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Case Study

Performance Monitoring and Sustainable
Management of Piped Water Supply

Infrastructure in Developing Communities
J. Ermilio, M.ASCE1; I. Pattison, M.ASCE2; and M. Sohail, F.ASCE3

Abstract: The sustainable management of water infrastructure in low-income communities is a development objective that cuts across
several global development goals, including poverty alleviation and environmental sustainability. The monitoring of water infrastructure
in developing communities is essential to ensuring the reliability of services and is a requisite for long-term sustainability. Development
organizations, government agencies, and communities, however, lack tools to measure reliability and evaluate performance characteristics.
The aim of this paper is to demonstrate an innovative approach to performance monitoring and show evidence that water quantity perfor-
mance is linked to water management. This study included the monitoring of 17 piped water systems in Madagascar and Nicaragua, wherein
the reliability and availability of water was evaluated. A strength of management analysis reveals that good management improves both
reliability and the availability of water. The conclusions from this study show scientific evidence that good management prevents system
failure and that development agencies should focus efforts to improve local capacity. Recommendations associated with this study support the
need for remote monitoring and better evaluation tools to ensure the sustainable management of water infrastructure. DOI: 10.1061/(ASCE)
WR.1943-5452.0001470. This work is made available under the terms of the Creative Commons Attribution 4.0 International license,
https://creativecommons.org/licenses/by/4.0/.

Introduction

The objectives of this paper are to present a novel approach to
monitoring the performance of water infrastructure and to estab-
lish links between the reliability of services and management
characteristics within developing communities. The international
development water sector employs several types of monitoring
when evaluating the sustainable development of water supply
infrastructure.

Progress monitoring of development goals related to water
began with the League of Nations Health Organization in the
1930s and continued with the World Health Organization (WHO)
and the United Nations Children’s Fund (UNICEF) through sev-
eral global development initiatives. The Joint Monitoring Pro-
gram (JMP) is an intergovernmental organization that was created
in 1990 to monitor global water development goals. Since that
time, the JMP has been leading progress monitoring, which em-
ploys census data, household surveys, and proxy indicators to
evaluate access to improved services (JMP 2000). In 2012 it was
reported that Millennium Development Goals (MDG) Target 7.C
to “halve the proportion of the population without sustainable

access to safe drinking water” was met, five years ahead of
schedule (JMP 2012).

Other types of monitoring include project monitoring and im-
pact monitoring. Project monitoring simply assesses the state of a
project wherein goals and objectives are independently verified in
terms of being on target, time, and budget. Very often, however,
water projects are integrated into a more comprehensive develop-
ment program with objectives related to health and economic out-
comes. As a result, impact monitoring often gets employed, which
establishes a baseline to compare outcomes related to changes
in health or economic indicators wherein improved access to water
is linked to reductions in incidence of diarrhea, child morbidity,
skin infections, dehydration, and others (WHO 2020; Bartram et al.
2005).

The Sustainable Development Goals (SDG) set out the United
Nation’s vision for ensuring sustainable development and eradicat-
ing poverty worldwide by 2030. Specifically, SDG 6 calls for
ensuring the availability and sustainable management of water and
sanitation for all. It includes eight targets that highlight sustainable
development challenges related to water, including affordability,
pollution, water-use efficiency, natural resources management, en-
vironmental protection, capacity building, technology, and local
stakeholder engagement (UN 2015, 2018). Previous development
initiatives, the MDG (2000–2015) and the International Decade
for Water and Sanitation (1980–1990), have significantly increased
access to improved water (JMP 2015). Monitoring sustainability,
however, has several challenges wherein discrete monitoring of
progress at a single point in time and proxy indicators that sub-
stitute access to improved water services to evaluate the MDGs
do not truly measure sustainability. Furthermore, monitoring the
sustainable management of services has unique data needs and re-
quires metrics specific to technical performance and management
characteristics.

As the international development sector transitions to monitor-
ing SDG 6, it is important to recognize the continuous, complex
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nature of sustainable development. Whereas SDG 6 sets out to
both “achieve universal equitable access” and “ensure the sustain-
ability management” of water service, these unique objectives have
the potential to create tension within the development community
(Thomson and Koehler 2016). Traditional development uses a
project cycle approach to increasing access to services through
capital investments in new infrastructure. Ensuring the sustainable
management of services, however, requires operation, mainte-
nance, and long-term external support that is often beyond the
scope of traditional development programs. When coupled with
capacity building on water management, performance monitoring
can address potential tensions within SDG 6 by providing objec-
tive evidence of sustainability that is continuous and beyond the
timeframe of project implementation. Furthermore, performance
monitoring supports the needs of donor agencies who require
evidence-based solutions to sustainable development, national min-
istries who are tasked with overseeing services, and local operators
who need to mitigate problems in real time.

The JMP explicitly recognizes the need for improved metrics
that “measure the actual sustainability of water and sanitation fa-
cilities” (JMP 2015). Progress monitoring measures the number of
people served using proxy indicators that more closely represent
access to technology rather than water services (Lockwood 2010).
For example, the presence or absence of a piped water system in a
community assumes that there is water flowing through the system
and that the service meets the needs of the community, and neglects
to recognize that the reliability of services changes over time.
Impact monitoring, which could evaluate changes in health, re-
quires a long-term commitment that is often beyond the scope of
a particular project, and it can be difficult to link specific develop-
ment intervention in a causal relationship.

Project monitoring is the traditional approach within the sector
and has the primary purpose of documenting the project itself,
which supports the needs of donors who require evidence of im-
proved services. More recently, donors are looking for evidence of
sustainability wherein neglected systems have failed to provide re-
liable services. This further supports the need for new metrics to
evaluate water services that are both objective and continuous
(Koestler et al. 2010) wherein sustainable development is com-
plex and the quality of services change over time. At the present
time, a shift toward performance monitoring that measures func-
tionality is emerging, with the added rational that new methods
could provide local water operators with tools to better manage
water services (Lockwood and Smits 2011; Ermilio et al. 2014;
Bartram et al. 2014). Innovations in performance monitoring
should adapt existing technologies to provide low-cost solutions
to the monitoring needs of local operators in low-income develop-
ing communities.

This study demonstrates performance monitoring through the in-
stallation of pressure transducers to measure water levels within stor-
age tanks and evaluate per-capita water availability and system
reliability. Other system monitoring needs could include water qual-
ity measurements, precipitation, and customer satisfaction, which
could provide an objective view of system performance on a continu-
ous basis, if information were accessible to water operators on a
timely basis. Furthermore, monitoring of watershed management
and environmental sustainability is an ongoing challenge, particu-
larly as it relates to integrated water resources management, which
would account for water demand beyond domestic consumption. As
a result, precision with respect to terminology and delineating be-
tween sustainability, sustainable development, and sustainable man-
agement is essential when evaluating development goals. This study
proposes that sustainability with respect to environmental issues, in-
frastructure development, and management of services are different.

In this regard, sustainable management entails the actual provision of
water services and the water development sector should prioritize
performance monitoring with the intended outcome of addressing
the needs of local water operators and improving water management.

Performance Monitoring Methods

Performance monitoring objectively evaluates systems in terms of
water quantity and strength of management (SoM) characteristics.
Water quantity characteristics are measured with respect to per-
capita availability of water and system reliability. Water manage-
ment characteristics are defined using a SoM index, evaluating
local utility management based on human resources, system ad-
ministration, operation and maintenance, asset management, and
financial management.

Water Quantity

Water quantity data was collected through the installation of In-situ
Rugged Troll pressure transducers on the bottom of water storage
tanks within the systems being investigated. These submersible
titanium instruments were programmed to measure and record ab-
solute pressure on a 15-min time interval and were calibrated to
NIST certification standards at �0.1% at 9.0 m of water. The con-
tinuous monitoring of water levels within system storage tanks
was then used to evaluate the availability and reliability of services.
Water level data included seven sites in Madagascar and 10 sites in
Nicaragua for a period ranging from 400 to 1,373 days [mean ¼
735 days, standard deviation ðSDÞ ¼ 313.8]. Data was collected
from the systems during periodic site visits where the device
was removed from the tank, data was extracted from the logger,
and the device was reinstalled. Storage tank specifications along
with water level data were used to determine the per-capita
availability of water over time [Vpc, liters=person=day (L=p=d)],
calculated as a function of daily availability of water in storage
(VT=td), supply flow rate (Qs), and total number of people (p)
being served

V̇pc ¼
VT

td × p
þQs

p
ð1Þ

The availability of water in terms of storage volume (Vs, m3)
was determined by multiplying the average daily water level
(havg, m) by the cross-sectional area of the tank (AT , m2). The sup-
ply flow rate was determined by isolating data where the rate of
change in water level was greater than zero (Δh=Δt > 0) and iden-
tifying the maximum change in water level (Δhmax) daily. The daily
maximum change in water level is isolated and used to determine
the supply flow rate (Qs) into the system, which assumes that there
is a 15-min period where outflow (Qout), or the water demand on
the system, equals zero. The total water availability is then deter-
mined after accounting for and eliminating overflow, using a binary
multiplier (1,0)

Vs ¼ AT × havg ð2Þ

Qs ¼ AT ×

�
Δhmax

Δt

�
ð3Þ

A probability exceedance function is used to show the percentage
of days that each system met various thresholds of per-capita water
availability. From this, the system capacity (SC, %) was defined as
the average percentage of days (PD) that each system met the 20, 50,
and 80 L=p=d threshold, where n equals the total days in the study
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SC ¼ 1

n
×
Xn
i

PD ¼ PD20þ PD50þ PD80

3
ð4Þ

The system reliability (η) was analyzed daily by determining
the percentage of time that the water storage facility was empty.
A sensitivity analysis of various tank conditions revealed that water
levels of less than 25% full showed the largest variation, which
provided better resolution when evaluating system reliability
(Ermilio et al. 2014; Hunt 2015). As a result, tank empty conditions
were defined as less than 25% full (PE25). The daily system reli-
ability (η) was then determined by analyzing the proportion of
time that tank conditions were less than the 25% full condition.
The total system reliability (ηsys) was determined by averaging the
daily reliability scores for the entire study period, where n is the
total number of days in the study

ηsys ¼
1

n
×
Xn
i

ηi ð5Þ

Water quantity characterization combined the system reliabil-
ity with per-capita availability to classify the system performance.
In these terms, four types of systems were classified: a reliable sup-
ply (ηsys > 80%) of high-volume water (Vpc > 50 L=p=d), a reli-
able supply (ηsys > 80%) of low-volume water (Vpc < 50 L=p=d),
an unreliable supply (ηsys < 80%) of high-volume water (Vpc >
50 L=p=d), and an unreliable supply (ηsys < 80%) of low-volume
water (Vpc < 50 L=p=d).

Strength of Management

Participatory methods, which included input from local water pro-
fessionals and partners, were used to investigate SoM characteris-
tics. As a result, different surveys were employed to evaluate SoM
characteristics, with input from partners being unique in each coun-
try. In Madagascar, program partners used a donor-approved sus-
tainable index tool (Lockwood 2010; Ermilio 2019) that included
a series of presence/absence indicators. In Nicaragua, workshops
were conducted with partner organizations to develop the survey,
and key stakeholder interviews were used to evaluate community
resources for managing the system in terms of time and money
(Hunt 2015; Ermilio 2019). In both cases, the data were consoli-
dated into five categories of management: human resources (HR),
system administration (SA), operation and maintenance (O&M),
asset management (AM), and financial management (FM). The
analysis of SoM included converting individual categories into a
percent score, where n is the total number of indicators within each
category

SoM ¼ 1

5
×

�XHR
n

þ
XOM

n
þ
XSA

n
þ
XAM

n
þ
XFM

n

�

ð6Þ

In Madagascar, the sustainable index tool was modified to
evaluate management characteristics based on presence/absence
indicators. Human resources included indicators for external sup-
port, community involvement, and water management personnel.
Operation and maintenance included indicators for the frequency
of maintenance activities associated with the source intake, storage
tank, and treatment systems, as well as capital maintenance, system
expansion, and communications with customers. System adminis-
tration was evaluated based on evidence of reporting and record
keeping in terms of customer accounts, complaints, maintenance
activities, water consumption, and the presence of a business plan.

Asset management was evaluated based on initial investments into
the infrastructure, office space, tools, and equipment, as well as
watershed management initiatives. Financial management was
evaluated based on evidence of monthly income, total income,
annual expenses, tax payments, and overall savings. To prevent ar-
tificially weighing subindicators, an average of the indicators for
each variable was used.

In Nicaragua, the SoM analysis was based on the same five
variables; however, the results were monetized with respect to
per-capita investments into the water supply infrastructure. Each
variable was monetized by calculating time and money spent man-
aging the system and was normalized using the range of results to
establish a percent value. Investments in human resources were de-
termined based on the number of committee members, the number
of committee meetings annually, the number of assembly meetings,
and the election frequency of committee members. Investments in
operation and maintenance were monetized using the cleaning fre-
quency of the source intake, storage tank, and treatment system as
well as capital investments for large repairs. System administration
was monetized using the actual operational expenses associated
with managing the system, including payment of administrative
staff, payment to local operators and plumbers, as well as re-
pairs and other overhead expenses. Asset management investments
were evaluated based on the presence/absence of an office space;
storage space for supplies, tools, and equipment; land ownership;
and watershed management. These assets were monetized equally
across all sites using office space and land valuation. Financial
management was evaluated based on records of actual savings with
or without interest depending on banking in the area. The total
available savings was adjusted for the age of the system and
an annual savings was determined. For all the SoM variables in
Nicaragua, the total monetized values were adjusted for per-capita
values by dividing the investments by the total number of custom-
ers being served by the system.

In both cases the variables in Eq. (6) were normalized to a per-
cent score, and then an average of the individual variables was used
to determine the percent SoM score. The difference in the averages
between the SoM results in Madagascar and Nicaragua suggests
that the per-capita monetized SoM test used in Nicaragua was more
difficult than the presence/absence SoM test used in Madagascar.
Therefore, calibration of the survey was needed prior to conducting
further analysis. The calibration process included three steps. A
common point of analysis was identified wherein household cus-
tomer satisfaction (CS) surveys were implemented at selected sites
and plots of CS versus SoM were created. Then a probability dis-
tribution plot of the two SoM tests was created to confirm normal
distribution, and the SoM surveys were transformed using the
common point of analysis and the average difference. Refer to the
Data Availability Statement for access to additional details about
the SoM calibration.

Context Analysis

Whereas the objective of this study was to explore relationships
between water quantity and water management, understanding
contextual differences between Madagascar and Nicaragua is es-
sential when interpreting the results. In Madagascar, the sector had
difficulty meeting MDG water targets with an alarming rate of fail-
ure and systems in rural towns being abandoned (CRS 2014). As a
result, a shift from community management to public-private part-
nerships (PPP) has emerged (Annis and Razafinjato 2012). In Nica-
ragua, the water sector has focused on strengthening community
management with legal authorization of local water committees

© ASCE 05021030-3 J. Water Resour. Plann. Manage.
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through the Comunidad Aqua Potable Saneamiento (CAPS) law.
Within this framework, the National Water Authority is responsible
for overseeing the management of water resources within the coun-
try (ANA 2010), and local authorities at the community level are
responsible for managing water and sanitation in rural areas (INAA
2010). This context includes a paradigm of community manage-
ment with legal recognition of the right to title land, open accounts,
and charge for water services (Hunt 2015).

In Madagascar, the national water sector has made moderate
progress toward meeting water development goals, with a large dif-
ference in progress between urban and rural areas. In Nicaragua,
progress toward water development goals has been on pace with
national targets. Despite this, the large difference between urban
and rural areas also presents challenges. In both Madagascar and

Nicaragua, limited progress with respect to increasing access to
piped water supply presents challenges in the sector (Table 1).
More specifically, as the water sector continues to move toward
providing universal access to sustainably managed drinking water
(SDG 6.1), the need to simultaneously accelerate progress and in-
crease capacity in rural areas is essential.

The political, social, and economic contexts within each country
are additional considerations when understanding the results pre-
sented in this study. In Madagascar, the systems investigated were
implemented as a part of a national initiative and were located
throughout the eastern portion of the country. In Nicaragua, the
systems included in this study were located within the Matagalpa
region through several different initiatives and different organiza-
tions. In addition, the extent to which the systems could be clas-
sified as rural and differences in the system specifications should
be considered.

In Madagascar, the systems investigated provided services to
rural towns, and in Nicaragua the systems provided services to
both rural towns and rural villages (Fig. 1). The average number
of users per system in Madagascar was 4,383 (SD ¼ 4,059,
median ¼ 2,921) and the average number of users per system in
Nicaragua was 980 (SD ¼ 761, median ¼ 673). In addition, the
systems in Madagascar had, on average, larger storage capacities
(AVG ¼ 80,143 L, SD ¼ 40,884) and larger distribution sys-
tems (AVG ¼ 10.1 km, SD ¼ 7.6) than the systems in Nicaragua
(AVG ¼ 33,290 L, SD ¼ 14,372; AVG ¼ 8.7 km, SD ¼ 4.9).
The largest system in this study was in Mananara, Madagascar;
it provided water to over 13,000 people and had a storage capacity
of 170,000 L with 24.7 km of piping. The smallest system included
in this study was in La Cieba, Nicaragua, with 175 users, 7,700 L of
storage, and 2.4 km of piping.

Table 1. Progress toward water development goals in Madagascar and
Nicaragua: Percentage of people with access to an improved water source

Country

Urban Rural Total

Total Piped Other Total Piped Other Total Piped Other

Madagascar
1990 71.4 21.9 49.5 16.6 1.7 14.9 29.4 6.4 23
2000 72.6 59.0 13.6 26.0 11.5 14.5 38.6 24.4 14.3
2015 86.1 68.3 17.8 35.5 15.4 20.1 53.3 34.0 19.3

Nicaragua
1990 90.6 82.0 8.6 53.0 17.9 35.1 72.6 51.4 21.2
2000 95.9 90.8 5.1 64.4 38.2 26.2 81.7 67.0 14.7
2015 97.6 95.3 2.3 62.7 33.0 29.7 83.2 69.6 13.6

Source: Data from JMP (2017).

Fig. 1. Geographic distribution of site locations. (Map data sources: Esri, USGS, NOAA; Sources: Esri, Garmin, USGS, NPS.)
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Another notable difference was the average number of users
per connection between the systems in Madagascar (AVG ¼
24.2, SD ¼ 22.6) and Nicaragua (AVG ¼ 6.7, SD ¼ 0.9). This
difference is largely attributed to the nature of the systems in
Madagascar, which employed different types of service connec-
tions using both shared and private connections. In addition, the
difference between the water payment schemes should be high-
lighted. In Madagascar, the PPP management model included water
payments that consider the financial sustainability of the utility, and
in Nicaragua the community management model primarily consid-
ered water fees to recover operational expenses.

The potential for contextual differences to influence perfor-
mance characteristics should be noted wherein details that are
specific to each community would warrant further investigation.
Studies have identified relationships between access to secondary
water availability and decreased consumption from piped water
services (Bakalian and Wakeman 2009). In Madagascar, the
systems were in small towns and some households had access
to secondary water resources in the form of hand-dug wells. Con-
sistent with access to secondary water resources, which is often
free of charge, is the reality that affordability also influences
water consumption. The difference in economic conditions be-
tween Madagascar and Nicaragua, per-capita gross domestic prod-
uct (GDP) of $527.50 and $2028.89, respectively (World Bank
2018), would suggest that affordability of water could influence
the performance characteristics used in this study. Differences in
payment schemes have been shown to influence consumption,
wherein volumetric charges used in Madagascar could incentivize
water conservation as compared to flat monthly fees used in Nica-
ragua. In addition, system reliability could be influenced by behav-
ior, if limited confidence in water services resulted in secondary
storage at the household level. The presence of secondary storage
would ultimately influence the demand schedule, which further
influences system reliability as measured by water levels in storage
tanks.

System Performance Characteristics

System performance characteristics were explored in terms of water
quantity and SoM. The results from this analysis show measurable
differences in system performance in terms of both availability and
reliability of water. Furthermore, these differences correlate with
SoM, which is shown to influence the availability of minimum
basic needs of water, reliability of services, and preventing system
failure.

Water Quantity

A comparative analysis of water quantity reveals measurable differ-
ences in system performance. Probability distribution functions
(PDFs) provide detailed performance characteristics and can be
used to delineate between systems. On average, the systems in
Madagascar provided minimum basic needs of water (20 L=p=d)
during 89.8% of the days investigated with a range from 72.9% to
98.4% (SD ¼ 10.1%), Fig. 2. In Nicaragua, the minimum basic
needs threshold (20 L=p=d) was provided 97.7% of days, with
a range from 79.3% to 100% (SD ¼ 6.0%), Fig. 3. Using an
upper threshold of 80 L=p=d, the comparison between systems
in Madagascar and Nicaragua shows an average of 3.6% (SD ¼
7.0%) and 67.0% (SD ¼ 24.7%), respectively, which reveals that
the systems in Nicaragua are providing a higher volume of water.
In fact, on average, the community-managed systems in Nicaragua
provided 68.1 L=p=d more than the privately managed systems in
Madagascar (p ¼ 0.0001).

When the average per-capita availability results are combined
with system reliability, further delineation of system performance
is accomplished. Using the 50 L=p=d and 80% reliability thresh-
olds, systems are classified using quadrants, Fig. 4. Category A
systems are highly successful in terms of both reliability and avail-
ability of water. Category B systems are highly successful in terms
of reliability and are providing minimum availability. Category C
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systems are highly successful in terms of availability but are not
reliable, and Category D systems are vulnerable to failure wherein
reliability and availability of water services are low. An important
identifying characteristic for all the systems investigated is that the
average availability of water was above the minimum basic mini-
mum needs (20 L=p=d), which would have an expected outcome of
improved health within a community (WHO 2011; Nicol 2000).

Sustainable Management

Understanding management characteristics is essential to ensuring
the sustainability of water infrastructure. Measurable differences
in SoM suggests that strategic initiatives can improve management
of water services in developing communities, Fig. 5. A summary
of SoM results shows that on average, management in Nicaragua
(79.4%, n ¼ 11, SD ¼ 0.125) is stronger than in Madagascar
(72.7%, n ¼ 6, SD ¼ 0.231) but that this difference is statisti-
cally insignificant (p ¼ 0.438). The largest difference in manage-
ment characteristics between countries is within the SA category,
where systems in Nicaragua were, on average, 17.6% (p ¼ 0.164)
stronger than the systems in Madagascar. In addition, the AM cat-
egory for systems in Nicaragua was 13.6% stronger (p ¼ 0.279)
than in Madagascar. In terms of SoM variables, three indicator
variables (HR, SA, and O&M) have mean values greater than,
and two (AM and FM) have mean values less than, the composite
SoM score.

An exploration of these results is used to investigate the influ-
ence that management has on water quantity performance charac-
teristics, employing mean and quartile values as well as quadrant
classifications as points of comparison (Table 2). The composite
mean value for all systems studied (77.1%, n ¼ 17, SD ¼ 0.166)
provides a point of comparative analysis when evaluating the im-
pact that above-average (good) management and below-average
(poor) management has on overall system performance. The upper
SoM quartile value (88.3%) is used to delineate very good manage-
ment and the lower SoM quartile value (67.6%) is used to delineate
very poor management.

Comparative Analysis

An exploratory analysis is used to identify mechanisms by which
SoM influences performance so that improvements in water man-
agement practices can result in increased performance and long-
term sustainability. Initial exploration delineated the results in
terms of the mean SoM result, to identify differences in perfor-
mance characteristics with respect to the overall composite man-
agement scores (Table 3). This analysis shows influences across all
water quantity performance criteria, with the composite of system
reliability and system capacity having the most significant (p ¼
0.008) influence, wherein a change in 21.6% performance score
is seen between systems that have good management (above aver-
age) and poor management (below average). This result, when
combined with the independent influence on both system reli-
ability (Δηsys ¼ 20.7%, p ¼ 0.045) and overall water availability
(ΔV̇pc ¼ 34.4 L=p=d, p ¼ 0.045) shows clear evidence that sys-
tem performance is influenced by good management.

Delineating the SoM results in terms of quartiles is useful when
evaluating the influence that very good (upper quartile) and very
poor management (lower quartile) has on system performance.
The results of this analysis (Table 4) show that very good manage-
ment has no real influence on water quantity performance (as
compared to not very good) and even show a reduction in the
percentage of days that systems provided 50 L=p=d (PD-50).
In addition, some evidence is shown that very poor management
influences performance, with the most significant evidence being
that very poor management negatively influences the composite of
reliability and the system capacity score (Δηsys − SC ¼ −14.4%,
p ¼ 0.087), and overall system reliability (Δηsys ¼ −21.6%, p ¼
0.116). In simple terms, this analysis reveals that good management
is essential to ensuring system performance, but that very good
management has no additional impact on performance. At the same

Human Resources

System Admin

O&MAsset Management

Financial Management

NI-Avg

Human Resources

System Admin

O&MAsset Management

Financial Management

MG-Avg

Fig. 5. SoM characteristics: Madagascar and Nicaragua.

Table 2. Summary of SoM results from Nicaragua and Madagascar
(n ¼ 17)

SoM
variable

Mean
(%)

Median
(%)

Standard
deviation

(%)

Upper
quartile
(%)

Lower
quartile
(%)

Composite SoM 77.1 79.9 16.6 88.3 67.6
HR 77.7 76.5 15.6 91.4 66.1
SA 82.4 95.9 24.5 100 73.4
O&M 78.1 74.4 18.3 100 66.1
AM 71.7 76.2 24.1 88.9 57.4
FM 75.3 75.0 21.9 100 57.1

Table 3. Comparative analysis of performance, where good management
is above average and poor management is below average, mean SoM
(n ¼ 17)

Water quantity
performance characteristic

Change in performance good
management versus poor management

Delta
performance

t-test significance
p-value

ηsys (%) 20.7% 0.045
V̇pc (L=p=d) 34.4 0.045
PD-20 (%) 8.5% 0.025
PD-50 (%) 26.3% 0.096
PD-80 (%) 32.9% 0.032
SC (%) 22.6% 0.042
Composite ηsys - SC (%) 21.6% 0.008
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time, poor and very poor management have a negative influence on
the reliability and availability of services.

Delineating SoM results using quadrant classifications fur-
ther verifies and supports these results (Table 5). Using the 80%
reliability performance classification (A-B versus C-D), SoM in-
fluences on reliability are isolated, wherein a difference of 17.5%
in composite SoM shows evidence that management has a signifi-
cant influence (p ¼ 0.022) on performance. Delineating SoM us-
ing the water availability threshold of 50 L=p=d (A-C versus B-D),
however, shows that the management does not have a significant
influence on the amount of water provided in the system with a
SoM difference of 6.5% (p ¼ 0.230).

To further investigate relationships between SoM and perfor-
mance characteristics, a correlation matrix (Table 6) between ηsys;
V̇pc, and the individual SoM categories was created. The largest
linear correlation (R ¼ 0.612, p ¼ 0.009) is between the percent-
age of days that the systems provided 20 L=p=d (PD-20) and the
SoM indicator for HR management, which is followed closely by
the linear correlation (R ¼ 0.566, p ¼ 0.018) between ηsys and
FM. Relationships between ηsys; V̇pc, and composite SoM were
also investigated to explore the extent to which overall management
influences performance. In this regard, the largest linear correlation
(R ¼ 0.482, p ¼ 0.05) is between the PD-20 and composite
SoM. In addition to this, the overall reliability and the combined

composite water quantity score (ηsys − SC) shows a positive linear
correlation (R ¼ 0.420, p ¼ 0.093) with composite SoM.

Setting a criterion (R ¼ 0.5 and p ¼ 0.05) for linear correlation
helps to identify relationships that are more influential than others.
Based on this, further exploration in terms of HR and PD-20,
SA and PD-20, and FM and ηsys is justified (Table 7). Additional
analysis reveals the influence that individual SoM categories (in
terms of HR, SA, and FM) have on system reliability and the avail-
ability of minimum basic needs of water (20 L=p=d). Using the
same threshold criteria for mean and quartile values shows that
poor FM has the largest negative influence on system reliability
(Δηsys ¼ −33.0%, p ¼ 0.035) and that this influence is statisti-
cally significant. In addition, above-average FM results in a pos-
itive influence on reliability (Δηsys ¼ 22.2%, p ¼ 0.015). The
results also show strong evidence (p ¼ 0.002) that poor HR has
a negative influence on the availability of minimum basic needs of
water (ΔPD-20 ¼ −11.3%).

Conclusions

Performance monitoring of piped water supply infrastructure in
developing communities is essential to ensuring the sustainable
management of services. The results from this study identify links
between SoM and water quantity performance, and key findings
suggest that good management prevents system failure, but very
good management does not ensure higher levels of success. Con-
clusive evidence that good management results in higher reliabil-
ity (20.7% increase in performance, p ¼ 0.045) and per-capita
availability (34.4 L=p=d increase in performance, p ¼ 0.045) of
water suggests that improvements in water management are essen-
tial to ensuring long-term sustainability of services. Further inves-
tigation into the relationship between SoM and water availability
revealed that very poor management directly influences the reliabil-
ity of services with a 21.6% reduction in system performance

Table 4. Comparative analysis of performance, where great management is greater than upper quartile and poor management is below lower quartile (n ¼ 17)

Water quantity
performance characteristic

Change in performance very good (n ¼ 5) versus less
than very good (n ¼ 12) upper quartile SoM

Change in performance very poor (n ¼ 5) versus above
very poor (n ¼ 12) lower quartile SoM

Delta performance t-test significance p-value Delta performance t-test significance p-value

ηsys (%) 9.5% 0.233 −21.6% 0.116
V̇pc (L=p=d) 3.7 0.437 −14.7 0.263
PD-20 (%) 5.5% 0.032 −3.7% 0.201
PD-50 (%) −6.9% 0.381 −1.3% 0.477
PD-80 (%) 1.1% 0.479 −16.3% 0.212
SC (%) −0.1% 0.497 −7.1% 0.318
Composite ηsys - SC (%) 4.7% 0.288 −14.4% 0.087

Table 5. Comparative analysis of SoM using quadrant classifications of
water quantity performance

Water quantity
performance
classification n

Net difference in
SoM score (%)

t-test
significance
p-value

A-B versus C-D 12/5 17.5 0.022
A-C versus B-D 11/6 6.5 0.230
A versus B-C-D 8/9 7.3 0.190

Table 6. SoM indicator correlation coefficients for reliability and availability

Strength of
management
variable (n ¼ 17)

Pearson correlation coefficients linear regression

Reliability ηsys

Availability of water (percentage of days)

Composite
score ηdel - SC

PD-20 > 20

(L=p=d)
PD-50 > 50

(L=p=d)
PD-80 > 80

(L=p=d)
System capacity

score

HR 0.392 0.612 0.143 0.242 0.243 0.404
SA 0.252 0.533 0.252 0.390 0.357 0.398
O&M 0.220 0.260 −0.015 0.192 0.106 0.206
AM 0.251 0.202 0.099 0.345 0.227 0.307
FM 0.566 0.357 −0.034 −0.011 0.013 0.350
Composite - SoM 0.419 0.482 0.118 0.300 0.244 0.420
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(p ¼ 0.116). With respect to individual SoM variables, HR (R ¼
0.612, p ¼ 0.009) and SA (R ¼ 0.533, p ¼ 0.018) showed a
strong correlation with minimum basic needs of water, and FM
(R ¼ 0.566, p ¼ 0.018) showed a strong correlation with SR.

Whereas this study explores relationships using statistical tools
for analysis, a brief discussion on the mechanisms by which the
SoM indicators may influence performance is important. One of the
largest and most statistically conclusive findings from this study
showed that poor FM has a negative influence on the SR with a
difference in 33.0% performance (p ¼ 0.035). In addition, good
FM showed an increase of 22.2% (p ¼ 0.015) in reliability.
Whereas causation has not been established within this study, it
is logical that similar skill sets would exist between FM and service
reliability. Another statistically conclusive finding shows that poor
HR has a negative influence on the availability of minimum basic
needs of water, with a difference of −11.3% (p ¼ 0.002) in per-
formance. In this regard, HR used three indicators in its evaluation:
technical support, community involvement, and water utility staff-
ing, with subindicators ranging from visits from external visits to
gender balance on the water committee.

This analysis provides insight into potential mechanisms where
management influence performance and contributes to the body of
knowledge wherein previous studies have identified influential
indicators. More specifically, the results from this analysis pro-
vide conclusive evidence that increasing the capacity of water
management in low-income developing communities is essential
to ensuring sustainability of services. In addition, the need for
improvements in FM and HR is strongly supported through this
investigation. These results are consistent with other studies that
suggest that external support (Bakalian and Wakeman 2009), com-
munity participation (Kayaga et al. 2013; Franceys and Pezon
2010), and gender balance on water committees (Fisher 2008) are
all important factors that influence sustainability. Furthermore, this
analysis supports previous studies that reference planning and re-
cord keeping as being key elements of utility management and
long-term sustainability (Sansom and Coates 2011; Baietti et al.
2006). This study is unique, however, in that objective evidence
of the relationship between management factors and water quantity
characteristics has been demonstrated using continuous perfor-
mance monitoring.

The conclusions from this study have raised some important
questions with respect to differences between monitoring progress
and measuring performance. Given the unique nature of each sys-
tem and the nondiscrete nature of sustainability, a shift is needed to

more objective and continuous monitoring techniques. Further-
more, the need to measure the availability and sustainable manage-
ment of water justifies developing new tools that empower local
operators to improve water services. Also, a shift in the focus from
progress to performance should coincide with a change in the dia-
log from beneficiaries to customers in that customer satisfaction is
essential for long-term sustainability and could be an effective way
to monitor both progress and performance.

Recommendations associated with this study include develop-
ing remote monitoring tools and investigating customer satisfaction
as a strategy for monitoring SDGs related to water. In addition,
essential to the success of meeting SDG water development targets
is monitoring that includes enabling technologies to improve local
management of services, which include system performance and
environmental monitoring. Whereas precipitation was not consid-
ered in this study, watershed-monitoring and surveillance tech-
nologies are an important enabler of long-term environmental
sustainability. Where technological advancements in monitoring
can simultaneously address the needs of local operators, develop-
ment organizations, and donors, the tension between ensuring sus-
tainability and increasing access to water services can be alleviated.
As a result, a shift toward performance monitoring that considers
the needs of local operators is essential. In addition to the imple-
mentation of new systems, development organizations, government
agencies, and donors should recognize the needs of local operators
by focusing resources on the performance monitoring of existing
infrastructure.

Data Availability Statement

All data, models, and code that support the findings of this study
are available from the corresponding author upon reasonable re-
quest, including raw and graphical results of water level data, tabu-
lated SoM data, calibration of SoM, individual country analysis of
SoM influences, and statistical analysis. These materials can also
be found in Ermilio (2019).

Acknowledgments

This work received funding from Villanova University’s Falvey
Memorial Library Scholarship Open Access Reserve (SOAR)
Fund.

References

ANA (Autoridad Nacional de Agua). 2010. Ley No. 620: Ley General de
Aguas Nacionales. Managua, Nicaragua: ANA.

Annis, J., and G. Razafinjato. 2012. “Public-private partnerships in
Madagascar: Increasing sustainability of piped water-supply systems
in rural towns.” Waterlines 31 (3): 184. https://doi.org/10.3362/1756
-3488.2012.020.

Baietti, A., W. Kingdom, and M. van Ginneken. 2006. Characteristics of
well performing public water utilities, water and sanitation working
note no. 9. Washington, DC: The World Bank.

Bakalian, A., and W. Wakeman. 2009. “Post-construction support and sus-
tainability in community-managed rural water supply.” In Proc., Water
Sector Board Discussion Paper Series, Paper No. 14. Washington, DC:
World Bank.

Bartram, J., C. Brocklehurst, M. Fisher, R. Luyendijk, R. Hossain,
T. Wardlaw, and B. Gordon. 2014. “Global monitoring of water
supply and sanitation: History, methods and future challenges.” Int.
J. Environ. Res. Public Health 11 (8): 8137–8165. https://doi.org/10
.3390/ijerph110808137.

Table 7. Comparative analysis of performance using HR, SA, and FM
indicators, where good management is greater than the mean, great
management is greater than the upper quartile, and poor management is
less than the lower quartile

SoM
category Criteria

System reliability
ηsys (%)

Water availability
PD-20

Delta (%) p-value Delta (%) p-value

HR Good 17.3 0.063 6.9 0.038
Great 9.5 0.233 5.5 0.032
Poor −14.9 0.210 −11.3 0.002

SA Good 14.7 0.107 7.7 0.024
Great 18.5 0.017 5.3 0.036
Poor −0.3 0.489 −5.5 0.102

FM Good 22.2 0.015 6.2 0.061
Great 19.4 0.014 5.6 0.029
Poor −33.0 0.035 −4.8 0.156

© ASCE 05021030-8 J. Water Resour. Plann. Manage.

 J. Water Resour. Plann. Manage., 2022, 148(2): 05021030 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

95
.1

49
.2

37
.1

24
 o

n 
01

/0
7/

22
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.3362/1756-3488.2012.020
https://doi.org/10.3362/1756-3488.2012.020
https://doi.org/10.3390/ijerph110808137
https://doi.org/10.3390/ijerph110808137


Bartram, J., K. Lewis, R. Lenton, and A. Wright. 2005. Focusing on
improved water and sanitation for health. London: Lancet. https://doi
.org/10.1016/S0140-6736(05)17991-4.

CRS (Catholic Relief Services). 2014. Rural access to new opportunities
for health and water management, Madagascar, project completion
report. Catholic Relief Services, Cooperative Agreement No. 687-A-
00-10-00041-00. Washington, DC: US Agency for International
Development.

Ermilio, J. 2019. “Sustainable management of piped water supply in-
frastructure in developing communities.” Ph.D. dissertation, Dept. of
Architecture, Building, and Civil Engineering, Loughborough Univ.

Ermilio, J., D. Cain, I. Pattison, and M. Sohail. 2014. “Performance
evaluation of community managed water supply infrastructure.” In
Proc., 37th WEDC Int. Conf. on Sustainable Water and Sanitation
Services for All in a Fast Changing World. Loughborough, UK: Water
Engineering Development Centre, Loughborough Univ.

Fisher, J. 2008. “Women in water supply, sanitation and hygiene
programmes.” In Vol. 161 of Proc., Institution of Civil Engineers—
Municipal Engineer, 223–229. London: Thomas Telford.

Franceys, R., and C. Pezon. 2010. Services are forever: The importance
of capital maintenance in ensuring sustainable WASH services.”
Accessed January 15, 2015. http://www.washcost.info/page/866.

Hunt, I. J. 2015. “Supply, demand, and performance for gravity driven
water supply systems in rural Nicaragua.” Master’s thesis, Graduate
Program in Sustainable Engineering, Villanova Univ.

INAA (Instituto Nicaraguense de Acueductos y Alcantarillados). 2010. Ley
Especial Para los Comites de Agua Potable y Saneamiento. Managua,
Nicaragua: INAA.

JMP (Joint Monitoring Program). 2000. WHO/UNICEF joint monitoring
program, global water supply and sanitation assessment 2000 report.
New York: United Nations Plaza.

JMP (Joint Monitoring Program). 2012. Progress on drinking water and
sanitation (2012 update). New York: WHO/UNICEF, United Nations
Plaza.

JMP (Joint Monitoring Program). 2015. “WHO/UNICEF joint monitor-
ing program, progress on drinking water and sanitation (25 years),
2015 update and MDG assessment.” Accessed February 15, 2016.
https://www.wssinfo.org/data-estimates/graphs/.

JMP (Joint Monitoring Program). 2017. Progress on drinking water,
sanitation and hygiene, updated SDG baselines. Geneva: World Health
Organization.

Kayaga, S., J. Mugabi, and W. Kindon. 2013. “Evaluating the institutional
sustainability of an urban water utility: A conceptual framework and
research direction.” Util. Policy 27 (Dec): 15–27. https://doi.org/10
.1016/j.jup.2013.08.001.

Koestler, L., A. G. Koestler, M. A. Koestler, and V. J. Koestler. 2010.
“Improving sustainability using incentives for operation and mainte-
nance: The concept of water-person years.” Waterlines 29 (2): 147.
https://doi.org/10.3362/1756-3488.2010.014.

Lockwood. 2010. “Sustainability index of WASH interventions: Global
findings and lessons learned, international H2O collaboration, Aquacon-
sult, United States Agency for International Development, Rotary
International.” Accessed March 15, 2011. http://washplus.org/sites
/default/files/WashSustainabilityIndex.pdf.

Lockwood, H., and S. Smits. 2011. Supporting rural water supply, moving
towards a service delivery approach. Warwickshire, UK: Practical
Action Publishing.

Nicol, A. 2000. Adopting a sustainable livelihoods approach to water
projects: Implications for policy and practice. London: Overseas
Development Institute.

Sansom, K., and S. Coates. 2011. “Developing competences for water
utility change programmes.” Proc. ICE: Munic. Eng. 164 (4):
259–268. https://doi.org/10.1680/muen.2011.164.4.259.

Thomson, P., and J. Koehler. 2016. “Performance-oriented monitoring
for the water SDG–Challenges, tensions and opportunities.” Aquat.
Procedia 6 (Aug): 87–95. https://doi.org/10.1016/j.aqpro.2016.06.010.

UN (United Nations). 2015. Transforming our world: The 2030 agenda for
sustainable development. United Nations A/RES/70/1. New York: UN.

UN (United Nations). 2018. Sustainable development goal 6 synthesis
report 2018 on water and sanitation, UN-water. New York: UN.

WHO (World Health Organization). 2011. Guidelines for drinking-water
quality. 4th ed. Geneva: WHO.

WHO (World Health Organization). 2020. Domestic water quantity,
service level and health. Edited by G. Howard, J. Bartram, A. Williams,
A. Overbo, D. Fuente, and J. A. Geere. 2nd ed. Geneva: WHO.

World Bank. 2018. World Bank national accounts data, and OECD
accounts data files. Geneva: WHO.

© ASCE 05021030-9 J. Water Resour. Plann. Manage.

 J. Water Resour. Plann. Manage., 2022, 148(2): 05021030 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

95
.1

49
.2

37
.1

24
 o

n 
01

/0
7/

22
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1016/S0140-6736(05)17991-4
https://doi.org/10.1016/S0140-6736(05)17991-4
http://www.washcost.info/page/866
https://www.wssinfo.org/data-estimates/graphs/
https://doi.org/10.1016/j.jup.2013.08.001
https://doi.org/10.1016/j.jup.2013.08.001
https://doi.org/10.3362/1756-3488.2010.014
http://washplus.org/sites/default/files/WashSustainabilityIndex.pdf
http://washplus.org/sites/default/files/WashSustainabilityIndex.pdf
https://doi.org/10.1680/muen.2011.164.4.259
https://doi.org/10.1016/j.aqpro.2016.06.010

