files/All-PDF/Revised%2BWater%2BTarif%2Bwef%2B01022018_0.pdf (accessed on 23 July 2021).

	



KWSB. Water Tariff. Available online: http://www.kwsb.gos.pk/View.aspx?Page=45 (accessed on 23 July 2021).

	



Suwal, B.R.; Zhao, J.; Raina, A.; Wu, X.; Chindarkar, N.; Bal Kumar, K.C.; Whittington, D. Households’ preferences for water tariff structures in Kathmandu, Nepal. Water Policy 2019, 21, 9–28. [Google Scholar] [CrossRef]

	



PUB. Singapore’s National Water Agency. Available online: https://www.pub.gov.sg/watersupply/waterprice (accessed on 19 July 2021).

	



MWCI. Notice to Manila Water Customers and the Public New Water Rates for East Zone. Available online: https://www.manilawater.com/customer/bill-information (accessed on 23 July 2021).

	



IBNet. Beijing Waterworks Group, China. Available online: https://tariffs.ib-net.org/ViewTariffNew?tariffId=3181&CountryId=0 (accessed on 20 July 2021).

	



MWA. Water Tariffs. Available online: https://www.mwa.co.th/ewtadmin/ewt/mwa_internet_eng/ewt_news.php?nid=309 (accessed on 27 July 2021).

	



Hardin, G. The tragedy of the commons. Science 1968, 162, 1243–1248. [Google Scholar] [CrossRef]

	



Chowdhury, F. A study on ground water scenario in Dhaka, the capital city of Bangladesh. Int. J. Innov. Res. Sci. Eng. Technol. 2018, 7, 10981–10989. [Google Scholar]

	



Islam, M.B.; Firoz, A.; Foglia, L.; Marandi, A.; Khan, A.R.; Schüth, C.; Ribbe, L. A regional groundwater-flow model for sustainable groundwater- resource management in the South Asian megacity of Dhaka, Bangladesh. Hydrogeol. J. 2017, 25, 617–637. [Google Scholar] [CrossRef]

	



Hoque, M.A.; Hoque, M.M.; Ahmed, K.M. Declining groundwater level and aquifer dewatering in Dhaka metropolitan area, Bangladesh: Causes and quantification. Hydrogeol. J. 2007, 15, 1523–1534. [Google Scholar] [CrossRef]

	



Hasan, M.K.; Burgess, W.; Dottridge, J. The vulnerability of the dupi tila aquifer of Dhaka, Bangladesh. In Proceedings of the IUGG 99 Symposium on Impacts of Urban Growth on Surface Water and Groundwater Quality, HS5, Birmingham, UK, 18–30 July 1999; p. 8. [Google Scholar]

	



Akhter, H.; Ahmed, M.S.; Rasheed, K.B.S. Spatial and temporal analysis of groundwater level fluctuation in Dhaka city, Bangladesh. Asian J. Earth Sci. 2009, 2, 49–57. [Google Scholar]

	



GED. Bangladesh Delta Plan 2100; Bangladesh Planning Commission, Government of the People’s Republic of Bangladesh: Dhaka, Bangladesh, 2018. [Google Scholar]

	



Acharya, G.; Barbier, E.B. Valuating groundwater recharge through agricultural production in the Hadejia-Nguru wetland in northern Nigeria. Agric. Econ. 2000, 22, 247–259. [Google Scholar] [CrossRef]

	



Diwakara, H.; Chandrakanth, M. Beating Negative externality through groundwater recharge in India: A resource economic analysis. Environ. Dev. Econ. 2007, 12, 271–296. [Google Scholar] [CrossRef]

	



Qureshi, A.; Ahmed, Z.; Krupnik, T. Groundwater Management in Bangladesh: An Analysis of Problems and Opportunities; International Maize and Wheat Center (CIMMYT): Dhaka, Bangladesh, 2015. [Google Scholar]

	



Gailey, R.M.; Lund, J.R.; Medellín-Azuara, J. Domestic well reliability: Evaluating supply interruptions from groundwater overdraft, estimating costs and managing economic externalities. Hydrogeol. J. 2019, 27, 1159–1182. [Google Scholar] [CrossRef]

	



Bierkens, M.F.P.; Wada, Y. Non-renewable groundwater use and groundwater depletion: A review. Environ. Res. Lett. 2019, 14, 063002. [Google Scholar] [CrossRef]

	



Manning, D.T.; Suter, J.F. Production externalities and the gains from management in a spatially-explicit aquifer. J. Agric. Resour. Econ. 2019, 44, 194–211. [Google Scholar]

	



Baniasadi, M.; Meherjordi, M.R.Z.; Boshrabadi, H.M.; Mirzaei, H.R.; Estakhrooye, A.R. Assessing the enviromental externalities of excessive groundwater withdrawals using the choice experiment method—A case study of Kerman, Iran. Appl. Ecol. Environ. Res. 2016, 14, 683–696. [Google Scholar] [CrossRef]

	



Almasoud, A.H.; Gandayh, H.M. Future of solar energy in Saudi Arabia. J. King Saud Univ.-Eng. Sci. 2015, 27, 153–157. [Google Scholar] [CrossRef]

	



Hasan, M.M.; Chongbo, W. Estimating energy-related CO2 emission growth in Bangladesh: The LMDI decomposition method approach. Energy Strategy Rev. 2020, 32, 100565. [Google Scholar] [CrossRef]

	



Riegels, N.; Pulido-Velazquez, M.; Doulgeris, C.; Sturm, V.; Jensen, R.; Møller, F.; Bauer, G. A systems analysis approach to the design of efficient water pricing policies under the EU water framework directive. J. Water Resour. Plan. Manag. 2013, 139, 574–582.84. [Google Scholar] [CrossRef]

	



Kemper, K.; Foster, S.; Garduno, H.; Nanni, M.; Tuinhof, A. Economic Instruments for Groundwater Management—Using Incentives to Improve Sustainability.; World Bank: Dhaka, Bangladesh, 2004. [Google Scholar]

	



Nurul, S.H.; Mohammod, I.T. State of water governance in Dhaka metropolitan city of Bangladesh: Evidence from three selected slums. Int. J. Interdiscip. Multidiscip. Stud. 2014, 1, 19–38. [Google Scholar]

	



Lane, J.B.; Jarman, J. Six years on-what happened to the dublin principles? Waterlines 1998, 16, 10–11. [Google Scholar] [CrossRef]

	



Figueiredo, P.; Perkins, P.E. Women and water management in times of climate change: Participatory and inclusive processes. J. Clean. Prod. 2013, 60, 188–194. [Google Scholar] [CrossRef]

	



LGD. National Policy for Safe Water Supply & Sanitation; Local Government Division, Ministry of Local Government, Rural Development and Cooperatives, Government of People’s Republic of Bangladesh: Dhaka, Bangladesh, 1998. [Google Scholar]

	



LGD. National Water Policy; Local Government Division, Ministry of Local Government, Rural Development and Cooperatives, Government of People’s Republic of Bangladesh: Dhaka, Bangladesh, 1999. [Google Scholar]

	



WARPO. National Water Management Plan; Water Resources Planning Organization, Ministry of Water Resources, Government of the People’s Republic of Bangladesh: Dhaka, Bangladesh, 2001. [Google Scholar]

	



LGD. National Cost Sharing Strategy for Water Supply and Sanitation in Bangladesh; Local Government Division, Ministry of Local Government, Rural Developments and Co-operatives, Government of the People’s Republic of Bangladesh: Dhaka, Bangladesh, 2012. [Google Scholar]

	



LGD. National Strategy for Water Supply and Sanitation in Bangladesh; Local Government Division, Ministry of Local Government, Rural Developments and Co-operatives: Dhaka, Bangladesh, 2014. [Google Scholar]

	



DWASA. Water Supply Master Plan for Dhaka City; Dhaka Water Supply and Sewerage Authority: Dhaka, Bangladesh, 2014. [Google Scholar]

	



Islam, M.; van Camp, M.; Hossain, D.; Sarker, M.M.R.; Khatun, S.; Walraevens, K. Impacts of large-scale groundwater exploitation based on long-term evolution of hydraulic heads in Dhaka city, Bangladesh. Water 2021, 13, 1357. [Google Scholar] [CrossRef]

	



Akhter, S.; Hossain, S. Groundwater modelling of Dhaka city and surrounding areas and evaluation of the effect of artificial recharge to aquifers. World J. Res. Rev. 2017, 5, 54–60. [Google Scholar]

	



Roy, S.K.; Zahid, A. Assessment of declining groundwater levels due to excessive pumping in the Dhaka district of Bangladesh. Environ. Earth Sci. 2021, 80, 333. [Google Scholar] [CrossRef]

	



Zahid, A.; Hassan, M.Q.; Karim, M.A.; Islam, M.A. Excessive withdrawal of groundwater for urban demand of Dhaka city: Emergency measure needs to be implemented to protect the aquifer. In Proceedings of the International Symposium on Efficient Groundwater Resources Management, Bangkok, Thailand, 16 February 2009. [Google Scholar]

	



Mamoon, W.; Qadir, A.; Mohib, K.; Munir, M.; Haque, A.; Billah, M. Analysis of groundwater level fluctuations in Dhaka city. In Proceedings of the 5th International Conference on Advances in Civil Engineering, CUET, Chattogram, Bangladesh, 22 December 2020. [Google Scholar]

	



Uddin, S.; Alam, M.A.; Parvej, M. Artificial infiltration of roof rainwater in Dhaka city. Int. J. Eng. Technol. Manag. Appl. Sci. 2016, 4, 161–173. [Google Scholar]

	



Jerin, T.; Ishtiaque, A. Groundwater Depletion in Dhaka City, Bangladesh: A Spatio-Temporal Analysis; American Geophysical Union: Washington, DC, USA, 2015; Volume 2015. [Google Scholar]

	



Haque, M.E. Study on Surface Water Availability for Future Water Demand for Dhaka City. Ph.D. Thesis, Bangladesh University of Engineering and Technology, Dhaka, Bangladesh, 2018. [Google Scholar]

	



Rahman, M.S.; Mamtaz, R. Modeling of groundwater resources of Dhaka city. Glob. Sci. Technol. J. 2018, 6, 64–84. [Google Scholar]

	



Chowdhury, M.Z.A. Resource Optimization for Dhaka City Water Supply System Using WEAP Model. Master’s Thesis, Bangladesh University of Engineering and Technology, Dhaka, Bangladesh, 2012. [Google Scholar]

	



BBS. District Statistics 2011: Dhaka; Bangladesh Bureau of Statistics, Ministry of Planning, Government of the People’s Republic of Bangladesh: Dhaka, Bangladesh, 2013. [Google Scholar]

	



García-Valiñas, M.A.; Martínez-Espiñeira, R.; González-Gómez, F. Affordability of residential water tariffs: Alternative measurement and explanatory factors in Southern Spain. J. Environ. Manag. 2010, 91, 2696–2706. [Google Scholar] [CrossRef]

	



Martins, R.; Cruz, L.; Barata, E.; Quintal, C.; Martins, R.; Cruz, L.; Barata, E.; Quintal, C. Assessing social concerns in water tariffs. Water Policy 2013, 15, 193–211. [Google Scholar] [CrossRef]

	



Huang, W.C.; Wu, B.; Wang, X.; Wang, H.T. An analysis on relationship between municipal water saving and economic development based on water pricing schemes. In Water Security in Asia: Opportunities and Challenges in the Context of Climate Change; Babel, M., Haarstrick, A., Ribbe, L., Shinde, V.R., Dichtl, N., Eds.; Springer Water; Springer International Publishing: Cham, Switzerland, 2021; pp. 461–477. ISBN 978-3-319-54612-4. [Google Scholar]

	



Gambhir, J.; Tripathi, O. Urban water pricing: Optimal and populist. Int. Res. J. Manag. Sociol. Humanit. IRJMSH 2016, 7, 315–334. [Google Scholar]

	



Howard, G.; Bartram, J. Domestic Water Quantity, Service Level and Health; World Health Organization: Geneva, Switzerland, 2003; p. 39. [Google Scholar]

	



Howard, G.; Bartram, J.; Williams, A.; Overbo, A.; Fuente, D.; Geere, J.-A. Domestic Water Quantity, Service Level and Health, 2nd ed.; World Health Organization: Geneva, Switzerland, 2020; p. 76. [Google Scholar]

	



Shahidast, A.R. Environmental Externalities Assessment of Overextraction of Groundwater Aquifers in Kerman Province and Offering Management Solutions (Application of ArcGIS Software). Master’s Thesis, Department of Geology, Shahid Bahonar University of Kerman, Kerman, Iran, 2008. [Google Scholar]

	



Malik, A.; Yasar, A.; Tabinda, A.; Abubakar, M. Water-borne diseases, cost of illness and willingness to pay for diseases interventions in rural communities of developing countries. Iran. J. Public Health 2012, 41, 39–49. [Google Scholar] [PubMed]

	



Fraser, N.M.; Jewkes, E.M. Engineering Economics: Financial Decision Making for Engineers, 5th ed.; Pearson Education Press: North York, ON, Canada, 2012. [Google Scholar]

	



Bangladesh Bank. Announced Interest Rate Chart of the Scheduled Banks (Lending Rate). Available online: https://www.bb.org.bd/pub/annual/anreport/ar1920/full_2019_2020.pdf (accessed on 4 August 2021).

	



National Water Supply and Drainage Board. The Gazette of the Democratic Socialist Republic of Sri Lanka 2012. Available online: http://www.waterboard.lk/web/images/contents/consumer_help/water_tariff_e.pdf (accessed on 10 April 2022).

	



Lavee, D.; Danieli, Y.; Beniad, G.; Shvartzman, T.; Ash, T. Examining the effectiveness of residential water demand-side management policies in Israel. Water Policy 2013, 15, 585. [Google Scholar] [CrossRef]

	



Kenney, D.S.; Goemans, C.; Klein, R.; Lowrey, J.; Reidy, K. Residential water demand management: Lessons from Aurora, Colorado. J. Am. Water Resour. Assoc. 2008, 44, 192–207. [Google Scholar] [CrossRef]

	



Rogers, P.; de Silva, R.; Bhatia, R. Water is an economic good: How to use prices to promote equity, efficiency, and sustainability. Water Policy 2002, 4, 1–17. [Google Scholar] [CrossRef]

	



Barberán, R.; Arbués, F. Equity in domestic water rates design. Water Resour. Manag. 2009, 23, 2101–2118. [Google Scholar] [CrossRef]








[image: Water 14 01328 g001 550] 





Figure 1. Location of the study area in the Dhaka city (Tejgaon residential area and slum). 
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Figure 2. Conceptual framework of the proposed water-pricing model. 
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Figure 3. Methodological framework for developing water-pricing model. 
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Figure 4. Water supply system in the study settlements of the Dhaka city. 
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Figure 5. Relationship between water price and use. 
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Figure 6. Relationship of household (HH) size with HH water use (left) and per capita water use (right) in the Tejgaon slum. 
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Figure 7. Occurrence of water shortage related diseases in the Tejgaon slum of the Dhaka city. 
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Table 1. Formulae used for monetary valuation of the economic and environmental externalities.
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	Externality
	Formula





	Increased energy consumption   (  E i  )   and energy cost   (  C  w .     e c )  
	   E i   (  K W H  )  = m × g × ∆ h × v × 2.78 ×   10   − 7      [128]  (5)

where  m  = plain water density = 1000 kg/m3,

 g  = acceleration due to gravity = 9.8 ms−2,

 v  = volume of water extracted in liters (or cubic meters),

  ∆ h =   the change in water levels in study period,

   C  w .     e c =  E  i      (  K W H  )  × u n i t   e n e r g y   p r i c e × n u m b e r   o f   t u b e   w e l l s   l o w e r e d   [54] (6)



	Damage cost for dryness of tubewell   (  C  w .   d r y )  
	   C  w .   d r y =  N  d r y   ×  C  c o n      [54]  (7)

  where    N  d r y     = no. of dried tubewells during the study period,

   C  c o n     = cost of construction of a new tubewell in the study area.



	Cost of carbon footprint of water   (  C w  . c f )  
	   C w  . c f =  C d  ×  E i    [54]  (8)

  where    C d    = cost of damage caused by greenhouse gas emissions for each kilowatt hour of electricity produced.

  In   this   study ,    C d       is   calculated   as    C d  =  C  c     ∗  (    G E F   1000    )     (9)

  where ,    C C    = unit damage cost of CO2e emission,

  G E F   = grid emission factor = amount of CO2e produced per MWH of electricity production.



	Cost of health externalities   (  C w  . h e )  
	   C w  . h e = T o t a l   t r e a t m e n t   c o s t   o f   w a t e r   s h o r t a g e   r e l a t e d   d i s e a s e s   d u e   t o   h i g h   p r i c e    =  N  a p   ×  C t    [129]  (10)

  where ,    N  a p     = Average no. of people affected by water shortage related diseases in the slum,

   C t    = Average yearly treatment cost per person (BDT)
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Table 2. Comparation of the impacts of water price and family income between formal and informal settlements in the Dhaka city.
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	Formal Settlement
	Impacts
	Slum





	8% respondents claimed that price is high
	 [image: Water 14 01328 i001]

Affordability
	88% respondents claimed that price is not affordable



	Pay on average 1.03% of monthly income for water
	 [image: Water 14 01328 i002]

Income spent on water
	Pay on average 8% of monthly income for water



	Average water use per capita is 202 L
	 [image: Water 14 01328 i003]

Water consumption
	Average water use per capita is 18 L



	None complained about drinking less water due to price
	 [image: Water 14 01328 i004]

Drinking water consumption
	About 64% of the slum respondents claimed not affording sufficient water for drinking



	None complained about not bathing

every day to reduce water bill
	 [image: Water 14 01328 i005]

Bathing
	58% of the respondents take bath at 2–4 days interval



	2% claimed using less water for

Sanitation
	 [image: Water 14 01328 i006]

Sanitation
	82% of the respondents claimed that the price of water is too high to afford, consequently leading to open defecation and unhygienic sanitation



	Having comparatively little income, 2% HHs claimed of using less water than their need where the women of the family make this compromise
	 [image: Water 14 01328 i007]

Gender
	80% of the women compromise their sanitation hygiene saving up to BDT 500 per month and complete their defecating and urinating at home
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Table 3. Monetary values of economic-environmental externalities caused by overextraction of groundwater in the study area.
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	Externality
	Total Cost (Million BDT)
	Annualized Cost (Million BDT)





	Increased energy consumption cost
	247
	55



	Damage cost for dryness of deep tubewells
	165
	37



	Cost of carbon footprint of water
	28
	6



	Cost of health externalities
	3
	1



	Total
	443
	99
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Table 4. Development of water-pricing blocks for domestic water use in Dhaka city.
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Block

	
Pricing Basis

	
Subdivision of Price

	
Monetary Value

	
Increase in Price






	
1st block (Q ≤ 50 lpcd)

	
Extraction cost of groundwater (EC)

	
Current price = BDT 14.46

	
BDT 15.18

	
5%




	
Subsidized amount of price = BDT 0.72




	
2nd block (Q ≤ 50 lpcd)

	
Full economic cost

	
EC = BDT 15.18

	
BDT 25.37

	
75%




	
Cost of Externalities = BDT 10.19
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Table 5. Impact of proposed water-pricing model on environment.
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Indicators

	
Tejgaon Residential Area

	
Dhaka City




	
1st Pricing Block

	
2nd Pricing Block

	
1st Pricing Block

	
2nd Pricing Block






	
Amount of water saved

	
0.22 Mm3/year

	
4 Mm3/year

	
17 Mm3/year

	
255 Mm3/year




	
Amount of energy saved from reduced extraction of water

	
50 MWH/year

	
750 MWH/year

	
3710 MWH/year

	
56,160 MWH/year




	
Amount of CO2e emission saved from the reduced amount of energy production

	
35 tons/year

	
505 tons/year

	
2485 tons/year

	
37,630 tons/year
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Table 6. Comparison of water issues in two slums with and without legal water connections.
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	Existing Water Issues
	Baganbari Slum
	Tejgaon Slum





	Type of water supply
	Legal connection from DWASA
	Illegal connection from private vendors



	Water price (BDT/m3)
	14.46
	250



	Average HH income (BDT)
	5600
	6440



	Average income spent on water (%)
	1.3
	8.0



	Average water consumption (lpcd)
	40
	18
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