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Introduction: Water scarcity is a significant global challenge that frequently manifests
as inadequate water supply for domestic purposes. However, domestic water
insecurity can occur even in regions where water is naturally abundant. Despite
Colombia’s plentiful surface water resources, rural and peri-urban communities often
experience limited access to water. Existing water supply systems are frequently
susceptible to poor maintenance, particularly in remote areas where much of the
infrastructure remains outdated. Consequently, water is often lost through leaks
or unintentional non-domestic use. Although a regulatory framework for water
usage exists, it does not consistently translate into effective implementation.

Methodology: Based on an extensive survey of approximately 1000 households
in four rural and four peri-urban communities in the Valle del Cauca Department,
Colombia, we identified the factors underlying inefficient water supply and use.
Perceived water use at the household level, based on self-reported time spent
on various use types, such as bathing, and water supplied at the system level, was
estimated.

Results and discussion: Household size, education level, age and occupation were
found to be critical factors influencing end water use and water supply. This not
only elucidates why water is supplied and used inefficiently in rural systems (e.g.,
due to non-domestic use), but also accounts for the variability of perceived water
use within peri-urban systems. The water use perceived by households in the rural
systems was statistically similar across the rural systems studied and was significantly
lower than that in the peri-urban systems. Most rural systems exhibited very low
ratios of perceived water use to water supplied, indicating that either water is lost in
conveyance or that water is used for non-domestic purposes. Peri-urban users, who
perceived to use more water than users in rural areas, were associated with younger
and more educated households. Higher education levels were also associated with
better financial capacity and technical ability to manage water systems; therefore,
peri-urban systems were better managed.

KEYWORDS

water use behavior, contextual factors, distance, household water use, water users’
associations
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1 Introduction

It is widely known that most people use more water than is strictly
necessary for health and well-being (Chukwuma, 2017; Crouch et al.,
2021; Hou et al,, 2019). Excessive water use puts pressure on natural
water sources, water supply systems (WSSs), and wastewater systems
(Keshavarzi et al., 2006; Srinivasan et al, 2012), while the
consequences could be that rural water suppliers cannot fully meet
everyone’s basic water needs. In many countries, particularly those
experiencing exacerbated water stress due to extreme weather
conditions and persistent socio-economic inequalities, challenges
abound (Gonzales and Ajami, 2017; Koop et al., 2019; Rahayu and
Rini, 2019; Sant'Ana and Mazzega, 2018). These challenges, notably
prevalent in low and middle-income countries, limit access to
essential resources such water for domestic purposes and
food security.

Water demand and overuse have posed significant challenges to
water conservation for decades owing to population growth and
increased welfare, increasing the demand for goods and services, and.
Climate change exacerbates these challenges. The Intergovernmental
Panel on Climate Change (IPCC) emphasizes the importance of
demand management to address the increasing vulnerability of
freshwater resources (Russell and Fielding, 2010). Climate change,
combined with factors such as population growth and shifts in land
use, exerts immense pressure on existing water sources worldwide,
raising doubts about their capacity to meet the growing water demand.
Water authorities are confronted with the daunting task of ensuring
adequate water availability amidst droughts, population surges, and
anticipated reductions in water supply due to climate change.
Consequently, reducing water usage and enhancing water use
efficiency have become pressing concerns in numerous regions (Fu
and Wu, 2014; Jorgensen et al., 2009).

Ensuring sustainable water management is imperative, with a
central focus on reducing water losses from supply systems. This
becomes increasingly critical as water scarcity intensifies annually, and
water utilities can no longer afford inefficiencies in their supply
systems. Addressing water losses poses a myriad of challenges,
encompassing various options with their inherent complexities,
diverse evaluation criteria, uncertainties, and conflicting objectives
and interests among stakeholders from different sectors (Zyoud et al.,
2016). For example, in many low- and middle-income countries, most
water utilities must deal with leakage and losses (Chawira et al., 2022;
Liemberger and Wyatt, 2019), resulting in high levels of so-called
Non-Revenue Water (NRW), which is “the difference between the
system input volume and billed authorized consumption” (Lambert
and Hirner, 2000). Therefore, NRW is often used as an indicator for
efficiency within WSSs (Charalambous and Laspidou, 2017; Chawira
etal., 2022; Makaya and Hensel, 2014). The NRW in urban areas can
have levels up to 50%, while this information is not available for rural
areas (Chawira et al., 2022; Liemberger and Wyatt, 2019; Makaya and
Hensel, 2014). The NRW indicator for both urban and rural Latin
America ranges from 18 to 62%, whereas in urban Colombia, the
NRW ranges from 40 to 48% (Liemberger and Wyatt, 2019; SSPD);
however, this information is not available for rural areas (Chawira
et al., 2022; Liemberger and Wyatt, 2019; Makaya and Hensel, 2014).
These percentages might be rooted in various factors such as the
location of the WSSs and organizational issues that influence financial
sustainability, operation and maintenance.
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The peri-urban zone is a transitional area where rural and urban
zones converge. Characterized by growing population, expansion in
size, and a predominantly non-agricultural labor force (Mittal, 2019),
this region signifies a dynamic interface between rural and urban
zones. In the peri-urban and rural zones from low- and middle-
income countries, water suppliers are frequently organized as water
users associations (WUA) (Delgado-Serrano et al., 2017), which are
mainly volunteer-led community management organizations,
including hired staff who may be professional or non-professional.
However, WUAs are often unable to afford regular maintenance of the
WSSs to ensure efficient performance (Muniz et al., 2020). Sometimes
there is even insufficient professional operational and executive
personnel serving the WSSs. This situation is marked by weak
knowledge and the capacity to apply this knowledge to decisions,
which has been defined as water literacy (Dean et al., 2016a; Dean
et al,, 2016b; McCarroll and Hamann, 2020). This is exacerbated by
the fact that most of the employees of WSSs receive low wages or even
work without salaries. The distance from urban areas is another
challenge which impacts communities and the functionality of the
system by WUAs (Muniz et al., 2020), because it hinders providers
from operating and maintaining systems. Low-income residents
cannot afford the high costs of maintaining the quality services and
logistics needed to support the system (Muniz et al., 2020). It could
be that the proximity to the city gives the urban managers better access
to information and technical support from the institutions compared
to rural managers (Barde, 2017; Muniz et al., 2020).

Water system inefficiencies not only occur due to poor
infrastructure (leakages and losses), but also how efficiently the water
is used by individuals. Socio economic factors, such as income,
household size, age, gender, education and occupation are known as
contextual factors that influence the behavior of individuals (Mosler
and Contzen, 2016; Singha et al., 2022; Steg and Vlek, 2009; Stern,
2000), and, thus, water use within households (Dean et al., 2016a;
Dean et al., 2016b; Jorgensen et al., 2009; Millock and Nauges, 2010;
Onyenankeya et al., 2021; Russell and Fielding, 2010; Russell and
Knoeri, 2020).

Various studies, which link end water use to contextual factors in
WSSs have considered individual, household, and WSSs levels in
urban, peri-urban, and rural areas. These studies have been carried
out both in developed (Abu-Bakar et al., 2021; Benito et al., 2019;
Cominola et al., 2023; Mazzoni et al., 2023; Charlotte et al., 2016) and
in low- and middle-income countries (Al-Amin et al., 2011; Arouna
and Dabbert, 2010; Chukwuma, 2017; Charlotte et al., 2016;
Keshavarzi et al., 2006; Polania and Vanessa, 2019; Onyenankeya et al.,
2021; Rahayu and Rini, 2019; Garcia and Brown, 2009; Strauch et al.,
2021). Abstracting conceptual models of coupled human-urban water
systems based on such studies have revealed the feedback between
water use at system and household levels, performance of the systems,
and the quality of WUA management. For example, the model
developed by Muneepeerakul and Anderies (2017) integrated social,
economic and environmental factors and proposed a link between the
income generated from the use of water, and the extent to which the
maintenance cost of water infrastructures could be sustained
(Muneepeerakul and Anderies, 2017; Pande and Sivapalan, 2016).

Addressing challenges in rural water supply requires more than
just technical solutions or community involvement alone, because
water supply systems are shaped by human activities and, in turn,
impact human well-being. This necessitates a comprehensive
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understanding of how water supply systems are integrated into
households and communities, as well as how individuals within
specific socioeconomic contexts utilize water (Stern, 2014; Workman
et al,, 2021). However, studies on factors affecting water use usually
focus on one level but not on both levels together. Studying water use
at both the household and supply system levels is necessary to
understand the factors affecting water use and two-way feedback
between households and the system (Roobavannan et al., 2018). It is
important to consider contextual factors at the household level, and
technical approaches at the water system level.

Single disciplines often fail to offer the comprehensive insights
needed to fully understand or influence individual and household
interactions with water systems. In studies on water demand
reduction, research within each discipline has generally approached
the topic from its own perspectives. This has resulted in a lack of
interdisciplinary, problem-oriented collaboration aimed at developing
an integrative understanding of water use at household and the system
level (Workman et al., 2021).

Therefore, to fill this gap, this study aims to identify contextual
factors that influence water use by employing a multilevel framework
household and water supply levels. The case study comprised four
rural WSSs and four peri-urban WSSs in Valle del Cauca Department
of Colombia. In this study, we used a socio-technical approach that
might provide insights into water use at the system level as well. This
approach is useful for addressing water use interventions and
improving water demand management at both household and
system levels.

1.1 Water supply in peri-urban and rural
areas: the Colombian context and
management institutions

Approximately 23% of Colombia’s population, totaling nearly 12
million inhabitants, reside in rural areas, encompassing both remote
rural and peri-urban zones. There are an estimated 11,000 water
systems and 9,000 providers, despite it is not representative for all
systems it reflects what is the current state of rural water supply
systems in the entire country (SIASAR, 2022). Despite these efforts,
persistent water shortages often result in demand exceeding supply
(Barbier, 2019).

Regardless of the abundance of surface water, access to water for
rural communities in Colombia remains limited, with only 40% of the
rural population having access to piped water in 2017 (SSPD, 2019;
United Nations, 2022). The SDG 6.4.1 indicator is calculated as the
change in the ratio of gross economic value added by the water supply
sector and the annual withdrawal of water from the public distribution
network, expressed in USD/m’ (Hellegers and van Halsema, 2021;
United Nations, 2022). A higher value of the SDG indicator signifies
greater water supply efficiency. As of 2019, the SDG 6.4.1 value for the
entire urban services sector in Colombia was 54.27 USD/m?,
approximately 48% below the global average of 112 USD/m’ (United
Nations, 2022). Unfortunately, no information regarding water use
efficiency in rural areas could be obtained. In contrast, non-revenue
water (NRW) estimates for urban areas vary widely, ranging from 7 to
90%. These estimates are measured across distribution networks, from
the source to household connections (Liemberger and Wyatt, 2019;
SSPD, 2020). In rural settings, the measurement of NRW is often
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challenging due to the absence of water metering fixtures or these
fixtures do not work properly.

The Colombian water management and supply framework
operates across various administrative scales, involving numerous
institutions such as ministries and municipalities. This complex
institutional structure encompasses a range of regulations and
programs dedicated to water supply and management. Water User
Associations (WUAs) play a crucial role, particularly in peri-urban
and rural areas, and are subject to regulation by entities at the
municipal, regional, and national scales. In rural contexts, WUAs
often organize under regional water users’ associations, exemplified
by entities like Fecoser and Aquacol in the Valle del Cauca department.

Within the institutional framework, national regulations such as
Law 142 of 1994 (Ministry of Housing, City and Territory - MVCT)
and Decree 1076 of 2015 (Ministry of Environment and Sustainable
Development- MADS), stipulate that the provision of rural water
services is the responsibility of Water User Associations (WUAs).
Furthermore, the legal framework mandates that water suppliers
ensure the provision of safe water, obtain permits for water intake, and
implement a Water Use Efficiency Programme (WUEP). This program
comprises activities and objectives proposed by water suppliers to
reduce and optimize the utilization of existing water infrastructure.

In Colombia and other low- and middle-income countries, many
existing institutional structures, especially national organizations,
often fail to adequately address the needs of peri-urban and rural
communities. As a result, policies instituted at the national and
regional scale frequently lack alignment with practices at the rural
scale (Barde, 2017; Molinos-Senante et al., 2019; Muniz et al., 2020).

Three main institutional bottlenecks challenging water supply in
rural and peri-urban areas exist. First, the process of decision-making
and reaching agreements is complex because of conflicting objectives
and interests among stakeholders from different sectors, as well as
across various administrative scales and institutions. Second,
weaknesses in water literacy persist, particularly due to the low wages
or absence of salaries for many employees of WSSs, as well as limited
access to information and technical support from institutions. Third,
policies implemented at the national and regional levels often lack
alignment with rural practices. The design and implementation of
policies and projects have exhibited a top-down approach (Barde,
2017; Dean et al., 2016a; Dean et al, 2016b; McCarroll and
Hamann, 2020).

Concerns about reducing high water demand, wastage, and
overuse have resulted in the need for water use efficiency and water
conservation. Exploring, understanding, and predicting water
concerns and solutions is a growing area in water management. In the
drinking water supply sector, the assessment usually includes either
individual or water supply system levels. Sociohydrology integrates
these levels and focus on the interactions between water systems and
people (Blair and Buytaert, 2016; Roobavannan et al., 2018; Sanderson
etal., 2017).

2 Materials and methods

In this study, we assessed the drinking water supply system using
such a socio-hydrology approach to determine which factors influence
water use at individual and system levels simultaneously and their
impact on water efficiency.
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To understand how, and how much, water is used, it can
be estimated at three levels (Table 1). A previous study in the Valle del
Cauca department considered water use at household and catchment
levels (Garcia and Brown, 2009). In the present study we examined
both water users and water supply systems to determine the efficiency
of water use as perceived by the end users. We used the household and
water supply levels. People can increase their water use efficiency
through “curtailment” habits that reduce water use such as taking
shorter showers, and “efficiency” measures by purchasing saving
fixtures and storage appliances (Attari, 2014; Russell and Fielding,
2010). At the system level, we considered two sub-levels to define
water system efficiency. First, we used the percentage of water losses
between the intake and the storage tank as a measure of efficiency at
supply system level (see Figure 1). We used the water supplied
(measured at the storage tank) and water used at the household level
in liters per person per day (Ipcd) to determine household level
system efliciency.

2.1 Case study

2.1.1 Criteria for selection case study

For the present study, eight (8) locations in Colombia at peri-
urban and rural scale were selected based on WSSs heterogeneity,
different SEC characteristics, climatic conditions, presence of formal
WUASs and sizes of WSSs. In addition, the selection criteria included:
(1) interviewer security; (2) the willingness of stakeholders to
participate; (3) accessibility to the location (e.g., distance from main
cities, rural road conditions); and (4) whether the WSSs were in
operation. The locations that were selected were eight WSSs in the
rural zone of Restrepo and the peri-urban zone of Cali, located in the
Valle del Cauca Department, close to the Pacific Ocean in the south-
eastern region of Colombia (Figure 2) (Metabolism of Cities - Data
Hub, 2023; NASA Shuttle Radar Topography Mission (SRTM), 2013).

The institutional structure regarding WSSs consists of seven main
institutions at the department, municipal, and rural scales (Figure 3).
All WUA belong either to Fecoser (Community Aqueducts Federation

TABLE 1 Scale to assess water use efficiency (WUE) for domestic water
use.

Catchment,
Household )
scale basin,
aquifer-scale
Water use behavior Leakages and
Curtailment losses Water use
Definition Water use efficiency NRW Leakages and
(saving fixtures and (Non-revenue losses
appliances) water)
Surveys Water flux
End water use measurements
Method measurements; across water ‘Water balance
inventory of water- utilities
saving appliances Water balance
‘Water managers at
Water users Water users’
national scale
Stakeholders | Water users’ associations
Regional scale and
associations (WUA) (WUA)
municipality scale
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of Valle del Cauca) or Aquacol (Association of Community
Organizations Providing Water and Sanitation Services in Colombia)
that are active in Restrepo and the peri-urban zone of Cali,
respectively.

In Restrepo, most of the WUA emerged in the 1980s when coffee
production was one of the most important economic sectors and the
inhabitants were mainly coffee farmers. According to Fecoser,' the
National Federation of Coffee Growers of Colombia (NFCG)
constructed the water supply infrastructure, consisting of an intake
and a sand removal pre-treatment tank (see Figure 1). Since then,
water infrastructure has been managed and operated by WUAs,
without or with the Government’s economic or technical support or
planning. Over time, the growing population has increased domestic
water demand, and the use of water for irrigation, cattle, and pig
farming has constrained the water supply and has led to unequal
access between domestic and other uses.

In peri-urban zones, WUAs originated during the 1960s and
1990s, and WSSs were constructed, and designed by the
environmental, and health authorities, a local university and
municipalities. Since then, these areas have expanded. The growing
population in Cali, partly because of violence that has displaced
people from remote areas and from other departments (Urrea and
Canelo, 2017; Vergara et al., 2020), has increased the migration from
urban to peri-urban zones.

The systems tap either surface or groundwater sources (Table 2)
and type of treatment for drinking water varies depending on the
water source. Additionally, seven of these systems are divided into
sectors in which the systems intermittently distribute water to users
(Charalambous and Laspidou, 2017; Sione, 2021).

2.2 Research approach

2.2.1 Field campaign

A field campaign was conducted to obtain self-reported patterns
of water use and characteristics of fixtures and appliances used by
households, and data of water flows at the system level to estimate end
water use and water supply in the WSSs. These WSSs were further
classified as peri-urban and rural based on its distances from the
capital city of the department, Cali.

The field campaign involved two methodologies, social
research and technical measurements (Figure 4). To collect
information about the SEC, we used online and face-to-face
fieldwork and social mapping methods. As a starting point,
meetings and workshops with local WUAs and staff from WSSs
were carried out online (due to the COVID-19 pandemic), assisted
by a person from Restrepo, who collaborated on the project at the
location. We contacted water leaders, using a smartphone or laptop
and online meeting tools, such as WhatsApp (Meta Platforms, Inc.,
2021) Zoom (Zoom Video Communications, Inc., 2021) and
Teams (Microsoft, 2021), depending on the internet connection.
Online invitations were sent through email in advance to the
participants, including the aim and program of the meeting and
the request to confirm their presence. Participants signed an

1 personal communication — Zoom-meting, October 11, 2021
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“informed consent” before the meeting. The groups per meeting
were between three and ten people, facilitating the participation of
all attendees, and stimulating them to pose questions and
make suggestions.

2.2.2 Data collection

2.2.2.1 Criteria for household selection

Data collection involved an inventory of water users and utilities,
the number of dwellings and their location, and, to understand the
water-use habits of domestic users, questionnaires were designed.
Households were randomly selected covering all sectors at each site.
A sector is a subarea that belongs to the total area where the water
supply system is located. One adult per family was interviewed, and
only adults (above the age of 18) were considered to conduct the
interviews. The households were informed in advance by the manager
of each water users association. Data were acquired from a
questionnaire survey focusing on SEC and water use. The water bill
number of the household’s owners was used to randomly select
interviewees. For the WSSs that do not bill, a list of customers was
used. For “self-reporting” we did not ask participants to keep records,
we asked for their perceptions by responding the questionnaire items.

Data were collected between November 2020 and December 2021.
During the first stage (November 2020 - April 2021) interviews and
workshops were developed online with the local village leaders from
the WUAS, to collect information on the SEC context and features of
the WSS of each village. During the interviews and workshops, the
purpose of the study was explained and information about the number
of water users per system, the type of water treatment plant, the main
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water uses and economic sectors in the villages, and how WSSs were
established was collected.

We employed a cross-sectional survey, which is a widely
recognized approach for collecting self-reported information
regarding perceptions, attitudes, beliefs, and behaviors related to water
usage (Gifford, 2016; Haslam and McGarty, 2014). Therefore, we asked
the participants directly without making records during longer period
of time. A total of 965 rural and peri-urban households were sampled,
and the rate of response was 96%. The sample size represented
approximately 20% of domestic water users from the each of WSSs
located in the peri-urban zone of Cali and rural Restrepo. The sample
size was determined using the “G*power” software, which computes
the sample size and statistical power. In this study, we specified a small
effect size (£2=0.07), significance level (@) of 0.05, and statistical
power of 0.9 (Erdfelder et al., 2009). Following the removal of missing
and erroneous data, the final sample size was 965 households. For data
management and analysis, the questionnaire was translated from
Spanish to English, questions were renamed, and reliable coding
was established.

The second step involved (physically) visiting eight WSSs to attain
official records, observing existing water supply infrastructure, and
interviewing water suppliers. Teams were organized to measure water
flows in the facilities of the WSSs and to conduct household surveys
(Table 2). During the rainy season (May-December 2021), face-to-
face surveys were conducted with adult members of the households
and primary data were gathered that included the SEC, self-reported
water use habits and end water uses of the individual participants. The
online survey software Qualtrics XM was used to conduct the surveys
(Qualtrics, 2021).
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Volumetric methods were used to measure water flows at the
utilities. Water flow measurements at the water source and intake
were measured assuming a constant flow; the outflow measurements
were taken in the storage tank-hourly for 24 h, except for the “2R”
WSS (Table 2), where it was not possible to take water flow
measurements because there was no “valve” to partially interrupt the
flow of water and this would imply cutting off the water supply
for users.
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2.2.3 Estimation of end water use perceived at
the household level based on self-reports

To estimate water used by domestic appliances and fixtures several
alternative methods exist (Abu-Bakar et al., 2021; Charlotte et al.,
2016), such as water metering (Polania and Vanessa, 2019), data
loggers and sensors (Abu-Bakar et al., 2021), using water bills or
census (Attari, 2014; U.S. Geological Survey, 2005), and asking water
users about their water use habits and type of appliances and fixtures
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FIGURE 3
Water institutions in the Valle del Cauca department.

TABLE 2 Characteristics of selected WSSs.

Municipality Restrepo Rural area of Cali
Regional Wateruser's Fecoser Aquacol
association (WUA) q
Zone Rural Peri-urban
Local WUA 1R 2R 3R 4R 5C 6CH** 7C 8C
Type of water source (number of Groundwater
Surface (2) Surface (2) Surface (1) Surface (1) Surface (1) Surface (5) Surface (2)

sources) (1)
Type of treatment for drinking MSF*#- Filtration and

- Chlorination | Chlorination CF-MSF Package MSF
water Chlorination chlorination

The water use efficiency program

(WUEP) presented No No No No Yes Yes No Yes
Number of sectors 8 3 3 1 6 20 5 15
Total number of households 473 76 52 28 128 1925 797 545
Number of surveys (and 107 43 17 24 61 390 181 142
percentage from the WSSs size) (23%) (57%) (33%) (86%) (48%) (20%) (23%) (26%)
The average number of people A 5 4 5 . A . A

per household estimated

*Not functioning. MSE, multi-stage filtration; CF, coagulation and flocculation. Adapted from Veldt and Burger (2015).
*#]t has two water treatment plants (6_C1, 6_C2).
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at home. In the latter method participants report their perceptions of
end water use (Abu-Bakar et al., 2021; Attari, 2014; Chacén et al.,
2011; Mourad et al.,, 2011). Not all WSSs had water meter fixtures, and
few had metering at the household level. Therefore, questionnaires
and water flow standards for conventional and efficient fixtures and
appliances from literature were used to estimate ‘perceived’ end water
use. We assumed individuals taking traditional showers using a bucket
when they do not have a showerhead. We determined the end water
use of domestic water use by considering only indoor uses and not
considering leakages.

The questionnaire comprised closed-ended questions pertaining
to socio-economic factors, types of appliances, and water habits.
Detailed information regarding these questions can be found in the
codebook (see Appendix 1), which was adapted from previous studies
(Attari, 2014; Dean et al., 2016a; Dean et al., 2016b; Jorgensen et al.,
2009; Manouseli et al., 2018; Newton and Meyer, 2012), and the
frequency per day or week for each water use. A Likert scale (1-5) was
used to collect the responses for categorical variables (Edmondson,
2005). Water flow values for appliances and fixtures were selected, and
water use per person per day for specific uses, such as cooking and
cleaning the house, and with and without water-saving appliances and
fixtures were collected based on literature (Attari, 2014; Crouch et al.,
2021; Garcia and Brown, 2009; Jorge et al., 2015; Kunitsuka, 2014;
Restrepo Tarquino, 2010; Singh and Turkiya, 2013; USGS as cited in
BID, 2014).

Estimation of perceived end water use per user was then calculated
based on the equations 1-8. Similar surveys and equations have been
used earlier to calculate water use (Mourad et al., 2011). For example,
the daily amount of water used for a shower per person was calculated
by multiplying the number of self-reported showers of the respondent
by the estimated water flow from the shower and the length of the
shower. It was assumed that the shower was used even when the
service water was not continuous. It is then multiplied this number by
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the number of people in the household, assuming that household
members tend to behave similarly. Most respondents did not respond
to the question about the frequency of flushing toilets, because they
considered it to be private information. Estimating other uses also
proved to be difficult. Often, there were older or non-standard fixtures
and appliances within the house. Therefore, we assumed that toilets
were flushed three times per day per person (Sant'Ana and Mazzega,
2018), and the following lengths of tap opening were considered: one
minute for handwashing and teeth-brushing, and three minutes for
dishwashing. The frequency of each use was collected through
the survey.

2.2.4 Water supply at system level

The WSSs in our case study provide water through small dams
and settling ponds, connected to community water tanks, located
upstream close to the intake (see Figure 1). Seven of these WSSs use
gravity to transport the (treated) surface water to the households,
while only the “7C” supply relies on pumping, being dependent on
groundwater. At least in three of the systems (“2R,” “6C,” “7C”), pipes
and storage tanks between the intake and the system, and water flux
meters have fallen into disrepair.

The water supply flows were estimated based on the inflow and
water level measurements of the storage tanks. The inflow of the
storage tank (Q?,) and water levels (I;) were measured every hour for
24 h. The changes in storages (AS;) were obtained from Equation 5 and
the hourly outflows (Q,.) were calculated using the water balance
(Equation 6). Finally, total outflows, Q. for 24 h were obtained as
the sum of all hourly outflows. Water supplied per person (W) in each
WSSs was then calculated by dividing the total outflow Qu. by the
people (N) supplied per day (Equation 7).

The water losses were considered leakages during the transmission
and distribution of water, and leakages and spills at utility storage
tanks (Charalambous and Laspidou, 2017; Lambert and Hirner, 2000).
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The percentage of water losses was estimated by comparing intake and
outflow (see Figure 1, Equation 8). The information of leakages was
not available for whole systems due to barriers of access to the
facilities, and other difficulties such as with the “2R” Water loss was
estimated for each water supply system, not per household.

Estimation of water use based on water habits of
households in each WSSs

Equation Variable

Equation 1. Water use WU; = f *Vj %t i: use type
(WU) f: frequency (times per day or

week)

V: water flow per use (I/min)

t: the length of water use
Equation 2. Total n: total number of water uses per
water use per person n household
(TWU) TWU = Z‘;WUZ

Estimation of water use based on water supply in each

WSSs.
Calculations are provided for a typical utility storage
tank
Equation Variable
Equation 3. V: volume
s 14 3 =L * * [
Initial water m (m) * w(m)*lp (m) L: length
storage w: width
ly: initial water level
Equation 4. 1: hourly water level,
3
Hourly water | Si (m ) =L(m)*w(m)*l;(m) i: hour, S: storage
storage
Equation 5.
AS; =8;-Si1 ASj change in

Incremental

. storage in hour i
change in
storage
Equation 6. ; ; Qi i

—O0' _AS: in: volumetric

Water balance | & out =@in = ASi "

flow rate coming
into the tank, Qiout
is the flow rate
exiting the tank in

hour i

Equation 6a. Orotal: total daily

Total outflow outflow from the

no.
(24h) Orotal = ZQlout

i-1 tank
Equation 7. W =water supplied
Water W= Qrotal per person per day
N

supplied per N: number of people
capita
Equation 8. Qintake: Volumetric

Ointake ~ O is taken
Water losses Wiosses (%) = intake ~ Coutflow 100 flow rate is taken in

Ointake from the water

source

Qouttlow = Qiotal
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2.2.5 Analysis method

To explore the associations among end water use, water supply
and SEC factors, we used descriptive statistics. Firstly, we examined
the dispersion of estimated end water use, using the coefficient of
variation (CV) (Doane and Seward, 2013; Soetewey, 2020). As part of
the descriptive characteristics, the correlogram to study the
relationships between these variables was used (Soetewey, 2020).
Analysis of variance (one - way ANOVA) was conducted to compare
the means of end water use perceived by users between peri- urban
and rural zones and among the WSSs. Further, it was tested whether
the means of end water use were significantly different in the various
WSSs. To identify which groups were responsible for the differences,
a post hoc comparison was used (Creswell, 2014; Doane and Seward,
20135 Patil, 20215 Soetewey, 2020) and for the statistical analysis, R
software version 4.2.3 was used (R Core Team, 2021) and the statistical
packages (Patil, 2021; Revelle, 2022).

2.2.6 Limitations

We gathered data through a survey administered during
interviews. We did not furnish households with a form to be completed
on a weekly basis. Water usage for non-domestic purposes was not
recorded in the questionnaires during field data collection.

We faced technical and logistic limitations in estimating the water
balance due to the remote locations of some of the WSSs. Some
systems still use handmade designs and the usual standards are often
not applied. The validity of the results is also limited by insufficient
historical measurements at the system level, such as intake inflow,
leakage and losses. Metering fixtures were not installed at the
household level. Therefore, estimated perceived water use serves as an
approximation of the water used at the household level in the
studied systems.

In the case of 6C, the water system operated intermittently,
meaning that users did not have continuous access to water; instead,
water was supplied in shifts. Additionally, in the case of 7C, the
physical configuration of the system introduced limitations accurately
measuring the volume of water. The pumping system operates
intermittently, and there is no macro flow meter. Consequently,
measurements were taken only when the pump was operational.

We exclusively assessed the water loss from the intake to the
water storage tank. However, we did not assess losses storage tanks
to households. In addition, we did not account for other
losses, inaccuracies and

commercial including  meter

unauthorized consumption.

3 Results

Table 2 presents the characteristics of the selected WSSs, number
of households and sectors, and the heterogeneity of these systems,
such as the type of water source, and type of treatment.

In three out of the eight case studies, technical and financial
capacities were strong, whereas in the remaining five, these aspects
were weak. According to our interviews, water managers identified
challenges in water supply arising from conflicts among various
water uses, including domestic, agricultural, livestock, and tourism.
Additionally, low water prices pose an obstacle to the sustainability
of the system, and water sources are depleting because
of urbanization.
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3.1 Perceived water use at household level

Based on the self-reported habits and water use estimates, the
overall average water use for domestic indoor use at the household
level was calculated to be approximately 253 L per person per day
(Ipcd) (Figure 5A). The range of values varied from a minimum of 39
Ipcd to a maximum of 1016 Ipcd, with 75% of water users consuming
less than 303 lpcd. The coefficient of variation (CV) for water use was
0.4, indicating relatively homogeneous estimates of end water use.

Personal hygiene, including hand washing, teeth brushing and
showering, accounted for an estimated 70% of total water use. Among
these showering represented the highest proportion at (54.8%).
Participants reported showering once (64%), twice (22.79%), or even
three times (2.27%) per day, with shower durations ranging from 3 to
15 min Notably, 60% of the participants reported an average shower
duration of 8 min. Comparable findings were observed in the
Netherlands in 2013, where showering was the primary water use
activity (41%), with an average shower duration of 8.9 min. Similarly,
in the eight administrative regions of the Federal District located in
the centre— west of Brazil, shower durations ranged between 6.3 and
9.2 min. Across 18 countries worldwide, the average reported shower
time was 8.1 min (Mazzoni et al., 2023; Sant'Ana and Mazzega, 2018;
Vewin - Association of Dutch water companies, 2017). Other studies
have also indicated that showers are a key component of indoor water
use, accounting for about one-third of indoor use (Makki et al., 2013).
The volume of water used for showering depends on the
implementation of efficient appliances and the duration of the shower.
Even with the use of efficient fixtures, increasing shower duration by
a minute can lead to approximately double the volume of water usage
(Skipton and Dvorak, 2023). Our results indicate that participants
allocated water usage as follows: 0.3% on watering plants, 1.6% on
housecleaning, 3% on cooking, 4.6% on laundry, 11.9% on flushing
the toilet, and on 17.5% dishwashing, respectively (Figure 5B).

Self-reported water use varied by geographical region. In peri-
urban areas, nearly 50% of the users perceived using less than 250
Ipcd, compared to 75% by the users of the WSSs in the rural areas.
Overall, peri-urban zones exhibited higher mean values for self-
reported water use compared to estimations in rural zones. The
average estimated end water use in peri-urban zone’s was 263 Ipcd,
which was 27% higher than in rural zones. The ANOVA test reveals a
significant difference in perceived water use between the two zones
(p-value <0.05), indicating that household level perceptions of water
use vary depending on location. Specifically, perceived water use per
capita in peri-urban systems is significantly higher than in
rural systems.

The reduction in water use for various household activities
involves two actions: curtailment and efficient use (Attari, 2014).
Curtailment involves reducing the duration of activities, such as
showering, while efficient use entails installing or switching to water-
efficient appliances and fixtures (Attari, 2014). From the surveyed
households, results showed that, on average, the perception of the
shower time is lower in rural zones (3.56 min) compared to peri-urban
zones (7.49 min). This difference may be attributed to higher access to
showers in the peri-urban zones (98%) compared to the rural zones
(85). Therefore, it was assumed that more rural households may use
buckets for bathing due to the lack shower heads, resulting in shorter
showers compared to inhabitants of peri-urban zones. For instance,
Ramsey et al. (2017) indicated that traditional bucket bathing proves
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to be more water-efficient as individuals only use on average 20 L of
water per bath.

Furthermore, participants were asked about the type and use of
basin, toilet, faucet, washing machine, and garden hose (Appendix 1).
Most households either had conventional appliances and fixtures or
incomplete plumbing (Meehan et al., 2021). Among the total
interviewees, 79% of had conventional showers. However, when
considering the type of showerheads and shower time, the estimated
water use for reported showering was 79.6% higher in peri-urban
zones compared to rural zones, with values of 150 Ipcd and 83.3 Ipcd,
respectively. Additionally, households in peri-urban areas (88%) had
more conventional faucets than rural households (68%). However, in
the peri-urban areas, 61% of households had water-saving flushing
toilets compared to 38% with conventional toilets.

A comparison of household water use, estimated by self-reported
behavior, with absolute basic consumption (ABC) [52-100 lpcd], and
realistic everyday acceptable limited needs consumption (REAL)
[92-175] (Crouch et al., 2021) indicates that the mean water use (262
Ipcd; 206 lpcd) exceeded the ABC and REAL references in peri-urban
and rural zones, respectively. When referring to the water supplied by
the system in liters per capita per day, as presented in Table 3
“Estimated Water Supplied and Perceived Water Used,” it noteworthy
can be observed that only the 8C water system, with an estimated
supplied volume of 136 Ipcd, fell within the REAL range. This is likely
due to several factors: water systems 8C had implemented a water use
efficiency plan, installed a water flow meter, and assigned two
plumbers to oversee the operation and maintenance of water
infrastructure. Installing a water flow meter and retaining a plumber
for operation and maintenance (O&M) exemplifies system-level
measures. These actions directly impact the volume of water supplied
by the system by aiding in the control of leakages and spills. Installing
a water flow meter contributes better control of the volume of water
distributed by the system to the users. Consequently, instances of
overuse and waste can be minimized. In contrast, systems 1R and 7C
systems, which are similar to 8C in terms of the number of users,
lacked a water use efficiency plan. Additionally, 1R had only one
plumber, and 7C did not have a water flow meter (see footnote 1).

In addition, the estimated, self-reported, water use was found to
be between 116 and 204% higher than in the rural areas of Bangladesh
(83.2 Ipcd) (Al-Amin et al, 2011), India (117 Iped) (Singh and
Turkiya, 2013), Nigeria (95.8 lpcd) (Chukwuma, 2017), urban
Australia (146 lpcd) (Beal et al., 2013), and Syria (130 Ipcd) (Mourad
etal, 2011). Conversely, in Malaysia (226 lpcd) (Hasan et al., 2021),
Mexico (192 Ipcd) (Ojeda de la Cruz et al., 2017) and various areas in
Valle del Cauca in Colombia (160, 200, 204 Ipcd respectively) (Garcia
and Brown, 2009; Restrepo Tarquino, 2010; SSPD, 2022), the self-
reported range was between 12 and 58%. In urban Brazil, end water
use values were 117 Ipcd, 145 Ipcd, 221 Ipcd, and 226 Ipcd, representing
different income levels from low to high (Sant'Ana and Mazzega, 2018).

Figure 6 presents the ANOVA results assessing whether the mean
estimates of perceived water use per capita were similar across the
eight distinct WSSs at 5% significance level (Patil, 2021). It can
be observed that all the rural systems exhibited similar mean
estimates, but these were significantly lower than one or more peri-
urban systems. Furthermore, there are significant differences among
peri-urban systems.

Figure 7 illustrates the correlations between SEC factors and
perceived water use. In the Figure, dark blue boxes represents a
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TABLE 3 Estimated water supplied and perceived water used.

Water supply Total Perception of Perception/W Number of
water water used employees
losses

Ototal W (%)

(m*/day) (litres/
person.day)

1.R 949 250 47-55 212.75 0.85 26
2_R 471 2066 - 211.82 0.10 4
Rural
3_ R 449 2159 42-47 193.62 0.09 5
4 R 97 1151 70-89 191.34 0.17 3
5C 304 594 - 301.65 0.51 8
6_Cl1 983 56-59
269 285.33 1.06 55
Peri-urban 6_C2 1085 50-54
7_C 955 300 - 202.55 0.83 5
8 C 296 136 49-62 249.65 1.49 6

strong positive correlation, while dark red boxes indicate a strong  level, with the Holm adjustment method (Friendly, 2012;
negative correlation. Crosses displayed on the correlation  Soetewey, 2020). It can be observed that end water usage per
coefficients signify non-significant correlations at 5% significance  capita decreased as the number of individuals in a household
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increased, i.e., as more people dwell in a house. Additionally,
perceived water use increases with education level, which was
assumed as a proxy for household income. This may be explained
by the fact that individuals with high income levels typically have
greater access to additional appliances and devices and an
increased number of toilets and showerheads per household.
Additionally, in some cases, high-income households may have
amenities such as swimming pools and large gardens (Baker,
2014). Whereas water use tends to decreased as the average age of
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household members increased. The variable “income” was
removed from the analysis due to approximately half of the
participants did not respond to it.

Further examination of socio-economic factors in each zone
revealed similarities in household sizes within each zone. Additionally,
it was observed that individuals with low levels of education tend to
reside in rural areas. For instance, in the peri-urban zones, 8.4 and
1.2% of people have earned bachelor’s and postgraduate degrees,
respectively, compared to 2.5 and 0%, respectively, in the rural zones.
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In addition, on average, the peri-urban zones had younger individuals
compared to the rural zones.

The mentioned SEC factors were used as independent variables,
along with zone type as a binary variable (i.e., whether a system is
rural or peri-urban), to study whether these factors explain the
variance in perceived water use within peri-urban and rural supply
systems. Appendix 2 shows that number of people per household,
education level and zone are significant. A higher number of people
per household was associated with lower perceived water use, while
water use was perceived to increase with higher education levels
residence in peri — urban areas. This trend may be attributed to the
fact that higher education often correlates with higher income levels
(Baker, 2014).

SEC factors accounted for only 10% of the variance, a result
consistent with previous studies (Abu-Bakar et al., 2021; Cominola
et al., 2023; Fielding et al., 2012; Jorgensen et al., 2009; Piedra-Muiioz
etal,, 2018; Russell and Knoeri, 2020). These studies have highlighted
the importance of education level, age, and income as crucial variables
in understanding water use or water conservation. Usually, there is a
relationship between educational level and water use, which can
be either positive or negative.

Our results indicate a positive relationship, meaning that water
use increases with education level. This finding aligns with that of
previous studies. This suggests that, on one hand, individuals with
higher levels of education tend to use more water. However, they also
have more financial resources, which allow them to invest in water-
saving devices. However, they still used more water because they had
more appliances and devices. It is possible that by including additional
factor groups, such as technical and behavioral factors, the amount of
explained variance might increase.

3.2 Water supplied at the system level

In this context, water supply on a system level refers to the water
supplied from storage tanks through the distribution network to
households (see Figure 1). This estimation was based on the water
balance method described in Section 2, resulting in a range of
percentages of supplied water and losses (Table 3) (Karamountzos,
2022). However, due to missing data for Q_intake (intake flows) for
several systems, information on system water losses from intake to
water treatment tanks was only available for 1R, 3R, 4R, 6C1, 6C2 and
8C. Interestingly, the losses due to leakage were found to be similar for
both peri urban and rural WSSs. A comparison between perceived
end water use per capita (“perception of water used”) and water
supplied per capita (W) reveals a huge difference (Table 3). This
disparity underscores the fate of water distributed from storage tanks
to households and highlights the existing water losses between the
distribution point and households.

Table 3 also shows the ratio of perceived end water use at the
household level and water supplied from storage tank to households
via the distributions of WSSs. A value greater than one indicates that
perceived water use exceeds the system supply, while a value less than
one could indicate inefficient water supply, e.g., due to losses or use for
non-domestic purposes (Garcia and Brown, 2009). Both scenarios are
indicative of less-than-optimal governance of water systems.

Non-Revenue Water (NRW) comprises physical losses and
commercial losses (Lambert and Hirner, 2000). The average national
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NRW rate is approximately 40% (SSPD, 2020). An estimation of NRW
in urban supply systems worldwide suggests that in Global South
countries, 60% of these losses are physical, while 40% are commercial
(Kingdom et al., 2006). Water losses are only available for 6_C and
8_C because of the availability of data for Q_intake. Our results
indicate that the estimated physical losses range from 42 to 89%,
suggesting that upper limit of this range is higher than the global
average for physical losses. However, despite this, the ratio of perceived
water use to water supplied through the network for these two systems
is around 1. This implies that the water is being used efficiently for
domestic purposes.

Most of the rural systems exhibit very low ratios of perceived
water use to water supplied. This discrepancy suggest that water may
be lost during conveyance or used for non-domestic purposes. Studies
have indicated that households in rural areas often use domestic water
for non-domestic activities such as for cattle and coffee processing,
which can account for up to twice the amount of water needed for
domestic purposes.

Organizational issues also arise in rural systems. Rural systems
typically have limited staffing, as shown in Table 3. Staffing mainly
comprises people who participate in the community. Staffing and
NRW fall within the category of indicators used to assess the quality
and provision of rural drinking water supply services (Molinos-
Senante et al., 2019). The engagement of communities in decision-
making processes, technical determinations to decrease water use,
and their understanding of water use indicators, such as NRW, are
crucial for implementing measures to reduce water usage (Florez
etal., 2019).

An exception is system 1R, which distributes water to a larger area
for a larger population across different sectors of the water supply
system. The water users’ association in this system comprises several
people on the board, although the majority serve voluntarily. While
the plumber is primarily responsible for day-to-day operations and
maintenance, the community comes together to address major
damages or conflicts over water. In the event of conflicts, complaints
are reported to the local or regional government. These unique
attributes of system 1_R distinguish it from other rural systems that
likely contribute to its better governance of the water system.

In contrast to rural systems, peri-urban systems typically supply
water that meets the demand of the households (as indicated by
perceived use). These systems, often larger and closer to urban centers,
experience minimal or no non-domestic use. Some of these systems
have WUEP in place, indicating greater attention to efficient water use
compared to rural areas. The served population in peri-urban areas
tends to be more educated and more specialized in their occupations
(unlike mostly farmers in rural areas). Although, this demographic
was associated with higher perceived water use per capita on average,
peri-urban systems are more professionally managed, resulting in
better overall system management.

In system 5_C, we can be observed an exception with a low ratio
between perceived water use and water supplied through the network,
approximately 0.5. Unlikely other peri-urban water systems, the
community and area served by 5_C is smaller, although the population
density comparable to that of 1R. Water in this system was mainly
used for domestic purposes, but there were also commercial activities.
Similar to 1R, operation and maintenance activities were managed by
a single person, the plumber. However, the size of the WSSs in 5C is
smaller than that of 1R, and the community do not provide the same
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level of support as in 1R. These differences may explain why the ratio
value in 5_C is smaller than in 1R.

The availability of better quality employment opportunities in
peri-urban areas, coupled with their proximity to urban areas, nables
a better capacity for professionally management of water supply
systems. In peri-urban zones, these systems often function more akin
to a company, with sufficient financial resources and minimal reliance
on subsidies for operation and maintenance (O&M). Consequently,
revenue from water bills contributes to covering O&M costs.
Conversely, in rural zones, water systems are not self-financed and
typically rely on public or private assistance, subsidies, or community
support for their O&M.

The infrastructure of utilities’ water supply systems is heavily
influenced by the socio-economic context, specially, in low and
middle-income countries where the infrastructure is often old and
deteriorating. In this study, the average age of infrastructure of water
supply systems exceeds 10 years, with only three systems having recent
renewal. Moreover, aspects such as poor maintenance, inadequate
operation, low water prices, population growth, and limited skills in
water administration further contribute to performance issues.

Regarding indoor infrastructure, the presence or absence of water
reservoirs in households may have influenced user’ perceptions.
We did not inquire about this type of infrastructure in the
questionnaire. However, during interviews with water managers, it
was mentioned that some users have storage tanks to store water
during the two-to-three-day gaps in supply, as the water distribution
is not continuous. These tanks are transparent, allowing users to
monitor the water levels at any time while using water. This practice
likely fosters greater awareness of water consumption among users.

4 Discussion

Water scarcity is a major global challenge and often leads to
inadequate water supplies for domestic use. Existing water systems
tend to be poorly maintained, loosely regulated, and often lose water
through leaks and unintended use outside the home. In this study,
we identified that household size, education level, age and occupation
are the key socio - economic factors link to water use perception.
With higher education level, people use more water, there is a positive
relationship. In peri-urban areas people use water more efficiency, but
they use more water per capita because they have more appliances.
Contextual factors such as zone and characteristics of water supply
system are related with water use at system level.

The eight systems considered in this study, shared similarities
such as being established during the last four decades, having
changed from hand water collection to piped systems, belonging to
the same department of Colombia, and being affiliated with similar
water associations. However, the water infrastructure, water
management (water bill; water quality criteria; water use
permission), self-reported water use at the household level and water
supply were different.

Our study showed that water supply was higher in rural areas
when compared to peri-urban, even though perceived end water use
was higher in peri-urban areas (Table 3). This apparent contradiction
can be explained by SEC factors and distance from the capital cities.
For example, peri-urban systems supply water to more people than
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rural systems. The urban water supply systems are better organized as
drinking water supply companies even though these are WUAs.

Our workshops, interviews and results revealed that most WUA
members in isolated rural areas were part-time volunteers, and in
general these are low in number. Additionally, given that this region
had a low prevalence of technical and professional education, water
managers in rural areas lacked the time, money, and water literacy
necessary to support full-time water management.

Household size, education level, age and occupation were found
to be critical factors that influence end water use and water supply.
These not only account for why water was used relatively efficiently
and supplied inefficiently in rural systems (e.g., due to non-domestic
use based on qualitative information obtained from water managers)
and vice versa in peri-urban areas, but it also accounted for variability
within the peri-urban systems. While the peri-urban users were
perceived to use more water associated with younger and more
educated households, these were also the factors that explain why
systems were better managed.

In addition to SEC considerations, distance from major cities was
another contextual factor that had an impact on water supply at the
system and perceived use at household levels. Most peri-urban areas
are well served by water services compared to rural areas. The rural
systems had very low ratios of perceived water use to water supplied
indicating that either water is lost in conveyance or water is used for
non-domestic purposes. An overestimation of lpcd at the household
and system level may result from a difference between the value of
household size provided by respondents and that provided by the
water suppliers.

Most of these studies have emphasized the role of socio-economic
(SEC) factors on (in)efficiency of the end water use and water supply
systems with little consideration of the distances of water supply
systems from urban areas that limit income opportunities, technical
outreach and its effect on water use at system level as perceived by the
water users. Our results indicate differences in SEC and water usage
between peri-urban and rural systems. When referring to the SEC,
we aim to emphasize the contextual factors relevant to assessing water
usage at the household level. This focus is important because decision
makers often highlight the need to considering the diversity of socio-
economic conditions. Indeed, numerous studies have demonstrated a
levels and increased

correlation between higher income

water consumption.
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