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Abstract: Decision analysis methods provide opportunities to explore alternatives for drinking water resources in impoverished, rural
regions of developing countries. With varying success, southwestern Bangladesh communities currently use multiple drinking water sources,
including rainwater harvesting, ponds, pond sand filters, managed aquifer recharge (MAR), and tubewells. This study uses a variety of
multicriteria decision analysis (MCDA) methods to assess the probable success of these drinking water sources based on various technical,
economic, social, and environmental factors. Data include an assortment of physical and social sources including focus group interviews,
surveys, and water quality measurements. Additionally, the MCDA methods (multiple attribute value theory, analytic hierarchy process,
ELECTRE I, and ELECTRE III) are informed by preferences from three stakeholders—locals, nongovernmental organizations, and envi-
ronmental science academics—to ensure proper weighting of criteria for success. Across all MCDA methods, we find that rainwater harvest-
ing is the most likely to succeed as a reliable drinking water source in the region. Conversely, MAR is the least preferred alternative.
Sensitivity analyses suggest a robust ranking order that is relatively insensitive to model parameters, including water source performance
score and stakeholder weighting, across all criteria categories. This case study demonstrates how decision modeling and alternative assess-
ment can be the first step to reach sustainable solutions in complex water management problems. DOI: 10.1061/(ASCE)WR.1943-
5452.0001029. © 2019 American Society of Civil Engineers.

Introduction

Inadequate provision of domestic water services to rural areas of
developing countries is still a global challenge. The United Nations
set Sustainable Development Goals to achieve universal and equi-
table access to safe and affordable drinking water for all by 2030
(ECOSOC 2016; WHO and UNICEF 2017); however, this will not
be easily attainable. As of 2015, only 55% of the rural populations
used safely managed drinking water sources, i.e., sources that are
accessible on the premises, available when needed, and free from
fecal and priority chemical contamination (WHO and UNICEF
2017). The lack of functioning infrastructure is often attributed to
top-down supply-driven planning, which ignores the local context
(Cai et al. 2004; Starkl et al. 2013). Decision makers and water
resource planners often fail to give attention to what users want
and will maintain. To achieve sustainable solutions, underdevel-
oped, rural regions need transparent, participative, and democratic
demand-driven planning (Starkl et al. 2013). Even with thoughtful
planning, careful implementation is also necessary to avoid unex-
pected infrastructure failures. In regions where successful water
systems could fail and go undetected, water quality is especially
important in order to prevent users from consuming hazardous
water (Starkl et al. 2013). These issues can be prevented if decision

makers consider solutions to avoid infrastructure failures and
robust plans to provide safe and sustainable water sources.

Decision analysis methods offer an opportunity to support pub-
lic participation and provide structured, rational, and transparent
solutions to complex management problems in water resources and
environmental projects (Belton and Stewart 2002; Cai et al. 2004;
Hajkowicz and Collins 2007; Chowdhury and Rahman 2008;
Mutikanga et al. 2011). In particular, multicriteria decision analysis
(MCDA) is globally used as a holistic, analytical tool for evaluation
of decision options. A variety of MCDA approaches allow decision
makers to account explicitly for multiple criteria while ranking,
selecting, and/or comparing different alternatives (e.g., products,
technologies, policies) (Kirkwood 1997; Belton and Stewart 2002).
MCDA approaches generally follow one of three underlying
theories: (1) utility function, (2) outranking relation, and (3) sets of
decision rules. Unfortunately, the selection of the MCDA method
can be tricky and is often chosen based on familiarity and affinity
with the approach, rather than an assessment of the decision-
making situation and goal (Cinelli et al. 2014). Most often, MCDA
approaches are used to tease out stakeholder preferences and for-
malize the decision-making process among participants. Emerging
in the 1960s and 1970s, MCDA has been used in a wide array of
applications, including water resources and environmental projects
(Stewart and Scott 1995; Cai et al. 2004; Hajkowicz and Collins
2007; Chowdhury and Rahman 2008; Mutikanga et al. 2011; Jha
et al. 2014; Scholten et al. 2015). These complex projects are sel-
dom guided by a single objective. MCDA may provide the insight
to overcome stakeholder bias and institutional hurdles that prevent
the longevity of successful water resource projects. To date deci-
sion tools have not been implemented for planning for water re-
sources in rural areas of developing countries, and only considered
in a few studies (Chowdhury and Rahman 2008; Calizaya et al.
2010).

Drinking water resources in rural, coastal Bangladesh vary in
availability, quality, and susceptibility to hazards and other water
security risks. Although the country has immense natural water
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resources, the monsoon climate is the major control on drinking
water quantity and quality. With 80% of the rainfall occurring dur-
ing June to September (Chowdhury 2010; Abedin et al. 2014), lo-
cals must adapt to the subsequent dry season (October to May) by
using multiple sources to meet drinking water needs. Inadequate
water storage infrastructure intensifies water insecurity, often result-
ing in communities improperly allocating surface water to meet
multiple needs, such as drinking, cooking, bathing, and serving
livestock. Microbiological contamination of surface waters occurs
due to livestock and human fecal pollution (Abedin et al. 2014;
Benneyworth et al. 2016). Salinity from seawater mixing and
arsenic contamination from naturally occurring arsenic-laced sedi-
ments hinder groundwater resources. Considering the projected cli-
mate change and population growth, the vulnerability of Bangladesh
water resources inadequacies is likely to intensify (Huq 2001;
McGranahan et al. 2007; World Bank 2011; Jongman et al. 2012;
Jiménez Cisneros et al. 2014; Wong et al. 2014). In many develop-
ing countries, a suitable option for providing adequate safe drinking
water can be elusive, with no option free from disadvantages.

The five most frequently used sources (both natural and hu-
man engineered) for drinking water across coastal Bangladesh
are rainwater harvesting, ponds, pond sand filters, managed aquifer
recharge (MAR), and tubewells. A mixture of stakeholders—
households, local community members, nongovernmental organi-
zations (NGOs), and governmental agencies—have played key
roles in promoting, installing, and maintaining these natural and
human-engineered water sources, but success of each source has
varied as a result of physical and social factors. Although factors
may vary on a case-by-case basis, the planning and decision-making
process of water source implementation, maintenance, and overall
success are not well understood. Often public participation in water
resources management is overlooked in developing countries like
Bangladesh (Chowdhury and Rahman 2008), giving power to de-
cision makers outside of the community.

The objective of this paper is to explore the various technical,
economic, social, and environmental factors that influence the most
frequent drinking water technologies and management schemes in
southern Bangladesh. Using MCDA, we assess the probable suc-
cess of drinking water supply technologies and rank the sources
based on their likely success in the future. We consider differences
among stakeholder preferences and MCDA methods to investigate
the influences of prioritization and process, as well as to ensure
robustness of our methods. Although site-specific water quality,
treatment actions, and ultimately infrastructure building must be
considered in water supply solutions, this study supports the under-
lying decision making and is the first step toward the selection of
preferred options considering local context.

Background

Study Area

The coastal region of Bangladesh is predominantly rural. In the
1960s and 1970s, much of the tidal mangrove forest of the lower
delta was converted to 56 agricultural islands that now sustain a
population of 150 million through paddy farming, fishing, and
aquaculture (Rahman and Salehin 2013). These large islands, or
polders, are protected from tidal and storm-surge inundation by
constructed earthen embankments (Auerbach et al. 2015). Signifi-
cant research has been based on one particular polder, Polder 32,
located in the Khulna district, Dacope Upazila in southwest
Bangladesh, 60 km north of the Bay of Bengal (Fig. 1) (Tasich
2013; Auerbach et al. 2015; Worland et al. 2015; Ayers et al. 2016;

Benneyworth et al. 2016). This polder has similar hydrological and
geological characteristics of the other 56 polders in the region; how-
ever, it provides an extreme case study for environmental hazards
and community resilience in coastal Bangladesh due to devastation
by cyclone Aila in 2009 (Mehedi et al. 2010; Auerbach et al. 2015).
The cyclone breached embankments in several locations, leaving a
majority of Polder 32 inundated for 2 years (Auerbach et al. 2015).

A formerly forested and intertidal system, Polder 32 is bordered
by tidal channels that are distributaries of the Ganges River. Its
lower half lies adjacent to the protected Sundarbans forest while
its upper half is surrounded by other polders. There is no significant
local topography for the study area, with an average vertical relief
of nearly zero (Auerbach et al. 2015). The shallow hydrogeology
of the area consists of a semiconfined, shallow Holocene sand
aquifer (Rahman et al. 2011; Burgess et al. 2010) extending 100 m
below ground level that is vertically separated from two deeper
Pleistocene aquifers by a variably thick, heterogeneous aquitard.
The shallow groundwater is primarily brackish with isolated instan-
ces where fresher water can be found.

The region experiences a humid, biseasonal climate with a
dry season from November to May and wet season from June to
October (Chowdhury 2010; Rashid 1977; Shahid 2010). Polder 32
is estimated to receive between 1,500 and 2,100 mm of rainfall per
year (Nobi and Gupta 1997). Tropical cyclones typically form over
the Bay of Bengal during the transitional monsoon months of May
and November (Singh et al. 2000). The tropical cyclone frequency
in the Bay of Bengal has a prominent El Niño–Southern Oscillation
cycle of 2–5 years during the wet season and transitional monsoon
months (Singh et al. 2000). The average temperature ranges from
7°C to 13°C during winter and 24°C to 31°C during summer, with
May being the hottest month (Shahid 2010).

Currently, approximately 44,000 people live on this 19 ×
7 km-wide polder (Benneyworth et al. 2016; Bangladesh Bureau
of Statistics 2012, 2014, 2015). Impoverished in comparison to
Bangladesh as a whole, 17% of the rural population on Polder 32
has an electricity connection and 35% has access to sanitary toilets
(Benneyworth et al. 2016). Most residents live on monthly family
incomes of less that Tk. 3,000 (approximately USD 39) (Islam et al.
2013). Nearly all residents rely on multiple sources for drinking
water throughout the year, most of which are surface water sources
(Islam et al. 2013). Of these sources, approximately half are main-
tained by households, rather than by the community or an NGO, and
some are not maintained at all (Benneyworth et al. 2016).

Water Sources and Infrastructure

Rainwater harvesting has been used for drinking purposes since
people inhabited the coastal region of Bangladesh (Hussain and
Ziauddin 1989). In recent years, NGOs and governmental programs
have invested in and promoted the installation of several types of
household and community-based rainwater harvesting systems
(Ansari et al. 2010; Islam et al. 2013). Storage tanks include plastic
pitchers and clay jars fed by rooftop runoff, ferrocement storage
reservoirs, and plastic tanks. Often the capacity of jars and pitchers
is insufficient to last the entire dry season, but the construction cost
of larger tanks is prohibitive for lower income families. The rain-
water harvesting tanks vary in capacity from 500 to 3,200 L, cost-
ing from Tk. 3,000 to Tk. 8,000 (or approximately USD 35 to USD
100) (Ansari et al. 2010; Islam et al. 2013). The primary advantages
of rainwater harvesting include the provision of water at or near the
point of consumption, the lack of operation and maintenance prob-
lems, and the minimal maintenance costs. Generally harvested rain-
water is free of contaminants, but it is at risk of developing coliform
bacteria if stored for long periods of time (Islam et al. 2007).
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Although the 2009 cyclone and subsequent inundation left many
ponds salty, a few scattered freshwater ponds, locally known as
sweet water ponds, survive around the Polder 32. These artificially
constructed reservoirs are replenished by rainwater during the mon-
soon season, and often serve a myriad of purposes including clean-
ing, cooking, water for livestock, and drinking water. These ponds
have a significant risk of biological contamination from livestock
and salinization during storm inundation (Alam et al. 2006; Ansari
et al. 2010). To remediate contamination, the ponds are occasionally
associated with pond sand filters, or slow sand filtration systems. In
the pond sand filters system, users hand pump pond water to a large
tank to allow water percolation through a bed of fine sand, resulting
in the removal of pathogens and fine grain sediments. Initially pond
sand filters were designed by the Department of Public Health En-
gineering in 1984, and now NGOs often administer the installation
of the filters in areas that face salinity and arsenic problems (Ansari
et al. 2010). Although reliant on a pond water source, pond sand
filters’ requirement for significant construction costs and regular

maintenance to replace dirtied sand necessitates a separate designa-
tion and is therefore assessed as an independent source separate
from ponds. The lack of proper maintenance often leads to nonfunc-
tioning and abandoned pond sand filters.

Managed aquifer recharge is a technology to induce recharge to
aquifers and increase subsurface water storage. This technology has
been implemented since the early 2000s in the coastal Bangladesh
(Bouwer 2002). Water is collected from ponds and roofs, passed
through a sand filter, and injected into the shallow brackish Hol-
ocene aquifer through a ring of infiltration wells. The injected water
forms a small (couple meter-wide) stagnant freshwater lens in the
dense saline groundwater. The stored water can later be extracted
according to demand (Holländer et al. 2009). The underground
storage offers significant flood protection during regular cyclonic
surges. Each MAR scheme can serve several hundreds of people
with 15 L of water per day during the dry season, but the pumps,
filters, and wells must be maintained regularly (Acacia Water 2011).
It is possible that the MAR could provide an average recoverable
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Fig. 1.Map of study area showing location of Polder 32. (Satellite image source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus
DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.)
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volume of 750 m3 per year, based on a 0.75 recovery efficiency
(Acacia Water 2011). A pilot MAR was installed and maintained
by NGOs and academic institutions, but Polder 32 residents became
the sole operators of the source in 2016.

The last most common drinking water source on Polder 32 is a
shallow tubewells, which pumps from the same shallow Holocene
aquifer as described previously. Across broader Bangladesh the ma-
jority of the rural population uses tubewell water as their primary
source; however, in the coastal areas both shallow and deep tube-
wells are used less often because of high salinity groundwater. Only
an estimated 13.6% of residents of Polder 32 report using tubewells
as a main drinking water source (Benneyworth et al. 2016). Families
may own a household tubewell, but they are more often community
wells. Typically the water is unfiltered, and some wells are even
marked with red to warn against high arsenic contamination. The
use of most tubewell is suspected to be a function of perceived water
quality, taste, smell, and proximity (Shumaker 2017).

Methods

Decision models allow for an overall ranking and/or utility of
alternatives with respect to the achievement of a set of objectives.

In multicriteria decision analysis, decision makers examine various
alternatives and use a weighting scheme to identify an efficient set,
or preferred option (Kirkwood 1997). Although objectivity can be
limited by imprecise data and personal preferences, MCDA better
informs us of the decision-making process and the structure of the
objectives (Figueira et al. 2013). The three basic concepts included
in a MCDA are (1) the problem or objective of the model; (2) the
potential actions or alternatives that need to be ranked or scored by
the decision maker; and (3) a set of criteria, typically measured in a
variety of different units. The MCDA model includes an evaluation
matrix X of na alternatives and m criteria. The performance score
for each alternative iwith respect to criteria j is denoted by xi;j. The
importance of each criterion is denoted in the weights vector W
containing m weights, where wj denotes the weight assigned to
the jth criterion (Table 1).

In this study, the model objective is to determine the most
feasible, or successful, freshwater drinking source in coastal
Bangladesh. The alternatives we consider, based on their frequent
use, include managed aquifer recharge, pond, pond sand filter, rain-
water harvesting, and tubewells. Criteria are grouped into four cat-
egories: environmental, technical, social, and economic (Fig. 2).
The criteria were determined from a literature review and from in-
formal conversations with local community members and academic

Table 1. Stakeholder preferences wj and alternative performance scores xi;j based on 18 criteria j for five drinking water alternatives i

Weightsa wj

Criteria category Criteria

Alternative scores xi;j

Academic NGO Local RWH Pond PSF MAR TW

0.88 0.87 0.70 Technical Variability in supply 43.9 73.3 86.9 41.7 94.7
0.78 0.73 0.60 Variability in quality 100 25 75 75 75
0.95 0.93 0.70 Water quality 97.3 40.3 86.4 64.0 35.9
0.89 0.93 0.80 Maintenance requirements 75 100 0 0 75
0.80 0.67 0.60 Failure rate 100 75 50 50 75
0.80 0.73 0.90 Economic Construction cost 96.1 59.2 95.4 40.2 79.8
0.82 0.87 1.00 Potential for NGO/governmental help 100 25 100 100 25
0.94 0.93 1.00 Maintenance cost 100 100 97.5 18.8 100
0.74 0.60 0.80 Transportation costs 100 0 100 100 100
0.80 0.87 0.70 Social Sense of ownership 100 75 50 25 75
0.83 0.73 0.60 Discrimination 50 100 75 50 75
0.78 0.67 0.50 Misinformation 75 75 50 0 50
0.85 0.87 0.60 Persons served 0.6 70.8 71.2 30 8.3
0.63 0.60 0.40 Job creation 0 25 25 25 25
0.82 0.80 0.80 Environmental Prevalence of source 93.5 55 35 3.5 61
0.82 0.80 0.80 Distance to source 87.3 66.5 68.5 0.0 24.1
0.86 0.73 0.50 Hazard impact 100 0 25 50 100
0.83 0.67 0.50 Resilience 100 25 25 50 100
aWeights range from 0 to 1 with 1 denoting the greatest importance. Scores range from 0 to 100 with 100 being the highest performance.

Fig. 2. Objective and criteria used for the evaluation of drinking water alternatives in the MCDA. The best water source is the drinking water source
that is most likely to succeed.
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experts in the region. Scores for each criteria ranged from 0 to 100,
where 100 represents the best performance. For example, if an
alternative scores a high value for the failure rate criterion then the
alternative shows good performance in this area. This high score can
be interpreted as infrequent failure of the alternative to provide
drinking water. See Table S1 in Supplemental Data for raw criteria
performance scores and formula.

Four MCDA methods are used for this analysis, including
multiple attribute value theory (MAVT), analytic hierarchy process
(AHP), elimination and choice translating reality (ELECTRE) I,
and ELECTRE III, to ensure agreement between methods. The
weights were determined from the normalized mean of survey re-
sults for academic and NGO stakeholders and from semistructured
interviews with local community focus group, as described in the
“Data” section. Weights for each criteria range between 0 and 1,
with 1 designating the greatest importance.

Multiple Attribute Value Theory

MAVT is a commonly applied value function used to represent the
performance of the alternatives. The weighted summation method
is expressed as

ui ¼
Xm
j¼1

νi;jwj ð1Þ

In Eq. (1), the alternative’s total score ui is a function of
the weights wj and the normalized performance score vi;j for xi;j.
Variables wj and vi;j range between 0 and 1, and 0 and 100, respec-
tively. Under this study, the assumption of mutual preferential inde-
pendence is considered to be appropriate. The preference between
two attributes is not impacted by the value of any one of the other
attributes. Though criteria may be correlated with one another, no
two or more criteria independently have a large impact on the over-
all ranking of the options (Von Winterfeldt and Edwards 1993;
Angelis and Kanavos 2017).

Analytic Hierarchy Process

AHP is the most widely applied pairwise comparison technique
(Saaty 2008). This approach establishes priorities between elements
of hierarchies through pairwise comparisons. Criteria are grouped
into a hierarchy of elements, which in this case only includes
two tiers: criteria category (n ¼ 4), and criteria (4 ≤ n ≤ 5 depend-
ing on the criteria category). A priority is assigned to each element
of the hierarchy by means of pairwise comparisons. The priorities
express the importance of one element over the others, and are given
on the 9-point Saaty’s scale (Saaty 1988, 1992). See Saaty (2008) or
Montis et al. (2000) for a more detailed explanation of the method.
For example, all technical criteria elements are pairwise compared
to each other (i.e., variability in supply versus variability in quality,
variability in supply versus water quality, etc.). Then the higher-
level technical category is pairwise compared to the other criteria
categories (i.e., technical versus economic, technical versus social,
and technical versus environmental).

After taking the geometric mean of each element, the criteria
priorities are then weighed by the priority of their higher-level
criterion categories to obtain a global priority, or weight wj, for
each criteria. This weight is then applied to the alternative scores
vi;j as described in Saaty (2008). The result of each pairwise com-
parison is determined from survey responses about the importance
of each criterion (see Supplemental Data) and the semistructured
interviews with local focus groups.

Elimination and Choice Translating Reality I

ELECTRE was developed in 1966 as one of the earliest multicri-
teria evaluation methods developed among outranking methods
(Benayoun et al. 1966; Roy et al. 1986; Roy 1991). The objective
of this method is to select a desirable alternative from a subset F of
alternatives based on two indices, the concordance index and the
discordance index. These indices are defined for each pair of alter-
natives i and i 0 such that any alternative not included in F is out-
ranked by at least one alternative in F. The concordance index
cði; i 0Þ measures the strength of the information that supports
the hypothesis that i is at least as good as i 0, while the discordance
index dði; i 0Þmeasures the strength of evidence against this hypoth-
esis. Given a set A of n alternatives and an ordered pair of alter-
natives ði; i 0Þ in A, evaluated by a set ofm criteria (g1; g2; : : : ; gm),
each criterion is given the following attributes: (1) a weight wj in-
creasing with the relative importance of the criterion gj, and (2) a
veto threshold vjðgjÞ > 0. The concordance index cði; i 0Þ is calcu-
lated for each ordered pair of alternatives ði; i 0Þ ∈ n using Eqs. (2)
and (3)

cði; i 0Þ ¼ 1

W

X
j∶gjðiÞ>¼gjði 0Þ

wj ð2Þ

W ¼
Xm
j¼1

wj ð3Þ

The concordance index takes values between 0 and 1 as a
measure of a favorable assertion that i outranks i 0 such that
higher values indicate stronger evidence in support of the claim
(Shofade 2011).

The discordance index uses the veto threshold defined for each
criterion. If the score for i 0 on any one of these criteria is greater
than the score of option i on the same criterion, with a value greater
than or equal to the v, then the assertion that “i outranks i 0” is
refuted

dði; i 0Þ ¼
(
1 if gjði 0Þ − gjðiÞ > vjðgjÞ for any j
0 otherwise

ð4Þ

The final outranking relation iSi 0, also called the cred-
ibility matrix, can be defined by Eq. (5), where ĉ and d̂ are ar-
bitrary relatively large and small thresholds, respectively (Rogers
and Bruen 1998; Montis et al. 2000). In this study, we use
the mean of the concordance and discordance matrices as the
thresholds

iSi 0if f

(
cði; i 0Þ >¼ ĉ

dði; i 0Þ <¼ d̂
ð5Þ

ELECTRE III

ELECTRE III is a ranking method designed to be less sensitive
to inaccuracy, imprecision, and uncertain data. ELECTRE III uses
the notion of pseudo-criteria. Instead of assuming that any differ-
ence in performance corresponds to a difference in preference, in-
difference and preference thresholds allow for uncertainty criteria
performance and subsequently its preference

© ASCE 05019004-5 J. Water Resour. Plann. Manage.

 J. Water Resour. Plann. Manage., 2019, 145(4): 05019004 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

V
an

de
rb

ilt
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

01
/1

7/
19

. 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.

http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial


cjði;i0Þ

¼

8>>>><
>>>>:

1 if gjðiÞþqjðgjðiÞÞ>¼gjði0Þ
0 if gjðiÞþpjðgjðiÞÞ<¼gjði0Þ
pjðgjðiÞÞ−gjðiÞ−gjði0Þ

pj−qj
if gjði0Þ−pj <¼gjðiÞ<¼gjði0Þ−qj

ð6Þ

In Eq. (6), pj and qj denote the indifference and preference
thresholds, respectively (Rogers and Bruen 1998). Similarly, the
discordance matrix is defined in Eq. (7)

djði; i 0Þ ¼

8>>>><
>>>>:

1 if gjði 0Þ > gjði 0Þ þ vjðgjðiÞÞ
0 if gjði 0Þ <¼ gjðiÞ þ pjðgjðiÞÞ

otherwise
gjði 0Þ − gjðiÞ − pjðgjðiÞÞ
vjðgjðiÞÞ − pjðgjðiÞÞ

ð7Þ

The overall outranking relation for ELECTRE III is then de-
fined using the credibility matrix in Eq. (8), where Jði; i 0Þ is the
set of criteria j for which the discordance index is greater that
the concordance index. For both ELECTRE I and ELECTRE III,
we assume a quantitative value for the overall ranking of the
alternatives from the normalized sum of the rows of the credi-
bility matrix

ρðiSi 0Þ ¼

8><
>:

cði; i 0Þ if djði; i 0Þ <¼ cði; i 0Þ; ∀j
cði; i 0Þ otherwise

Q
j∈Jði;i 0Þ

1 − djði; i 0Þ
1 − cjði; i 0Þ

ð8Þ

Sensitivity Analysis

In considering results from decision analysis, evaluation of the sta-
bility of outcomes in the face of uncertainties in scores and weights
is important. This typically is done through sensitivity analyses
using either a local or global approach (e.g., Ganji et al. 2016;
Hyde et al. 2003; Hyde et al. 2004; Saltelli 2002). We use both
approaches. First, we conduct a simple local one-at-a-time sensi-
tivity analysis for each performance score, in which xi;j ranges from
the minimum score of 0 to the maximum of 100. Then to test the
robustness of our method, we also conduct a generalized sensitivity
analysis, which broadens beyond the sensitivity of each individual
parameter set. A generalized sensitivity analysis can be used in sit-
uations where (1) models contain ill-defined parameters, (2) statis-
tical distributions are used to reflect parametric uncertainty, and
(3) results depend on a problem-defining behavioral outcome that
can be categorized into a behavior and nonbehavior (Hornberger
and Spear 1981). By categorizing the outcome into a binary behav-
ior (i.e., it either occurs or does not occur for a give scenario and set
of parameters), this methodology is a useful technique for identi-
fying inherent uncertainties in the model structure and important
parametric relations (Hornberger and Spear 1981).

In this generalized sensitivity analysis, we perform a Monte
Carlo simulation of 1,000 runs in which all parameters (either
all weights W or all scores X) are determined from a Gaussian
distribution about the given parameter value, where X̄ equals the
sample mean of xi or xj, and s is the sample standard deviation
of W or X, respectively. Scores are treated as parameters because
data sources are imperfect due to limited sample size and function
assumptions used to calculate xi;j (Tables 2 and S1). Weights
(i.e., stakeholder importances) also are parameterized due to the

Table 2. Data sources for MCDA

Group Criteria Source Interpretation

Technical Variability in supply Average of number of months used Usage frequency of the source in a given year
Variability in quality Qualitative interviews Quality variance due to season or location
Water quality Function of TDS, salinity, arsenic, and pathogens Quality of water sources
Maintenance requirements Qualitative interviews Time and effort required for regular maintenance
Failure rate Qualitative interviews Frequency of failure

Economic Construction cost Blanchet (2014) Construction or purchase cost of source
Potential for NGO or
governmental help

Qualitative interviews Likelihood for economic assistance from entity
outside of community

Maintenance cost Blanchet (2014) Cost of regular maintenance
Transportation cost Qualitative interviews Transportation cost from source to household

Social Sense of ownership Qualitative interviews Likelihood that source users feel ownership and
responsibility of the source

Discrimination Qualitative interviews Likelihood of discrimination in source usage based
on economic status, gender, and relative location
to source

Misinformation Qualitative interviews Likelihood that source users are misinformed
about ownership, quality, and function of source

Persons served Average of how many people use the source Number of users source can serve
Job creation Qualitative interviews Likelihood of job creation for local community

member due to source

Environmental Prevalence of source Number of each used for drinking water in
Khulna district

Number of each source currently used in the area

Distance to source Travel time to source Time need to travel to source
Hazard impact Qualitative interviews Likelihood that source will be negatively impacted

by an environmental hazard, such as cyclone,
flood, or drought

Resilience Qualitative interviews Likelihood that source can recover from a negative
hazard impact

Note: See Table S1 in the Supplemental Data for additional details, including formulas and scoring for each criterion.
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assumption that the limited stakeholder interviews are only a sam-
ple of the entire population of possible responses. The simulations
were then separated into two outcome groups, based on the result-
ing ranking.

For this study, we are specifically interested in what weights and
parameters are associated with outcomes where either rainwater
harvesting or pond sand filter achieves the highest rankings as they
avoid salinity problems associated with tubewells and also tech-
nological challenges associated with managed aquifer recharge.
Simulations are classified as achieving the behavior if rainwater
harvesting and pond sand filter rank as the highest two alternatives.
If outcome differs such that alternatives pond, MAR, and/or tube-
well rank in the highest two alternatives, then the simulation is clas-
sified as a nonbehavior. The distributions of each criterion and
weight are then determined and compared based on their behavior
or nonbehavior classification.

Data

Data include a variety of physical, social, and economic data col-
lected in southwest Bangladesh. Social data include regional water
quality perceptions, perceptions of management/technology suc-
cess, managed aquifer recharge community surveys, and interviews
with nongovernmental organizations partners and academic experts
(Table 2). Environmental and technical feasibility factors are deter-
mined from regional water quality data and geospatial information.
Economic factors are informed from reported cost estimates for the
region (Blanchet 2014). Criteria weights come from average re-
sponses from a emailed survey given to NGO (n ¼ 3) and academic
experts (n ¼ 13) (see Supplemental Data for survey design) as well
as from semistructured interviews during 17 local stakeholder focus
groups (n ¼ 85) described subsequently (Fig. 3).

Surveys

In the surveys, NGO and academic stakeholders designated criteria
from 1 (not at all important) to 5 (extremely important) as a mea-
sures of one’s perception of the importance of various criteria. The
measures of importance were used as weights in subsequent analy-
ses. Stakeholders responses were averaged and divided by the
maximum possible weight to obtain the stakeholder group’s overall
criteria weights (Fig. 3). NGO survey respondents included three
Bangladeshi not-for-profit NGOs. Academic stakeholders included
eight American and two Bangladeshi environmental scientists as
well as two American and two Bangladeshi environmental social

scientists. The emailed survey required approximately 5–10 min
and ended with three open-ended response questions, which were
assessed to ensure quality responses. In every case, respondents
answered all 10 questions.

Focus Groups

Local community member engaged in conversation with the
research team in focus groups, ranging from 2 to 30 participants.
Participants verbally responded to prompted questions about drink-
ing water source use, success, failure, risks, and user desires. The
participants also evaluated drinking water alternatives by providing
unprompted criteria and indicators for success. Participants sug-
gested reasons and empirical evidence to support one alternative
over another, for example, highlighting problems with implemen-
tation design and community values and dynamics. This type of
community focus group has been shown to refine decision proc-
esses and ensure that communities are fully involved in the final
selection of indicators (Reed et al. 2006).

The interviews were led by two Bangladeshi translators and
one American from the research team. The translators verbally
summarized the responses, which were transcribed by the research
team member during the conversation. The conversations lasted
5–15 min depending on the participants’ interest and engagement.
Translators gave their first impressions from the focus groups after
each interview, and the researcher’s notes were confirmed during
these conversations. The notes and summary of each focus group
was reviewed by the research members upon return from the field
sites. At this point, criteria weights and alternatives scores (desig-
nated by “Qualitative Interviews” source in Table 2) were deter-
mined from trends from the combined interviews of all focus groups.

Results

In all methods, rainwater harvesting is the highest ranked alterna-
tive and managed aquifer recharge is the lowest (Fig. 4). Pond,
pond sand filter, and tubewell rank in the middle with tubewell and
pond sand filter generally exceeding the ranking of pond. Differ-
ences between the MCDA methods explain more variance than
stakeholder preferences, except for AHP, as seen by the overlap-
ping markers in each subplot of Fig. 4.
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Fig. 3. Weights between 1 and 0 of each criterion as determined by
stakeholder surveys.

Fig. 4. Ranking (y-axis) of the five alternatives (x-axis) as it varies
among the MCDA methods (subplot) and stakeholder preference.
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Even when considering extreme one-at-a-time scenarios, MAR
can never outrank rainwater harvesting (Fig. 5). Pond, tubewell, and
pond sand filter can only surpass rainwater harvesting as the highest
ranked alternative in the AHP method (Fig. 5). MAR can only ex-
ceed the pond ranking if using the AHP method (Fig. 5). This ro-
bustness of ranking order suggests an insensitivity to extreme values
within the scoring matrix X. This is further depicted in the narrow
range of the possible ranks for each alternative (Fig. 6).

The one-at-a-time sensitivity results also suggest that all criteria
categories are equally significant in the overall ranking of the alter-
natives (Table 3, and Figs. 6 and S1–S3 in the Supplemental Data).
However, it is possible that weighting of different criteria leads to
differences in the importance of criteria categories between stake-
holders (Table 4). Economic criteria are most significant among lo-
cal stakeholders, whereas technical criteria are most significant with
NGO stakeholders (Table 4). The social criteria are most significant
with academic stakeholders (Table 4). Nevertheless, no specific cri-
teria are highlighted as extremely significant to the final outcome.

Similarly, the generalized sensitivity analysis does not show
any noticeably significant criteria, suggesting that criteria are
equal in importance (Figs. 7 and 8). The range for the most signifi-
cant criteria between behavior and nonbehavior outcomes include
weights from all criteria categories—technical, economic, social,
and environmental—although the differences in ranges between
behavior and nonbehavior outcomes are barely noticeable (Fig. 7).
Sensitive criterion weights are different in AHP, ELECTRE I, and

ELECTRE III as shown in Figs. S28, S30, and S32 in the Supple-
mental Data.

The scores of alternate/criterion pairs are more sensitive, albeit
only slightly, than the weighting schemes when differentiating be-
tween behavior and nonbehavior categories (see slight shifts in
parameter distributions in Fig. 8 as compared to negligible shifts
in Fig. 7). Across all methods and stakeholder groups, the sensitive
xi;j are most often associated with switching of ranking between
ponds and tubewells (Figs. S29–S33 in the Supplemental Data).
Significant xi;j range across all four criteria categories, suggesting
method robustness especially because xj for rainwater harvesting
are often insensitive.

Academic and NGO survey results show differences between
expected ranking of alternatives and MCDA ranking (Fig. 9). Aca-
demic stakeholders expected rainwater harvesting and pond sand
filter to rank as the best alternatives, but considered pond water
to be the least preferred option. Similarly, NGO stakeholders ranked
rainwater harvesting as top alternative, but considered tubewell,
pond sand filter, and MAR as equally preferred sources (Fig. 9).

Discussion

This MCDA allows for a methodical and transparent evaluation of
the drinking water alternatives and criteria affecting their success in
coastal Bangladesh. After considering multiple MCDA methods
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Fig. 5. Heat map of frequency of exceeding ranking of another alternative in one-at-a-time scenarios. If cell equals 100%, then the maximum of the
y-axis alternative exceeds the minimum value of the x-axis alternative in every scenario. If the cell equals 0% then the maximum value of the y-axis
alternative never reaches the minimum possible value of the x-axis alternative.

© ASCE 05019004-8 J. Water Resour. Plann. Manage.

 J. Water Resour. Plann. Manage., 2019, 145(4): 05019004 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

V
an

de
rb

ilt
 U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

01
/1

7/
19

. 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.

http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29WR.1943-5452.0001029#supplMaterial


and stakeholder preferences, our results robustly suggest rainwater
harvesting is the top ranked drinking water source and is, therefore,
most likely to succeed. By demonstrating that differing methods
achieve similar results, MCDA tools give confidence that resources
should be directed toward supporting, promoting, and even improv-
ing the rainwater harvesting sources in the study area.

Alternatively, the consistently low ranking of MARmay suggest
unlikely future success of the technology. MAR scored poorly
across all criteria categories, which especially low performance
scores in social criteria. Local community member interviews
pointed to significant misunderstanding concerning ownership and
responsibility of maintenance of the MAR system. For example,

Fig. 6. Tornado diagrams of criteria sensitivity for the top three ranked alternatives in MAVT: rainwater harvesting (RWH), pond sand filter (PSF),
and tubewell (TW). See Figs. S1–S3 for all other tornado diagrams.

Table 3.Most significant criteria category for each alternative and method, as determined from the one-at-a-time sensitivity analysis and the tornado diagrams
(Figs. 6 and S1–S3 in Supplemental Data)

Alternative

Method

MAVT AHP ELECTRE I ELECTRE III

RWH Economic > technical >
environmental > social

Technical > economic >
social > environmental

Environmental > technical >
social > economic

Economic > environmental >
social > technical

Pond Technical > economic >
environmental > social

Technical > economic >
social > environmental

Economic > technical >
social > environmental

Economic > environmental >
social > technical

PSF Environmental > technical >
social > economic

Technical > economic >
social > environmental

Economic > technical >
environmental > social

Technical > environmental >
economic = social

MAR Technical = economic >
environmental > social

Technical > economic >
social > environmental

Environmental = social >
technical > economic

Social > economic >
environmental > technical

TW Environmental >
technical = economic = social

Social > technical >
economic > environmental

Environmental > technical >
economic > social

Economic > environmental >
technical > social
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Table 4. Most significant criteria category for each alternative and stakeholder, as determined from the one-at-a-time sensitivity analysis and the tornado
diagrams (Figs. 6 and S1–S3 in Supplemental Data)

Alternative

Stakeholder

Local NGO Academic

RWH Economic > technical >
environmental > social

Environmental = technical >
economic > social

Social > economic > technical =
environmental

Pond Economic > technical =
environmental > social

Technical > economic >
environmental > social

Technical = economic >
social > environmental

PSF Technical > economic >
environmental > social

Technical > economic >
environmental > social

Technical > environmental >
economic = social

MAR Economic > technical >
environmental > social

Technical > social =
environmental > economic

Social > environmental =
technical = economic

TW Environmental > technical =
economic > social

Technical > environmental >
economic > social

Social = economic >
environmental = technical

Fig. 7. Distribution of generalized sensitivity analysis weights wj for top three most significant criteria (based on weighting) in local, NGO, and
academic simulations that result in differences between behavior and nonbehavior outcomes in MAVT.

Fig. 8. Distribution of generalized sensitivity analysis scores xi; j for top three sensitive parameters (based on scores) in local, NGO, and academic
simulations that result in differences between behavior and nonbehavior outcomes in MAVT.
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community leaders expressed difficulty in collecting enough money
for maintenance. Community users would rather wait for a NGO or
governmental organization to pay for the maintenance, resulting in
communities sometimes going months or years without a function-
ing MAR system. These types of social discontentments with MAR
have also been seen in other studies (Albas et al. 2014; Blanchet
2014). Extensive communication with community users, as well as
other social dimensions, must be increased to improve use and
performance of MAR (Blanchet 2014).

NGO and academic stakeholders ranked MAR as the second
(tied with pond sand filter) and fourth best alternatives, respectively
(Fig. 9). It is likely that the stakeholders (1) had limited background
knowledge of the MAR technology; (2) felt an affinity toward
MAR; or (3) undervalued the importance of the social criteria in
MAR success, given that they later gave high importance to the
social criteria. This divergence between the stakeholders’ initial
ranking and MCDA ranking supports the basis for holistic decision
analysis methods. MCDA gives potential insights into complex
problems that may be misconstrued in a quick assessment. When
a decision is based on multiple (often conflicting) weighted criteria,
a decision maker may resort to heuristic problem solving and intu-
ition in making the decision. MCDA allows for a more transparent
structure the problem and an explicit evaluation of multiple criteria.

In this study, stakeholder preferences, with respect to the impor-
tance of different criteria, play little role in the ranking of alterna-
tives. The greater variance between MCDAmethods emphasizes the
need for appropriate method selection and thorough understanding
of method process. Confusion by method choice, especially when
different methods do not necessarily recommend the same solution
for the same problem, can deter stakeholders and decision makers
from using MCDA methods (Ishizaka and Nemery 2013). Because
some methods are more analytically rigorous (e.g., ELECTRE I and
ELECTRE III), it may be best to build tools that group MCDA
methods and allow stakeholders to input parameters and run multi-
ple methods instantaneously under different scenarios (Banville
et al. 1998; Kain and Söderberg 2008; Marttunen et al. 2015;
Ishizaka and Siraj 2018).

The lack of sensitivity among weights and criteria shows the
robustness of different methods in capturing the performance of
alternatives, despite imprecise data and uncertain parameter char-
acterization. While it is likely that attributes within and across

criteria categories may be interconnected, no one category appears
more important than another. For example, we found that social and
economic factors are just as important as environmental and tech-
nical aspects of water resource management. In problems when
social factors may affect the decision outcome, decision makers
should seek advice from appropriate socioeconomic experts to
better gather and understand social criteria data.

This study assumes a typically high quality of rainwater harvest-
ing systems, but without proper water quality testing and treatment
this may not be an adequate assumption at all sites and scenarios
(Islam et al. 2015). Alternative assessment and planning is the first
step to reaching sustainable solutions, but water managers must also
acknowledge the need for robust research in infrastructure failure as
well as water quality and treatment. Positive MCDA ranking results
do not ensure successful water systems implementation and
management. Failure to consider unexpected infrastructure or
management obstacles could increase risk of hazardous health
implications.

Although this study uses MCDA methods to identify a ranking
of single alternatives, it does not consider combinations of drinking
water sources acting as discrete alternatives (Montis et al. 2000).
Currently all residents use multiple sources (Jakariya 2005; Islam
et al. 2007, 2015; Blanchet 2014; Benneyworth et al. 2016), so it is
likely that a more realistic water management design would lead to
the use of more than one source (McBean et al. 2013). Rainwater
harvesting is likely to succeed broadly, but other alternatives could
be partial, or backup, sources. For example, it would not be unrea-
sonable to promote rainwater harvesting as the primary drinking
water source while still maintaining the occasional functioning of
community pond sand filters for use in case of drought. Conversely,
rainwater harvesting might be the top single solution, especially if
a variety of NGOs or governmental programs promoted and in-
vested in the solution, such that the harvesting storage capacity ex-
ceeded the water resource demand (Islam et al. 2007; Alam et al.
2012).

When attempting to factor in local context (Cai et al. 2004;
Starkl et al. 2013), decision makers must acknowledge that com-
munities are not homogeneous in terms of needs and preferences.
Environmental, demographic, cultural, and historical variables have
all been identified as reasons for variations among communities
(Jakariya 2005). In this context, we concede that our analysis is
calibrated with data from a very small region of coastal Bangladesh.
It is likely at both a smaller, site-specific scale and across a broader
region, we would find discrepancies in our results. However, it may
be possible to extrapolate our methods and results to other regions,
especially by applying our insights to inform future data collection
and survey implementation.

Another important consideration of decision analysis methods
is the complexity of the problem. In every simple method, the de-
cision maker has to assume the appropriate level of complexity to
address the problem. In this paper, we group alternatives based on
technology. Conversely, we could have incorporated a more precise
definition of the various alternatives that would have split alterna-
tives into a greater number of options (e.g., privately-owned rain-
water harvesting separated from community rainwater harvesting
sources), which would have required further data collection. In our
analysis, information on the small details about sources that could
contribute to their ultimate success is not considered due to the lim-
ited quantity and quality of available data. As we categorized quali-
tative data from the focus group interviews, we reduced subjectivity
by limiting the number of categorizations (see the five categories in
Table S1 in the Supplemental Data). Decision models rely on a bal-
ance between model accuracy and the expense of data collection
and implementation of more complex models.

Fig. 9. Expected ranking of alternatives as determined from academic
and NGO survey results. Expected ranking refers to the predicted re-
lative ranking of different sources, where RWH = rainwater harvesting;
WTP = water treatment plant; TW = tubewell; PSF = pond sand filter;
MAR = managed aquifer recharge; outside = water purchased outside
the community, and pond = pond water.
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Despite the limitations of academic conjecture and modeling,
the residents of Polder 32 and the surrounding regions are still faced
with water insecurity and health risks. This research elucidates the
multifaceted approach that will be needed to resolve water manage-
ment problems, spanning the technical, economic, social, and envi-
ronmental realms. Our findings support the similar studies that
generally regard rainwater harvesting as an effective, high-quality,
improved source of drinking water (Ansari et al. 2010; Ahmed et al.
2011; Alam et al. 2012; Islam et al. 2013; Abedin et al. 2014;
Blanchet 2014; Arku et al. 2015; Neibaur and Anderson 2016;
WHO and UNICEF 2017), but we demonstrate evidence of this
assumption with our holistic evaluation of the water source. Stake-
holders can begin to focus their efforts on making rainwater
harvesting more sustainable through a better understanding of
water quality (Ahmed et al. 2011; Arku et al. 2015; Islam et al.
2015), successful implementation of community rainwater harvest-
ing resources (Domènech et al. 2012; Opare 2012; Neibaur and
Anderson 2016), and collaboration of local residents and physical
and social scientists (Cai et al. 2004; Ansari et al. 2010; Starkl et al.
2013). The overall capacity community and individual rainwater
harvesting will likely need to be assessed and increased, while the
site-specific testing of water quality should be encouraged. Mean-
while, the adaptation and implementation at local and national
levels will require coordination between governments, NGOs, and
community stakeholders to pragmatically install additional rain-
water harvesting systems at homes, schools, and community struc-
tures (Abedin et al. 2014). This integrated approach has the most
promising outlook for addressing water insecurities and reducing
the overall vulnerability of coastal communities (Hoque et al. 2016;
Abedin et al. 2014).

Conclusions

Decision analysis methods highlight the usefulness of thorough
data collection and modeling to better understand critical factors
in water management. Although decision modeling can be depen-
dent on the particular method process, stakeholder preferences, and
imprecise data, method cross checking and sensitivity analysis can
ensure for robust results. Often a decision maker’s intuition differs
from a thorough model analysis. This is likely due to the decision
maker’s inability to fully structure the decision into (1) an objective,
(2) a set of alternatives, and (3) a list of weighted criteria. MCDA
can serve as a useful first step in addressing complex water man-
agement problems, especially in rural regions where an adequate
understanding of the local context is key to success.
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Notation

The following symbols are used in this paper:
cði; i 0Þ = concordance index for an order pair of alternatives

i and i 0;

dði; i 0Þ = discordance index for an order pair of alternatives
i and i 0;

m = number of criteria;
na = number of alternatives;
pj = indifference threshold;
qj = preference threshold;
ui = alternative’s total score;
νi;j = normalized performance score for xi;j;
xi;j = performance score of i alternative and j criteria;
W = weights vector; and
wj = weight assigned to jth criterion.
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