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Abstract

:

Water collection from piped water distribution systems (PWSs) in rural communities in sub-Saharan Africa is not understood in much detail. Here, distances travelled to distribution points (DPs), volumes collected, times of day of collection, and the relationship between location of DP and volume dispensed are investigated in a rural community in Tanzania using a combination of novel smart pre-payment meters and results from surveys and interviews. Continuous availability of water through pre-payment smart meters is shown to eliminate queue time, freeing time for farming or schooling, and enhance revenue collection for service provision. 97% of users use DPs as a main source of drinking water as opposed to unimproved alternative sources, and 42% live further than 400 m from a DP. Collection occurs across daylight with greater volumes dispensed in the afternoon–evening due to free time from economic activities and children returning from school. A low mean daily collection of 47 L per household from DPs is approximated. Volume dispensed across different DPs over time shows no clear pattern. However, the volume dispensed is indicated by the number of households that use each DP. Increasing PWS capacity can accommodate for variable collection patterns, and help improve sustainability of rural water supply.
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1. Introduction


The need to “achieve universal and equitable access to safe and affordable drinking water for all” by 2030 (Sustainable Development Goal 6.1) requires better understanding of water supply at the village level. Specifically, complex patterns around rural user collection behaviours are not well understood [1,2]. When in the day do users collect water? How does location of water point impact collection? How much water do users and households collect from different sources, and why? Answering these questions will bring evidence to planning and policy decisions, and help reduce the risk of marginalised people being left behind [3,4,5].



The objective of this study is to examine how these questions apply to water collection from a piped water distribution system (PWS) in rural Tanzania. Specifically, the influence of time of day, distance, and location of PWS communal distribution points (DPs) are investigated with a novel approach of combining remotely collected data from water meters with interviews and surveys. Factors influencing water collection, supply, and subsequent use of water from PWSs are thereby identified.



Research on household water demand in developing countries has previously focused on urban contexts [6], and exceptions in rural settings have relied on household surveys due to lack of piped connections [7].



Households typically use more than one water source for the range of domestic uses, and determinants such as price, distance, quality, and specific use are complex and have been explored in focused literature [6,8,9]. Evidence suggests that improved water sources are commonly used for drinking and cooking, with unimproved surface water or wells being used for non-consumptive uses [2]. Seasonal rainfall impacts the quality and availability of different water sources, thereby influencing choice of source [10]. While information on different sources are gathered from the surveys here, the novel contribution of this study comes from the high-resolution smart meter data, only available from PWS DPs. The emphasis is therefore narrowed to collection patterns from PWSs, but findings are no less valuable, especially considering information on PWS planning can find more direct use than information on other alternative sources.



PWSs extend water service in rural communities, even when not connected to individual households, and bring certain economic and developmental benefits compared to handpumps [11]. Novel Internet-of-Things connected technologies [12] on water points allow for better monitoring. Sensor-based remote monitoring has seen potential benefits to rural water supply management (investigated elsewhere, e.g., [13,14,15]). With the predicted increase in deployment of such technologies across rural sub-Saharan Africa, harnessing their longer-term monitoring capacity as done here has growing importance [16].



Here, eWaterpay meters (smart meters) are used to investigate collection patterns from a PWS in a rural community in Northern Tanzania. This represents a new opportunity for long-term monitoring of PWS use at fine temporal and spatial resolutions, such as hourly volumes dispensed. Traditional meters are limited by time, cost, and accuracy of manual monitoring [17], and the reporting of data.



The infrastructure of rural water supply is often treated as a separate issue to socio-economic context [18]. Here, high accuracy volumetric, time, and location data from smart meters are combined with quantitative and qualitative information from surveys and interviews with both community members and service providers, with a focus on times, travel, and volumes of collection. This combination allows limitations of each method to be addressed and can provide more contextualized insight [19,20,21]. Findings are supported by further analysis of a rural community in The Gambia where smart meters are also installed.




2. Materials and Methods


2.1. Main Study Setting


Data was gathered in a rural community in northern Tanzania, ‘Community A’, between November 2018 and August 2019. Smart meters have been installed on the PWS DPs for approximately two years prior to the study. It is an agrarian community spread across ~15 km2, at elevation 1370 m with varied topography. It relies on seasonal rainfall for irrigation. There is sufficient shallow groundwater in this region, where 15 km north approximately 80% of wells are less than 30 m deep [22], and there is seasonal surface water in riverbeds and dams. The population is young and rapidly expanding. No census is available, and estimates of population range widely between different stakeholders interviewed. A household count from satellite imagery of approximately 300 households, multiplied by mean household size of 5.9 (see results below), gives approximately 1700 people. The DPs are available to all households (discussed below). Across rural Tanzania, the population without basic drinking water service stands at 57% [23], and even communities with recorded water points are not guaranteed year-round service [24].



The PWS investigated in Community A consists of: a 78 m deep borehole with one solar-powered motorised pump (6 m3 hr−1 capacity with 32 solar panels); 50 m3 water tank elevated on a hillside; 13 gravity-fed DPs; and pipework. The farthest DP from the tank is 2.6 km. This is a relatively new PWS installed in 2015–16 and is managed by a 10-person COWSO (Community Owned Water Supply Organisation). Alternative water sources are two working handpumps with vendors, seasonal rain and surface water, and lined wells; these are not the focus of this study as presented above.




2.2. Remote Collection of DP Usage Data


Smart meters are well suited for this investigation. They are installed on each DP in the community. Users touch tags onto the smart meters to open the DP tap valves. Users load credit onto their tags, i.e., pre-paying for water. The smart meters accurately measure flow and volume with every use, and report this in real time to a cloud-based data management system. Previous studies on PWS water distribution in sub-Saharan Africa have had to rely on conventional meters of uncertain accuracy, unreliability, with low temporal resolution manual readings that are laborious and costly (e.g., [17]), and are therefore restricted in detail. Here, data is now available from each smart meter in real time on: time of use, the water volume dispensed per use (therefore the flow rate), the availability of each meter—i.e., functionality of the DP or meter—and the ID number of each tag being used to operate the smart meter. The accuracy and precision of these automated measurements is high, with time measurements in real-time and the impeller flow meter within ±5% error. The exact GPS location of each DP is also known to within approximately 2 m. Data is accessed via an online dashboard where geographic and temporal scales can be selected. Matching user ID number to individual uses is not possible here due to sharing of tags (among households) and anonymity of surveys and interviews. Other novel technologies share some of these data categories to varying degrees, and current research with these is more focused on handpumps and borehole pumping rather than PWSs.



Here, the data from each of Community A’s 13 smart meters is used. This is supplemented with the 10 smart meters in a rural community 40 km to the west of Community A, Community A2, and 28 smart meters in a rural community in The Gambia, Community B.




2.3. Interview and Survey Protocols


Most research that attempts to estimate household water demand across developing countries has relied on data from household surveys [6]. Here, combining survey and interview methodologies with the remote data collection from smart meters allows for a better representation of the reality of rural water collection in Community A. Primarily, it minimizes the risk of missing information from only using the remotely collected data. Inversely, the availability of high-accuracy and high-resolution data on water usage adds detail and accuracy to findings beyond conventional survey approaches.



This approach engages with the ascendant understanding of rural water supply as ‘systems’ [25,26,27,28] and aims to progress beyond technocratic approaches [29]. Demonstrating the benefits of a combined approach at this stage is important, considering such innovations and availability of data in general will be more common in the future across rural water supply systems.



A similar triangulated approach has shown success with other research problems, without remote data collection. For instance, in indigenous communities in Australia, researchers have combined water use data loggers and supplementary qualitative surveys [30]. Others have combined structured questionnaires, direct observation, and water quality testing in large-scale surveys [31]. Outside of water supply research, sensor data has been successfully combined with interviews to impartially evaluate an improved cook stove intervention in Uganda [32], and toilet use frequency in India [33].



Semi-structured interviews, survey questionnaires and observation were conducted in Community A between February and April 2019. Attempts were made to limit the research’s extractive nature [34,35], to limit imbalance of perceived power between the researcher and respondents, and adhere to the Lean research principles or ‘rigour’, ‘respect’, ‘relevance’, and ‘right-sized’ [36]. The influence of social desirability bias was recognised regarding the smart meters, and care was put into ensuring questions and choices were objective and non-leading. Objectivity of the researchers was explained to each respondent beforehand. Other stakeholders who have less reason to give biased responses gave similar responses to users.



In order to capture a wide range of household types and minimise risk of representation bias in this study, sampling of respondents was split into two groups, which were sampled consecutively with different interview protocols (as suggested in [31]). Different random selection methods were used for each group, and there are no different household characteristics between groups.



	
The first group are ‘key-informant’ respondents, given a longer semi-structured interview protocol. These featured both: (a) quantitative closed-ended or multiple choice questions (e.g., ‘What time does your household collect water?’, ‘How long does the travel and the collection take from this water point, including queuing?’, ‘What is your household’s main water source for drinking/cooking/washing/bathing/domestic animals?’); and (b) qualitative, open-ended questions, designed to provide experiential information [37] from varied experiences (e.g., ‘why do you collect water at this time?’, ‘How is it using the smart meter?’). Mean interview length 42 min; n = 32; male:female = 3:5. The protocol’s 49 questions were categorized into background information (including household characteristics and disaggregated source choice), demand from DPs (including experience of using smart meters, affordability, and satisfaction), and accessibility of collection (including travel, time taken of collection, time in the day, and ease of use). More specific questions on alternative sources were not included for the reasons given above.



	
The second group was asked only the 36 quantitative, closed-ended questions from the first interview protocol to reduce the length and for more accurate statistical analysis. Mean interview length 20 min; n = 30; male:female = 1:2.






In both groups, one respondent from each household was asked to respond and the GPS location was taken. Sampling for the first group was based on selecting households from satellite imagery as randomly as possible while ensuring that each sub-village was represented. This avoided any visual bias on type of household (e.g., wealth, household size), while generating qualitative information from across the relatively diverse sub-villages in the community. For the second group, randomness of household selection was prioritised for the purposes of purely statistical analysis and a transect walk was selected to eliminate bias. This was done after the first group interviews, and incorporates potentially marginalised respondents and ensures a diversity of households hilltop, village ‘centre’, agricultural plain, and lakeside locations. Two transects (5.3 and 5.4 km length) were drawn using randomised coordinates.



Analysis of quantitative data involved simple descriptive statistical and mapping techniques, including measures of central tendency and dispersion, frequency distribution, time-series analysis, and uni- and multivariate regression, with presentation in graphs and maps. Qualitative data analysis included manual transcription, categorization, and identification of similarities across responses, as in similar qualitative analyses [38], and drawing out of key findings for cross-reference against quantitative findings. This draws enough richness from the data to address the research objective, and the multivariate nature and size of the dataset make more involved statistical analysis inappropriate. The sample size was selected for the analysis to give the best representation of the community’s water collection patterns from the PWS, while suitably balancing precision and the capacity of the fieldwork to provide the required information. Estimating the number of households in Community A at 300, descriptive analysis to a precision of ±12.5% (d ≤ 1/8) and a confidence level of 95% (α = 0.05) requires a sample size of n = 60 [39]. This is deemed a reasonable balance between precision and fieldwork capacity for providing the required information, and n = 62 was achieved.



Distances from respondent households to DPs were measured for analysis. In order to accurately measure distances that best represent the reality of users’ collection journeys, satellite imagery was used. This is less susceptible to subjective inaccuracies from estimation by respondents or researcher. Measurements can be taken as both Euclidian, i.e., straight lines, as in [40], or along path routes. Circular (i.e., Euclidian) buffer zones within 500 m of a water source in small town settings in Mali overestimated catchment of households by 14%, as they do not describe true travel distance [41]. Likewise in Community A, distance measured along paths is longer than Euclidian measurements by an average of 22.5%. Both types are included in results below, however distances measured along paths are used for analysis as they give a truer representation of the journeys users take.



These interviews and surveys were part of a broader evaluation of the smart meters, overviewed below in Section 3.2. This was conducted using a rigorously designed Evaluation Framework that draws on existing frameworks for evaluating technologies for development (i.e., [42,43]). This evaluation includes a range of criteria, and is based on demand from managerial stakeholders, user experiences and demand, and accessibility (technical robustness was separately included). This evaluation used the same protocols and analysis outlined above, and also featured additional semi-structured interviews with all available members of the COWSO (mean interview length 57 min; n = 8; male:female = 5:3), based on a separate protocol of 27 open and closed-ended questions. These included background, demand from users, use of smart meters, and management of the PWS, and were conducted first to allow for refinement of the sample group protocols if needed. It was recognised that, due to the new nature of the technology, and unique setting and PWS, a perfectly representative control study was not possible; however, a control study using the same interview protocols in a neighbouring village to Community A (<4 km, to minimise extraneous differences) gave good contextual comparisons of water collection and a ‘reality check’ (mean interview length 24 min; n = 10; male:female = 6:4). Furthermore, questions were designed to elicit objective comparisons to water supply before smart meter installation. Considering that it does not address the key research questions above, only a summarised overview of net benefits from smart meters is included in Section 3.2; the evaluation methodology is relatively established and a more detailed description is deemed inappropriate.



Using a case study community allows for collection of information in an in-depth and ordered way from an appropriate range of voices and sources, and enables deeper insights for broader application across sub-Saharan Africa. Detailed research and ethical considerations received approval from the University of Exeter ethics review board (eEMPS000026v2.1). Permissions were received from all respondents and participants, with explanation of anonymity, encryption, and permission for publication.





3. Results and Analysis


3.1. User Characteristics of Community A


The mean number of residents per household is 5.9; std. dev. = 2.3; range = 1–11. Women and/or children participate in water collection in 100% of households sampled. Only four users out of 53 interviewed answered that they do not use a DP as their main source of drinking water, instead using lined wells or riverbeds that are closer more often. Of this sample, only ~77% of users (41) include DPs as their main water source for cooking; ~64% (34) as their main source for clothes washing; ~36% (19) as their main source for bathing; and ~26% (14) as their main source for their domestic animals. Non-users (n ≈ 9) either think the DPs are too far from their households, have stopped using DPs because of irregular water supply, cannot afford to replace a lost tag, or have preferable free alternative surface water or well sources. Overall, while alternative sources account for collection of more non-consumptive domestic water as expected, DPs are the most significant, and the focus on the PWS here is justified. The price of credit is the same per litre before smart meter installation (25 Tanzanian shillings per 20 L). Approximately 17% of users answered that this is too high.




3.2. Summary of Broader Evaluation of Smart Meters


Overall, the smart meters are shown to be a beneficial intervention to the managerial stakeholders, the users, and to the overall effectiveness and sustainability of the water supply system in Community A. This finding is based on data collected using the same protocols and analysis outlined above, and is overviewed in Table 1 against the evaluation framework. Technical performance has been evaluated elsewhere and shown to be suitably robust and accurate.




3.3. Distances Users Travel to DPs


‘Distance’ is used more than ‘time taken for collection’ as an indicator in definitions of rural water access [41,48]. Tanzanian national policy has a threshold of water access based on one water point serving 250 people within a 400 m radius [49,50]. In Community A, 58% of respondents are within 400 m, indicated in Figure 1. The mean distance of travel for respondents is 446 m (std. dev. = 338 m). A large number of households have marginalised access by living far away from DPs. 91% of users use the DP that is closest to their household most often. The remainders use DPs only marginally further away, and cite reasons of personal preference of paths, choosing not to collect near a school, or no particular reason beyond habit. Water quality is uniform across the PWS. This is a similar value to the 89% found in Mali [41], where taste, affordability or other personal preferences influence this decision. In the community that neighbours Community A, where there is no PWS, the mean distance to a handpump is 626 m (std. dev. = 236).



Five of the nine respondents who do not use DPs cite long distance as a reason (mean distance for these respondents is 885 m, and eight users still live further away). This behaviour is seen in rural Madagascar where some households are less likely to choose an improved water source if it is further away than unimproved alternatives (86% use the option that is the closest available, which have a mean of 193 m distance) [51]. Some users in Community A also expressed a desire for closer DPs.



Answers of time taken for water collection from users (as multiple choice of different time categories) were combined with the recorded location data to verify a positive relationship in Community A between distance and time taken for collection (shown in Figure S1, Supplementary Materials). Different modes of collection (e.g., using bicycles, young children) reduce the significance of this relationship. Queue time elsewhere negates this relationship [51]; however, in rural Kenya the time taken for collection has been shown to influence the choice of water source [7]. Here, the elimination of queue time in Community A described in Table 1 (87% of respondents say that now there is never a queue) has made distance the major factor for time of travel. On average in rural Tanzania, people spend an estimated 42 min per trip to collect water [52].




3.4. Times Users Collect Water in the Day


As far as evident, understanding of time of collection of water in the day in rural sub-Saharan Africa from any source remains largely based on anecdote or assumption.



Answers on time of use from the first interview group were recorded and plotted as a cumulative frequency distribution in Figure 2a. This suggests two collection peaks in the morning and afternoon. Average hourly combined usage data (litres) from all 13 DPs over November 2018–April 2019 are plotted alongside this frequency distribution for comparison on the same axis (Figure 2b). This timespan corresponds to the fieldwork while reducing seasonal effects and is disaggregated monthly.



The variance in times of collection reported by different users shows the differences in collection schedules between households in Community A. There appears to be no period in daylight when collection is not done, with a general preference for either morning or afternoon, or both. Qualitative explanations given by users for these quantified times vary. Times are limited by, for example:




	
when water supply is available from the PWS, specifically in the morning when solar pumping has not filled the tank, or in the evening when the tank has become empty



	
when users have time free from other activities



	
when it is less hot



	
farm work in the morning and rest time in the evening



	
when the children return from school to do the collection (approximately 16:30)








No users interviewed collect at night either because of schedules and security, but more commonly because of lack of water availability.



The DP usage data from the smart meters maps to the reported times of collection for the time period (Figure 2a,b) within a reasonable margin of error considering variability of daily schedules, aggregate DP usage data, and imprecision of time recall. The afternoon peak is mirrored in both data sets. The weaker match in the morning is likely attributable to households collecting lower volumes at these times. A slight increase in volume dispensed over the afternoon compared to the morning likely demonstrates the time spent on farming activities in the morning mentioned by users. The sharp reduction in usage between 17:00 and 19:00 (Figure 2b) demonstrates supply running out by evening. Users outline that supply often abruptly runs out later in the day, and especially attribute this to days of reduced sunlight when solar pumping capacity is limited. The COWSO secretary explained that water supply from the tank and the rest of the water distribution system cannot always match demand. Research in urban Sri Lanka has shown that if service from a piped connection is available for longer throughout the day, volume collected increases [53]. However, this is by a negligible amount of 2% for every extra hour of availability, and in a setting not worth comparing to here.



Community A2 (Figure 2c) shows a greater variation of times of collection throughout the day compared to Community A. This is perhaps due to the more dispersed nature of the community and longer collection distances. The mean distance between DPs is 1.0 km, compared to 0.48 km in Community A. It also suggests that water is more available in the PWS as supply lasts longer into the evening and remains until the morning. The storage tank of the piped water distribution system in Community A2 is larger (70 m3) than in Community A with a population of a similar size that is more dispersed.



More consistent usage times across all months is shown in the average hourly usage data in Community B in The Gambia with 28 DPs (Figure 2d). Here, the start and end of collection with sunrise and sunset are relatively precise. Comparing this community (and Community A2) reveals that Community A exhibits relatively inconsistent patterns. Attempts to explain the differences here are inappropriate without socio-behavioural understanding of Community B in a very different context. However, the larger number of DPs, larger population, greater volumes dispensed, and close and nucleated distribution may have a levelling effect on the data (mean distance between DPs is only 93 m).



Seasonality of collection from DPs is evident across the different months. Reduced collection from piped supply due to free rain and surface water in rainy seasons is a common feature of rural water supply in sub-Saharan Africa [54,55,56]. This is observed here, however it does not drastically influence time of collection and further analysis is not included in this publication.




3.5. Volumes Collected by Users


Users in Community A were asked the volume they collect from DPs in the interviews, giving a mean volume of 133 L per household per day (std. dev. 72 L). 12 respondents’ answers are unquantifiable because of the imprecision of the user’s response, and one represented the school teacher’s collection combined with school collection and was therefore not representative. 133 L is equivalent to approximately 6.5 20-litre containers per day. Division of household collection volumes by household resident number gives an approximate mean of 25 L per person per day from DPs. Volume is not influenced by the household member responsible for collection, suggesting that children collect approximately the same volume of water per day (within one std. dev.) as adults, which has been shown to be particularly damaging to child health [57].



Larger household sizes decrease the volume of water per resident. Figure 3 shows this in Community A, with estimates calculated from the surveys. The mean values of the daily volume collected per person show a strong overall univariate relationship against household size (R2 = 0.78, p < 0.002). Multiple determinants that influence volumes collected, such as household volume requirements, distance (as above), different water sources, and other socio-economic factors, weaken this relationship. No influence of household size was observed in Mali [41], where this trend was fully obscured by other variables. However, the phenomenon is generally seen in the developed world because of shared water use activities in households (e.g., [58,59]), and also in some developing world urban settings (e.g., [60]). In Community A, the most likely explanation is that larger households have more children who do not use domestic water for the full range of uses. Further relationships between volume per capita and: (a) distance to DPs and (b) time taken for collection, were also investigated using uni- and multivariate regression models, and while no significant univariate relationships were found for these data, co-variants of household size and distance to DP increased the strength of the relationship (R2 = 0.85, p < 0.004, with no significant interaction).



Individual water collection events can be identified from the DP usage data using the time of use and tag ID number. A commonly observed pattern is users first collecting small amounts of water by briefly applying their tag before collecting lager volumes to fill up containers. This was observed in Community A for washing out of containers. Long gaps are evident between collections, adding evidence to users’ answers that there are no queues at DPs (as shown in the evaluation above). The majority of collections shown in Community A have maximums of 18–20 L. The most commonly used container is 20 L. Users tend not to collect more than three buckets (~60 L) at a time. This remote analysis supported by the fieldwork observation made in this study.



There is a mismatch between the mean volume users answered they collected daily from DPs per household (133 L), and the remotely collected data. If the number of households in Community A that use DPs is underestimated at 250 (non-user households not included), then dividing the mean daily total volume dispensed between November 2018–August 2019 (11,736 L; std. dev. = 3070 L) gives approximately 47 L per household. The discrepancy is more likely to originate from overestimation by users of the volumes they collect from DPs. Additionally, water from alternative sources like lined wells may have been included in users’ totals, despite specification of DPs in the protocols, because of daily variability of collection and water use behaviours [2]. Smart meters measure accurately and are not subject to subjective estimations. Low collection volumes are consistent with expectations from rural water points away from households across the developing world [6].




3.6. Relationship between Water Volume Dispensed and the Location of DP


It is understood that households in rural sub-Saharan Africa tend to collect less water when distances to water points are greater [40,61], and in some cases distances provide robust forecasts for volume (R2 > 0.93) [41]. It is theorised that when a water point is over 100 meters away the volume of water collected tends to significantly decrease, plateauing between 100 and 1000 meters, after which volume decreases again [62]. In Community A, distance of household to DP shows only a minor negative relationship with volume collected (as reported by households). Here, the influence of distance is weakened by multiple factors, e.g., some users transporting more water further by cart, bicycles and donkeys, and the relative proximity of DPs compared to communities without PWSs.



Smart meters allow location of DP and volume dispensed to be further examined using data from the individual DPs, along with household location. The variable volume dispensed from each DP over November 2018–August 2019 is visualised in a moving image (Figure 4). Monthly aggregations are used as they are not disrupted by brief non-functionality events. These dynamic maps give geospatial context to DP location [50,63,64].



These visualisations present a clear way to show that use of individual DPs in Community A does not have uniformity or predictability across time or DP location. For example, monthly volumes dispensed from DP ‘Ezekiel’ vary by a factor of 11, and ‘Kijiweni Endanachan’ by 30. The range of coefficients of variance across each DPs is wide (0.28–1.1; mean = 0.60). Months that exhibit an overall high volume across all DPs are partially skewed by specific DPs. This variation of usage over time originates from unpredictable and dynamic collection behaviours and the impacts of seasonality. The complexity and lack of any discernible trend limits further analysis here beyond visualising the unpredictability of volume dispensed. However, Figure 4b does reveal some differences of volume dispensed between DPs:




	
‘Hamisi J pipi’ is shown to dispense the highest volume overall (but not every month)



	
‘Selemani Qware’, ‘Ayubu Ali’, ‘Hiiti Gwabi’, and ‘John Gaudai’ show low volumes dispensed every month



	
Water volumes dispensed from the remaining eight DPs do not show very high or low volumes dispensed (staying within one std. dev).








The reasons for these observations are explored in relation to how many households are nearest to each DP. Higher numbers of households that use each water point in small towns in Ghana results in greater volumes being dispensed [17]. A Voronoi-type mapping shows the number of households that are nearest to each DP, which are then plotted against total volume dispensed from each DP over November 2018–August 2019 (Figure 5).



The general positive relationships shown in Figure 5 confirm that DPs that have more households that are nearest to them tend to dispense more water, due to greater total usage. Furthermore, comparison against the location of DPs in the community and the density of households in Community A shows that the total number of households appears to be a more important factor than household density. For instance, households in Community A around ‘Hamisi J pipi’ households are more dispersed with users having further distances to travel (mean ≈ 630 m). DPs in central locations in the community do not dispense more water. This finding is supported by the 28 DPs in Community B (in The Gambia) over the same time period. These DPs also show significant variation and unpredictability of volume dispensed.





4. Discussion


4.1. Collection Patterns from Smart Meter DPs


Many rural households in sub-Saharan Africa collect water from more than one source, which can improve resilience of water supply. Different sources are commonly used for different purposes, and respondents report this is also the case in Community A. Specifically, alternative unimproved sources are reported to be used more for non-consumptive uses where quality and payment are less critical factors, indicating some preference for cleaner DP water for consumption. Alternative sources may influence DP use, however here this is considered less significant and the focus in this study on collection from PWS DPs is justified: 97% of users report DPs as their main source for domestic water and only a small minority of the community do not use DPs.



In general, installation of smart meters on DPs has brought net benefits to service provision, user experience, and accessibility, as described in Table 1. Significantly, users explain that the elimination of queuing has given them more time for other socio-economic activities (e.g., farming, schooling, rest), and women and children benefit from this the most. Managerial stakeholders explain that improved revenue collection and monitoring, along with reduced non-revenue water and economic efficiencies, enhance the sustainability of the PWS. While such technologies are not ‘silver bullets’, these benefits contribute towards a stronger rural water supply system.



The surveys have shown that approximately 58% of households are within 400 m of a DP, the nationally mandated distance for water service. Unsurprisingly, users who live further away generally report longer time for overall water collection trips. This is a relatively clear trend because it is not influenced by time spent queuing, as it is elsewhere without smart meters. On one hand, therefore, the elimination of queuing has made access to water from public DPs unavoidably unequal, with some households remaining marginalised because they are further from DPs. On the other hand, the reduced overall collection time from the DPs means users who live further away have improved access, making it more worthwhile for them to travel to the DPs rather than other unimproved water sources. The smart meters therefore do not amplify existing inequalities, nor uniformly benefit the community.



Households in Community A are shown to collect water from the DPs at different times of the day. Preferences are influenced by when children return from school, time free from farming and other activities, and temperature, as explained by users. Collection is seen to stop in the smart meter data, and managerial stakeholders confirm that this is when availability of water in the PWS runs out. This hydraulic limit constrains users’ collection schedules. Community A2 (and Community B) use their DPs later into the evening. This suggests that preferred collection behaviours depend on supply being greater than demand at all times. Managerial stakeholders highlighted that demand for water is outstripping supply, due in large part to population growth. This limitation of the PWS negates the anytime-access of DPs, which is one of the significant benefits of the smart meters.



The mean volume collected recorded from smart meters of ~47 L per household per day falls below recommended water requirements for human activities and consumption [65,66], especially considering larger households are shown to have less volume per-capita. Any additional water from alternative sources is more likely to be contaminated. Despite the improvement in service from the PWS with smart meters, it remains far from the ‘end-goal’ of improved household connections and acceptable level of supply of clean water.



The smart meters reveal high unpredictability of volumes dispensed from different DPs across time (days, months), and location, which is unexpected. It was hypothesized that more centrally located DPs would record greater volumes dispensed. While the slight positive relationship between household number closest to each DP and total volume dispensed explains some of the variation, the significance of other factors beyond distance, such as how much volume each household collects, is shown in the wide data spread for these relationships. Detailed explanations of this are not possible without distinct research questions. However, visualising the unpredictability of volumes dispensed is useful itself in showing that assumptions of more regular water collection patterns from installation of ‘formalised’ PWSs in rural communities are not necessary correct. This is in contrast with urban piped systems with household connections, where the large scale levels the regularity of patterns.



If evenness of water distribution across DPs (and therefore revenue collection) is a planning aim for PWSs, the positioning of DPs in PWS across sub-Saharan Africa could be better based on Voronoi-type mapping of nearest households rather than density of households or community centres. This may be more objective and less influenced by social pressures, and could also increase access of more marginalised households. This general relationship could also guide operation and maintenance of existing PWSs.



The variance in household collection from DPs across times of day, volume collected, and time taken for collection, seen in the data from smart meters and users, emphasise that understanding of collection patterns cannot be based on linear assumptions. This reflects the wider rural water supply system. Nonetheless, without an optimally functioning PWS with water available whenever required, i.e., with a tank size, pump, and borehole yield of sufficient capacity, users will have to adjust their water collection and use practices. This could involve relying more on unimproved alternative sources.




4.2. Benefits of Remote Data Collection and Combination with Interviews


Smart meters provide high resolution, accurate, and objective data on volumes and times of water dispensed from DPs, across long time periods relatively easily, cheaply, and at the required scale, without the need for inaccurate modelling or estimations. Aggregated or individual responses to interviews and surveys provide qualitative information and explanations not available from smart meter data. A more rounded understanding of water collection patterns from PWSs has been possible beyond a reductionist one based only on DP data. For example, simply viewing times of collection remotely provides accurate information on total volumes dispensed at different times. However, collecting additional responses on when users collect water from DPs has revealed a wide variance between households. It also explains why some users preferred to go at certain times, in particular when children return from school, or when they have free time from farming. This aligns to the increase in volume dispensed over the afternoon measured by smart meters. There is a reasonable match in times between the two sources of information for the timescale studied. Additionally, this combined approach allows discrepancies to be revealed between remotely measured and self-reported information. Measured total volume dispensed is estimated at 47 L per household per day (based on 250 user households), while the mean self-reported volume collected is 133 L per household per day. This is evidence that self-reported volumes are less accurate with different sources of water not distinguished. This demonstrates the value in objectively establishing reality.



Matching specific users with tags for detailed investigation of household patterns and payments is not accurate enough here due to lending of tags, registration inaccuracies, and the logistics of matching households to tags.



While this study is limited to a snapshot of one community in Tanzania using one monitoring technology, data from an increasing number of DPs are continually being collected across sub-Saharan Africa using similar technologies. After installation of smart meters, economic costs of the remote data collection are negligible compared to manual meter reading, which requires individual readings that are typically infrequent and subject to human error. This represents an opportunity to benefit from even ‘longer-term’ use of these data.





5. Relevance to Practice and Policy


Better information is needed on the effectiveness of rural water supply projects and how communities use them if they are to be sustainable and resilient to future challenges. The World Bank has called for more resources to go towards data collection for decision-making regarding water management in Tanzania [67]. Remotely collected data from PWSs using smart meters or similar Internet-of-Things technologies can contribute to this data collection. Combining remote collection of data with ‘on the ground’ knowledge generation is generally applicable across anywhere such technologies are deployed. The uses of such technologies for daily rural water supply management have been documented elsewhere (e.g., [16,20]), and include reducing non-functionality time from real-time alerts, better interactions with users via mobile-money payments and mobile communication, and increased accountability.



Community A holds general similarities with many other rural communities across sub-Saharan Africa, such as domestic water use, livelihoods, demographics, and other socio-economic characteristics. Findings of user water collection from PWSs here can help practitioners and service providers plan and manage new and existing PWSs elsewhere more sustainably.



PWSs are of increasing popularity across rural sub-Saharan Africa. They often provide better and more sustainable service, higher water quality, and are more economically favourable compared to handpumps, and they can also facilitate better revenue collection [11]. Of the schemes implemented in the first phase of the Water Sector Support Project in Tanzania, 80% were pumped PWSs, rather than handpumps (5%) or gravity schemes (15%), based on community preferences [68]. Understanding water collection patterns specifically from PWSs, within the context of alternative sources, is of increasing relevance, and can form part of the move away from handpump-scale community management models.



General unpredictability in demand across different DPs and different times is likely to be a common attribute across other rural communities’ PWSs. A rural water supply system that is resilient to shocks and changes must accommodate for wider variability in demand. This is pertinent considering the hydrological, economic, and social impacts of climate change. For example, potential interventions on a PWS could be focused on ensuring supply across a whole community rather than at specific DPs, which could reduce use of unimproved alternative sources.



Solar pumping is increasingly seen as the best option for PWSs [69]. Understanding the continual demand across mornings and afternoon–evenings in small rural communities can inform pump installation and solar panel requirements. In Community A, the mean daily total volume dispensed between November 2018–August 2019 was 11,736 L (std. dev. = 3070 L). The tank size is 50 m3 (50,000 L). Therefore, this remotely collected data shows that the limiting factor to supply is not the tank size. Solar pumping appears insufficient over the morning. Combined with a low productivity borehole, supply lags behind demand, and the tank runs empty over the evening.




6. Conclusions


Patterns of water collection from a PWS in a rural Tanzanian community are provided to a new level of detail, using a combination of remote data collection from smart meters with survey and interview methods. By combining novel remote data from DPs with the experiences of users themselves, collection patterns, and trends can be explained.



Smart meters provide net benefits to service provision (largely from better revenue collection), and user experience and access (largely from elimination of queues and liberation of time for other activities). 97% of users use DPs as their main source for domestic water. Distance from households to DPs is one constraining factor of access to water. Users collect water at different times of the day depending on when water is available at the DPs, and other factors explained in interviews such as when children return from school or there is free time from farming. Water supply running out over the day is another constraining factor. Volumes collected show wide variability between households. Remotely collected data shows mean volume collected per household per day is approximately 47 L, contrasting against mean volume of 133 L given by respondents. Different DPs distribute unpredictable and variable volumes over time. DPs at locations in community centres or higher household densities do not consistently distribute more water. Instead, a higher number of households that use each DP is a better indicator of greater volumes dispensed, and this can contribute better to DP location planning than, for example, location within a community. However, there are multiple unpredictable factors that influence volume dispensed. Fundamentally, while collection patterns result from socio-economic factors and behaviours, the functionality and good operation of the PWS—including supply of water that meets demand—is the most fundamental factor.
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Figure 1. (a) DPs in Community A with 400 m radius (red) and all household locations (blue); (b) Distribution of distances between households and DPs for sampled user households. 
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Figure 2. (a) Cumulative frequency distribution of reported collection times of households in Community A; (b) Usage data of combined average hourly use from all DPs in Community A for the period November 2018–April 2019; (c) Community A2; and (d) Community B. 
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Figure 3. Average volume collected per day per person from DP against number of residents per household (not including n = 12 unquantifiable volumes and one outlier of 80 lpd for the teacher’s collection). 
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Figure 4. (a) Frames of a moving image showing volume (radius of blue disc) dispensed from each DP in Community A (November 2018–August 2019), mapped for each location. Blue dots represent all households. Each frame represents one month. These can be watched for November 2018–August 2019 for Community A and Community B for the same time period at: https://streamable.com/2h1jt; streamable.com/z4jvl; (b) Total volume dispensed for each named DP over the same time period. 
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Figure 5. (a) DPs (red) and location of all households in Community A (blue dots) with total volumes dispensed over November 2018–August 2019 as radius of disc (blue) showing Voronoi cells for each DP. (b) Number of households in Community A that are nearest to each DP against total volume dispensed over November 2018–August 2019. (c,d). Community B, as above. 
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Table 1. Major findings of the broader evaluation of smart meters in Community A
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Demand from Managerial Stakeholders






	
Impacts on management of rural water supply

	

	
Smart meters are overall more financially effective for COWSO and therefore operation and maintenance (O&M), with enhanced revenue collection from pre-payment, greater water use, less inefficiency because of automated operation (largely because there are no longer time-limited vendors), less non-revenue water, detection of leakages, and accurate revenue tracking. Every litre is now valued economically, and theft of revenue and vendor payment are eliminated. Digital payment has made revenue tracking more accountable. Improved revenue is seen by the COWSO as the major benefit, and it partly bypasses capacity limitations of the COWSO. However, the low price of water limits revenue, meaning still only small maintenance costs can be covered. Lack of financial records limits this analysis of revenue and costs.



	
Monitoring of breakdowns is quicker overall as the COWSO can see on a smartphone app when DPs stop dispensing water. Some information is still through word of mouth.



	
Occasional mismatch between credit removed and volume dispensed from software glitches led to lost revenue in some cases.









	
Satisfaction with the smart meters

	

	
Occasional meter breakdowns, software glitches and tag failures are frustrating but are outweighed by the financial and accountability benefits.



	
The underlying capacity of the COWSO to conduct O&M remains a vulnerability to the sustainability of rural water supply, and this is symptomatic of community-based management [18,44,45,46].









	
User Experience and Demand




	
Impacts on water collection, behaviours, and lives

	

	
Anytime access without vendors means that 87% of users answer ‘there is no queue ever’. Average time taken for collection is significantly reduced, and 92% of users now have collection times of less than 30 min compared to 30% before smart meter installation. This effectively elevates Community A one level up the Joint Monitoring Programme’s service ladder from ‘Limited’ to ‘Basic’, defined by collection time to an improved source being under 30 min including queue time [23]. More time available for farming and other economic activity leads to more income and schooling.



	
Occasionally users have experienced inaccuracies with credit removal from tags meaning they pay too much or too little for water; or tags and meters have stopped working, blocking access.



	
63% of respondents answer that repair is now quicker. Quicker monitoring increases speed of O&M by COWSO or other external stakeholder because technicians can be mobilised earlier and therefore improves service levels for users. This is aided by increased revenue for O&M.



	
78% of users answered that the health of the community has benefitted from smart meters. 97% of users use DPs as a main source of drinking water, and installation of a PWS alone brings major health benefits. The community clinician outlined that records of diarrhoeal disease in children have shown decreases since the PWS was installed, and, furthermore, better access from the smart meters has contributed to this. Enhanced access to water from the PWS because of smart meters means users are able to choose uncontaminated water from the PWS over surface water sources, and benefit from shorter collection times and more income. Users can access greater quantities.









	
Affordability of water from PWS

	

	
Affordability of credit for using the DPs, and willingness to pay, are generally high, with only 17% of users considering the price of credit too high. The price was a community decision. Only 51% of users have an exact understanding of the price per litre. This is the same price as before smart meter installation.









	
User satisfaction with the smart meters and PWS

	

	
94% of users believe smart meters are an improvement for a range of reasons, mostly from the improved anytime access to water and quicker collection time from no vendors, and the extra time in the day now available. 81% of users are ‘happy’ or ‘very happy’ with the availability of water at the DP.



	
Problems with poor supply from the PWS and occasional inaccuracy of tag credit removal accumulate minor dissatisfactions resulting in a few (n ≤ 2) respondents reverting to unimproved sources. 23% of respondents have experienced inaccurate credit removal.









	
Likelihood of continued use over time of the smart meter DPs

	

	
The only points raised that may cause users (or managerial stakeholders) to stop using smart meters in the future are continued issues around incorrect credit removal, any limited access, or a better innovation in the future. Users are willing to keep paying for credit. Fundamentally, effective smart meters rely on a well-functioning PWS.









	
Accessibility




	
Ease-of-use of smart meter and credit loading of tag

	

	
The smart meter is easy to use.



	
Some users explain that replacement cost of tags is too expensive. Approximately half of users have lost their tag at least once. The frequency of lending tags to other community members varies considerably.



	
Most users top-up credit from a reseller with cash. 82% of users find this easy, however this can be limited by access to a reseller.









	
Equity of use across community

	

	
Respondents suggest that a small number of elder community members who live without dependents (and therefore have very limited money and strength for collection) and residents of sub-villages further away are unable to access the DPs.



	
Women and children do the vast majority of water collection and therefore are impacted the most by the innovation.



	
Different households have different travel distances to DPs resulting in unavoidable inequalities in time of travel and therefore access (see Section 3.3).



	
Marginalised community members include those far from the nearest DP, too poor to afford credit, or those without tags. There is no evidence, however, that the new innovation has reinforced social divides or marginalisation [47]. Instead, the reduced collection time incentivises users further away to choose DP collection over competing unimproved sources (e.g., riverbeds).



	
Understanding among users of what happens to data from their collections or money they buy credit with is very low.
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