
Science of the Total Environment 488–489 (2014) 505–511

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
A methodology for the sustainability assessment of arsenic mitigation
technology for drinking water
T.R. Etmannski ⁎, R.C. Darton
Department of Engineering Science, University of Oxford, Oxford, OX1 3PJ, UK

H I G H L I G H T S

• A method to assess technology for producing arsenic-free drinking water is described.
• Fieldwork showed cost, trust, convenience and health-awareness as key user-priorities.
• Technology that enjoys high trust and confidence is more likely to be utilised.
• Design and deployment features that promote trust and confidence are identified.
• Protocols for safe disposal of arsenical waste are often inadequate or not followed.
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In this paper we show how the process analysis method (PAM) can be applied to assess the sustainability of op-
tions tomitigate arsenic in drinkingwater in rural India. Stakeholder perspectives, gathered fromafieldwork sur-
vey of 933 households in West Bengal in 2012 played a significant role in this assessment. This research found
that the ‘most important’ issues as specified by the technology users are cost, trust, distance from their home
to the clean water source (an indicator of convenience), and understanding the health effects of arsenic. We
show that utilisation of a technology is related to levels of trust and confidence in a community, making use of
a composite trust–confidence indicator. Measures to improve trust between community and organisers of miti-
gation projects, and to raise confidence in technology and also in fair costing, would help to promote successful
deployment of appropriate technology. Attitudes to cost revealed in the surveys are related to the low value
placed on arsenic-free water, as also found by other investigators, consistent with a lack of public awareness
about the arsenic problem. It is suggested that increased awareness might change attitudes to arsenic-rich
waste and its disposal protocols. This waste is often currently discarded in an uncontrolled manner in the local
environment, giving rise to the possibility of point-source recontamination.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Naturally occurring arsenic (a well-known poison), is present in the
well-water of over 100million rural residents in the Bengal basin (India
and Bangladesh) (Chowdhury et al., 2000). It is important for the people
affected that the most appropriate and sustainable clean-water solu-
tions are implemented to ensure safe drinking water. However the ma-
jority of arsenic removal technology currently fails within the first year
(Hossain et al., 2005), either for technical reasons, or through inappro-
priate deployment in the community.

One way to improve this situation is to create a standardised and
transparent evaluation for arsenic mitigation options which will help
to identify the most appropriate long-term solutions for the affected
communities. Many reports and papers compare mitigation options
Etmannski).

ghts reserved.
technically (Bhavan, 2007; Jain and Singh, 2012). These are useful in
highlighting the ability of the technology to remove arsenic, however
they do not identify the issues causing failure in the community context.
The purpose of this project is to use the process analysis method (PAM)
(Chee Tahir andDarton, 2010) to create triple-bottom line sustainability
assessments, including economic, environmental and social factors. The
resulting set ofmetrics, supported by field surveys in user communities,
enables a standardised comparison to be made between different arse-
nic mitigation technologies. Our aim is to help technology developers,
implementers and policy-makers promotemore sustainable technology
for the provision of arsenic-free water.

2. Assessment methodology

Designing an eco-friendly technology does not automatically lead to
sustainable user behaviour (Derijcke and Uitzinger, 2006), especially if
the sociocultural context of the user has not been considered. Several

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2013.10.112&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2013.10.112
mailto:tamara.etmannski@eng.ox.ac.uk
http://dx.doi.org/10.1016/j.scitotenv.2013.10.112
http://www.sciencedirect.com/science/journal/00489697


5. Framework

1. Overview / Background

2. Define Sustainability

3. System Boundary

4. Stakeholders

6. Verification

Impact 

Impact Receivers 
/StakeholdersIssues

Indicators

Metrics

Process

EconEnviro SocioCauses

Changing

Stores of Value

Creates

Affecting

Described by

Measured by

Fig. 1. The PAM flow chart (modified from Chee Tahir and Darton, 2010).
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authors have discussed how product design can positively influence
users. For instance, Jelsma and Knot (2002) applied the idea of
‘scripting’ to sustainable product design, by which they mean to design
the product so as to guide the behaviour of the user to comply with
values and intentions defined by the designer. According to this idea,
features that promote sustainability are built into the design to promote
a change in behaviour. Thus the design of the product takes account of
ways in which people use it, in order to reach a more sustainable result
(Rodríguez and Boks, 2005). Smit et al. (2002) described ‘user-centred
eco-design’, which can reduce environmental impact of products. This
design method recognises that issues of behaviour, acceptance and de-
sirability are rarely addressed in traditional eco-design. ‘User-centred’
design puts the user at the heart of the design process. Instead of focus-
ing on technological possibilities and quality measurements in terms of
components, it takes solutions that fit the user as a starting point and
measures product quality from a user point of view (Vredenburg et al.,
2002). The user-centred design approach aims to improve the quality
of the interaction between the user and the product so as to induce sus-
tainable behaviour. Such design approaches underline the importance
of understanding how the product will be used in practice.

2.1. Process analysis method

The assessment of existing arsenic mitigation technologies thus re-
quires a method that considers the degree to which they are designed
to facilitate sustainable use in the community. The process analysis
method (PAM) was chosen in this study because the activities and per-
spectives of stakeholders are central to themethod. In this case, the user
of the arsenic mitigation technology is identified as the primary stake-
holder (a user-centred view). Issues which arise from using a particular
technology are recognised and characterised with indicators. Product
designers can then look to these issues and indicators when considering
scripting or user-oriented modification. The steps in the application of
the methodology are illustrated in Fig. 1.

The PAM is rooted in engineering systems theory. Anoverviewof the
systembeing considered (in this case, a technology application) ismade
in which it is described as a set of processes, as shown in Fig. 2. The im-
pact of a process causes a change in one ormore stores of value (capital),
belonging to thedomains— economic, environmental and sociocultural.
This is the essence of “triple bottom line” accounting (Elkington, 1998),
in which a sustainable outcome is seen as one which is most beneficial
for all the domains taken together. At the heart of the PAM is the frame-
work, in which the activities or policies (termed impact generators)
within the system that cause an impact on sustainability are identified.
Each impactmay be beneficial or detrimental; these impacts give rise to
issues — the consequences that are important for one or more stake-
holders (termed impact receivers). The issues are characterised by indi-
cators within the economic, environmental and sociocultural domains.
Overall then, the set of indicators describes the effect of the system on
sustainability. Indicators are given a numerical value with one or more
metrics, which quantify the effect (good, or bad) on sustainability.
PAM requires a clear definition of sustainability and what should be
regarded as a sustainable outcome, in order to guide the choice of rele-
vant indicators. Previously PAM has been used to select indicators to
quantify the sustainability performance of business operations related
to the palm oil industry (Chee Tahir and Darton, 2010) and of the UK
transport system (Smith et al., 2013). This paper demonstrates how
PAM can be used to assess arsenic mitigation technology.

Various other assessment tools are available, like Life Cycle Assess-
ment, Ecological Foot-printing and various Impact and Risk assess-
ments. Ness et al. (2007) categorised such tools by area, showing that
none include a triple-bottom-line approach to product assessment.
The Global Reporting Initiative (GRI) is a network-based organisation
that creates sustainability reporting guidelines for companies and insti-
tutions, but its indicator sets are naturally appropriate for monitoring
company-wide operations rather than assessing particular products
(GRI Portal, 2002). The European Environment Agency has adopted
the use of a framework that distinguishes Driving forces, Pressures,
States, Impacts and Responses (DPSIR) in its environmental reports. In
this framework the chain linking the DPSIR elements is identified
(Kristensen, 2004). The PAM bears some resemblance to the DPSIR ap-
proach in linking cause to effect, but is simpler in not requiring a model
of this linkage. Neither the GRI reporting guidelines nor the DPSIR are
appropriate for our problem. The PAM is suitable because it describes
how to build up an indicator set for a particular systemusing a transpar-
ent methodology with stakeholder involvement.

2.2. PAM step 1: overview and background

The region of interest is the arsenic-affected rural area in West Ben-
gal, India, largely adjacent to the Ganges River and its tributaries. Clean-
water options varywidely across this area. Inmany villages a communal
arsenic-removal project has been initiated with government and/or
NGO support, so that a single technology is in operation. In villages
where household level technology is used, this is often a single technol-
ogy from a particular supplier. A village may have access to municipally
treated water from a community shared standpipe (‘time-water’),
hand-dug wells which supply very young, near-surface water which is
commonly free of arsenic, or a village-shared, arsenic-free deep
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groundwater well. Alternatively, a household may be using a shallow
well tested to have very low levels of arsenic. Bottled water is widely
available but is not commonly used as a primary water source because
of its cost.

The ten arsenic mitigation technologies evaluated in this project
were identifiedby theGovernment ofWest Bengal as thosemostwidely
used in West Bengal (Public Health Engineering Department, 2012).
They are:

One arsenic avoidance option:

• the hand dug well designed by Project Well/Water for Life NGO (Hira
Smith et al., 2003).

Three household level arsenic removal filters:

• The ‘Nirmal’ designed by UNICEF and sold at the Rural Sanitary Mart;
• The SONO 45-25 (BETV-SAM, 2009);
• The DRDOmodel developed by the Defence Research & Development
Organisation-Naval Materials Research Laboratory (Basu and Basu,
2012).

Six community scale arsenic removal plants:

• The CGCRI model patented by the Central Glass & Ceramics Research
Institute of Kolkata (Roy et al., 2005);

• The IITB model designed and implemented by IIT Bombay;
• The AIIH&PH-JU Model developed by Professor Arunabha Majumder
with the All India Institute of Hygiene & Public health and Jadavpur
University (Majumder, 2011);

• The ‘Amal’ developed by Bengal Engineering & Science University
(BESU) and Professor Arup Sengupta from Lehigh University (Sarkar
et al., 2005, 2010);
• The ‘Tipot’ created by Dr Bhaskar Sengupta from Queen's University
Belfast (Sen Gupta et al., 2009);

• The system designed by Harbauer Inc./Pal Trockner Inc. (Pal, 2001).

2.3. PAM steps 2 and 3: define sustainability and system boundary

Sustainability has been defined as “meeting the needs of the present
without compromising the ability of future generations to meet their
own needs” (Brundtland, 1987). This definition is sometimes criticised
as being too vague to be useful (Mitcham, 1995; Toman, 2009); how-
ever its generality is appropriate to guide a working definition. Consis-
tent with Brundtland, we define a sustainable arsenic mitigation
technology as one that satisfies these requirements:

• Economic— for all stakeholders, their ability to use and/or provide the
technology does not diminish with time due to financial constraints.

• Environmental — maximum use is made of renewable or replaceable
resources and materials; there is no production of waste to systemat-
ically degrade the environment.

• Sociocultural — the technology provides treated water acceptable in
taste, colour and odour; the location and volume of treated water
matches user needs; technology operation is easy for the user; appli-
cation of the technology gains the trust and confidence of users; in all
aspects, it suits the level of awareness of the arsenic problem in the
user community.

The system boundary is defined by the geographical extent of the
arsenic-affected community utilizing the particular mitigation option.
In most cases such communities consist of approximately 100
neighbouring houses and/or the area within 1000 m from the tech-
nology site (in the case of community systems). The temporal
boundary is more difficult to define. The technologies are often not
designed to last for more than 10 years; however the arsenic-
waste produced is present in the environment for much longer
than this. We have chosen our temporal boundary to be 50 years, to
include the effects of the dispersal of arsenic-waste across several gen-
erations whilst still being realistic about technological and design
limitations.

2.4. PAM step 4: stakeholders

The primary stakeholder in this research is the technology user —
local people producing arsenic-free water for their own or community
use. A questionnaire was developed to explore the views of this stake-
holder on various issues initially identified through literature sources
and using the PAM framework. The questions were adjusted following
the first field trip to India (March—April 2012), based on observations
and preliminary input from the technology users. On a second and
more extensive field trip (July—October 2012) we collected the techni-
cal and sociocultural data needed as input for the modified framework.
In addition to user-feedback, other stakeholder input was gathered
through informal interviews with various levels of government, tech-
nology designers and field implementers/facilitators. These included
the local Panchayat (village mayor) in every village visited, and the
Bengal Chamber of Commerce and Industry, the State Water Investiga-
tion Directorate and the Institute of Environment Science and Wetland
Management, Government of West Bengal (provincial level), and
Department of Groundwater and Geology, Government of India
(national level) who are the policy-makers and are often involved in de-
veloping long-term water-provision for the West Bengal region. Meet-
ings were also held with NGOs including UNICEF-Kolkata, Save the
Environment, Behala Sambit, Aqua Welfare Society, West Bengal Volun-
tary Health Association and the Centre for Groundwater Studies, who
are all involved in the implementationof arsenicmitigation technologies.
Discussions were also held with technology designers from IIT-Bombay,
Jadavpur University, Pal Trockner, Harbauer, Presidency University, and
CGCRI. Obtaining feedback and insights from technology designers,
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implementers and local, regional and national level policy-makers was
important in framing the problem, and in obtaining quantitative techno-
logical and economic data.

2.5. PAM step 5: framework

We identify the impacts on the three stores of value (Fig. 1) and the
issues arising from the actions associated with using a particular tech-
nology, by examining one action or impact generator at a time within
the phases ‘Design and manufacture’, ‘Installation and operation’, and
‘End of life’ (Fig. 2). For example, the action of disposal of the arsenic-
rich waste product created by a technology during operation (impact
generator) raises several issues. One issue, within the environmental
domain, is the possibility of creating a point-source recontamination
whichmight be an additional route of exposure to the community (im-
pact receiver) through contaminating soil that will be used for growing
food. An indicator for this issue is: the amount of material discarded to
the local neighbourhood, and a metric would be waste disposal rate
(kg/y). Sub-indicators (eachwith itsmetrics) could be developed to de-
scribe the issue more precisely.

2.6. PAM step 6: verification

It is necessary to verify the issues, indicators and metrics through
further review and refinement. This iterative process has involved ex-
tensive direct and email contacts with stakeholders and two field trips
culminating in a survey of the user communities. The set of issues, indi-
cators and metrics thus results from a defined and transparent process,
which has been subject to considerable scrutiny and adjustment, and
input from stakeholders.

3. Fieldwork

3.1. Surveyors

The qualitative data were gathered by a team of surveyors who con-
ducted household surveys and informal interviews. Care was taken to
facilitate the participation of every household approached, and to limit
survey bias. Ten female social anthropologists, qualified to master's
level at the University of Calcutta and experienced in surveying and
interviewing, were recruited. Each woman, originally from the local
area, was fluent in Hindi, Bangla and English. A training and safety sem-
inar was facilitated by the Oxford team, which emphasised the need for
surveyors to ask the questions exactly aswritten, in the correct order, in
a neutral tone and not to suggest answers (known as leading). The sur-
veyors worked in pairs, one asking all the questions (in Bangla) and the
other recording the answers (in English). This method ensured that the
questions were asked correctly and answers translated directly. A few
surveys (b10) were conducted in English at the request of the inter-
viewee. The field supervisor checked the conduct of randomly selected
interviews to see that interview and sampling protocols were always
followed.

3.2. Sampling

In total, 28 villages were visited, 2–3 villages per technology, all
located in four highly affected districts (Fig. 3), and 933 household
surveys were completed. Villages were chosen based on the pres-
ence of arsenic in the geographic area, mitigation options available
in the locale, and the physical accessibility of a village for the survey
team.

In each village, comprising approximately 100 households, between
33 and 35 householdswere chosen to take part in the survey by random
selection of one house in a cluster of three in order to obtain a represen-
tative sample of differing economic and social groups.
3.3. The survey

The survey was created in English, translated into Bangla and back-
translated into English to ensure that there were no mistakes in the
translation. The survey contained 120 questions. The first 60 included
both open and closed-ended questions about current and past use
of the arsenic mitigation options available in the village. These ques-
tions covered issues from the three stages ‘Design and manufacture’,
‘Installation and operation’, and ‘End of life’. The next 50 close-ended
questions gauged the importance of the various issues identified in
the framework (for example, How important is it to you that…?).
The final section consisted of ten open-ended questions that explored
the user's range of willingness (walking distance, monthly tariff, and
time spent queuing).

3.4. Technical data

Technical information about each system from literature sources
was supplemented by onsite observations and measurement. These in-
cluded arsenic concentrations in raw and treated water, flow rate, aver-
age time spent queuing, average distance walked by the user, system
size and appearance, construction materials, and the presence of
signage.

4. Creating indicators and metrics

4.1. Clarifying the issues

Upon return from the field, the survey data were analysed using the
SPSS-IBM Statistical Software version 21.0 (Hilbe, 2003). Standard para-
metric confidence intervals (bootstrap) were found using R version



509T.R. Etmannski, R.C. Darton / Science of the Total Environment 488–489 (2014) 505–511
3.0.1 (Canty and Ripley, 2008). Analysing and reviewing the data clarify
the issues thatmust be included in creating the indicator set, and supply
data for the metrics. The 30 issues identified through the PAM were
assigned various levels of importance using the results from the survey,
as follows:

Issues that were found to be ‘Very Important’
Cost; trust; distance to the filter (or home delivery); understanding

effects of arsenic on health.
Issues that were found to be ‘Important’

Participation in decision; proof of regular testing; reliability of arsenic
removal; environmentally friendly design; clarity of treated water.
Of the issues ranking between ‘Important’ and ‘Neutral’, the follow-
ing were more important

Process of engagement; operator having been trained; size of unit;
rate of filtration; smell of treated water; location of arsenic-rich waste
disposal.
Of the issues ranking between ‘Important’ and ‘Neutral’, the follow-
ing were less important

Duration of installation; materials of construction; presence of
appropriate signage; household scale vs. community level; transparen-
cy of financing and costing; operator being paid; ability to hold operator
accountable; need for the user to understand the maintenance proce-
dure; taste of treated water; amount of waste generated.
Issues that were found be ‘Neutral’

Use of power vs. hand-pump; need for the user to understand the
installation process; need for the user to understand the operational
details; trust of outside groups suggesting a technology.
Issues that were found to be between ‘Neutral’ and ‘Unimportant’

Use of chemicals or medicine in water treatment.

No issues were deemed ‘Unimportant’ or ‘Very Unimportant’.

4.2. An example: trust and confidence

In the questionnaire, ‘trust’ and ‘confidence’ issues were frequently
involved in the decisions of primary stakeholders to start, continue or
terminate use of an arsenic mitigation technology.1 According to Earle's
principles of trust, confidence and cooperation (Earle and Siegrist, 2006;
Earle, 2009), trust is social and relational, whereas confidence is instru-
mental and calculative. Trust is the willingness, in the expectation of
specific outcomes, to make oneself vulnerable to another based on the
assumption of similar intentions or values. Thus, trust is based on social
relations and shared values. Confidence is the belief that certain future
events will occur as expected, based on experience or evidence.

According to Earle, both trust and confidence, in a range of combina-
tions, can lead to various forms of cooperation. We have explored this
by quantifying both trust and confidence separately, then combining
them in a single composite indicator for each of the ten technologies.
The considerations underlying the choice of sub-indicators making up
the separate trust and confidence indicators are as follows:

(a) Trust

• Method of engagement. Trust in the organisers of a mitigation
project is highest with full community participation.

• Behaviour2 of local leaders. How local leaders (Panchayat —
council of village elders) interact with the technology influ-
ences the wider user community.

• Behaviour of operator/supplier. Community-scale technologies
have one or more operators; household-scale technologies
1 Wenote the additional importance of trust and confidence arising from the simple fact
that a user is almost never able to check for himself/herself whether the water supplied is
safe with respect to arsenic, but is virtually always reliant on others.

2 Behaviour refers to actions observed by the user, and interactions with the user.
are operated by the householderwho is dependent on a suppli-
er who organises the purchase of the technology, sells or pro-
vides replaceable parts and collects and/or regenerates the
waste. Trust in the operator or supplier influences attitudes to
the technology.

• Accountability of operator/supplier.Greater accountability of key
figures improves trust in their decisions and actions.

(b) Confidence
• Durability. Faults in the equipment undermine confidence in its
efficacy.

• External appearance of technology. A clean, neat, professional
set-up inspires confidence.

• Diarrhoea after ingestion of treated water.3 This symptom can
undermine confidence.

• Transparency of financing/costing. Confidence that costs are fair
and reasonable is promoted by openness.

• Proof of regular arsenic testing. Confidence is enhanced by regu-
lar up-to-date certification of water quality.

• Presence of appropriate signage. Relevant information about the
technology implementation, in a language that can be under-
stood, raises confidence.

For each deployment of a technology in a village, each of the ten sub-
indicatorswas initially assigned a score of 0 (poor), 1 (moderate/neutral),
or 2 (good) and averages were calculated for the villages surveyed hav-
ing the same technology. (Note that all sub-indicators received a
score — none were deemed “not applicable”.) The raw scores were
then weighted. The relative weights are based on the importance
assigned to the various issues by respondents to interviews and ques-
tionnaires (Table 1). The scores and weighting factors were chosen so
that the final maximum weighted score for trust was 50% higher than
that for confidence for several reasons. First, Earle's trust–confidence–
cooperationmodel specifies a direct interaction between trust and con-
fidence, with trust dominating confidence (Earle and Siegrist, 2006). It
appears that confidence is fragile and trust is robust, so that confidence
is easily made and broken whilst trust takes longer to build and can
withstand more stress. Once broken though, rebuilding trust may re-
quire more effort, making it considerably more important to foster
andmaintain. Second, since by definition trust is social and interperson-
al, it is weightedmore highly than confidence because of the high value
placed on social relationships and interactions by rural Bengali people
(Banerjee, 2008). The final scores in Table 1 are therefore related to a
maximum possible score of 10.5, but they can of course be normalised
on any scale, because they are relative.

The influence of trust–confidence on the utilisation of technology is
illustrated in Fig. 4, where the percentage of households in villages using
a particular technology is plotted against the numerical value of the T–C
indicator for that technology in those villages, normalised to a scale 0–
100. As expected, there is a strong correlation between utilisation and
trust–confidence.

5. Discussion

Several authors have explored the social factors related to the accep-
tance of some specific mitigation options in Bangladesh, including the
preference for piped-water supply schemes (Hoque et al., 2004) and
switching to arsenic-safe shallow tube wells (Van Geen et al., 2002).
Mosler et al. (2010) explored the degree to which personal, social and
situational factors influenced the use of deep tube wells and found
that in particular social norms dominated behaviour. They found that
in Bangladesh, societal structure, family and neighbour behaviour
were the crucial factors influencing use of deep tube wells. Since the
3 Some technologies remove iron, which can initially cause diarrhoea when users
switch to this water source. Diarrhoea can of course also be caused bymany other factors.
Villagers tend to use the occurrence of diarrhoea as an indicator of “bad” water.



Table 1
Weighted scores used to create a composite metric for trust and confidence (maximum score per element before weighting = 2.0).

Technology Trust–Confidence composite indicator Total
(/10.5)

Trust (weighted maximum = 6.3) Confidence (weighted maximum = 4.2)

Method of
engagement

Behaviour
of local
leaders

Behaviour
of operator/
supplier

Accountability
of operator/
supplier

Durability External
appearance
of technology

Diarrhoea after
ingestion of
treated water

Transparency
of financing/
costing

Proof of regular
arsenic testing

Presence of
appropriate
signage

Weighting applied 0.59 1.19 1.19 0.18 1 0.15 0.15 0.15 0.50 0.15
Dug 0.59 0.83 1.19 0.18 1 0.15 0.15 0.15 0 0.15 4.39
Nirmal 0.59 0.83 0 0 0 0.15 0.15 0.15 0 0 1.87
Sono 45/25 0.59 2.38 0 0 0 0.15 0.15 0 0 0 3.27
DRDO 0.59 2.38 0 0 0 0.3 0.15 0.15 0 0.15 3.72
CGCRI 0 0 0.36 0 1 0.15 0.15 0 0 0.15 1.81
IITB 0.77 2.38 2.38 0.23 2 0.15 0.15 0.15 0 0.15 8.37
AIIH&PH 0.59 0 1.19 0.18 0 0.15 0.15 0 0 0.15 2.41
BESU 1.01 1.19 2.38 0.31 2 0.26 0.15 0.15 0.85 0.15 8.44
Tipot 0.59 0 0.60 0 2 0.15 0 0 0 0 3.34
PalT/Harbr 0.59 2.14 2.38 0.36 2 0.3 0.3 0 0 0.15 8.22
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Bangladeshi social and cultural norms are very similar to those of the
people of West Bengal— they are both of Bengali ethnicity— it is possi-
ble that they have similar societal values. In our surveyworkwe also ob-
served the importance of community relationships in determining
attitudes to the arsenic mitigation technologies. We have included
these in our estimation of trust, which through the combined trust–
confidence indicator, correlates well with technology utilisation in the
community, as we have shown.

The IITB, BESU and PalT/Harbr technologies are the most widely
used in the villageswhere they are installed (Fig. 4), scoringmost highly
also in trust–confidence. Dug wells, a different approach to the chal-
lenge of cleanwater provision, scored the fourth highest in both catego-
ries. The Nirmal and CGCRI scored the lowest, andwe note that CGCRI is
the only technology of the ten that is implemented on a for-profit basis.
The four top scoring technologies have partnered with local NGOs and/
or community groups to ensure that any profit from the sale of treated
water goes back into the mitigation project itself or into another com-
munity project, and this type of approach seems to encourage use of
the technology.

Consistent with the findings of Hoque et al. (2004), another key fac-
tor for primary stakeholders was the distance to thewater source. Their
research, like ours, found that users preferred piped water (home tap
water). They argued that using safe water in the household is depen-
dent on the time and labour required for its collection, the time and
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Fig. 4. Utilisation of technology in villages surveyed, related to trust–confidence.
resources used in boiling, sterilizing and managing water within the
household. This suggests that the distance to the water source (or home
delivery) is important because it influences degree of convenience.

Costwas also found to be a very important factor. Responses to ques-
tions on ‘willingness to pay’ showed significant resistance to the idea of
payment for arsenic-free water on which a low value is evidently
placed, as Ahmad et al. (2005) found in rural Bangladesh. Ahmad et al.
commented that thismight reflect the long latency period of arsenicosis
and the limited availability of information about the levels and dangers
of arsenic contamination. This finding implies that more costly arsenic
reduction technologies may find little acceptance yet among users.
However, awareness and concern for arsenic contamination in a house-
hold bear a positive relationship to its ‘willingness to pay’ for arsenic-
free drinking water (Ahmad et al., 2005). Increased knowledge and
awareness might therefore enhance the acceptability of arsenic mit-
igation options and make conditions more favourable for successful
implementation.

Increasing public awareness of the arsenic problem might also
change attitudes to arsenic-rich waste (AsRW), and perhaps lead to
the development of better disposal options, and adherence to stricter
and safer disposal protocols. For whilst considerable progress has been
made in water treatment, the disposal of AsRW is a major issue that
has received little attention. Arsenic removal technologies produce var-
ious types of waste, including sludge, backwash slurries and spent
media, but in rural locations, options for safe disposal are very limited.
Disposal of all hazardous waste requires effective management. Unfor-
tunately, due to the absence of clear guidelines, AsRW in the region is
often discarded in an uncontrolled manner (Ashraf et al., 2003), as we
also witnessed during our field work. Arsenic-contaminated filter
media and regeneration waste are commonly dumped into brick-lined
pits, which are prone to flooding and thus leaching into the surrounding
environment. We also observed that AsRW was buried or burned,
resulting in further point-source recontamination. Incorporation of
AsRW into construction materials, or converting the arsenic into a
stabilised chemical form and encapsulating it (Sullivan et al., 2010)
have been suggested, but further research is needed to better under-
stand their risks.

We recall that when quantifying the composite trust–confidence
indicator, we assignedweighting factors based on input fromusers. Dif-
ferent stakeholders would be expected to differ in their priorities lead-
ing to different numerical results. Our method is transparent though,
and the reader may easily test sensitivity of the outcomes by adjusting
these factors. We note also that stakeholder opinion may change with
time as both awareness and technologies develop.

Table 1 suggests aspects in which particular technology systems
may be improved in order to promote trust and confidence and
hence utilisation. But users also cited cost and distance to the filter
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(convenience) as very important issues so they also should receive
attention. We have noted the importance of waste disposal, which
is often currently neglected; its importance may become clearer
with full sustainability analyses, which reveal impacts across the
economic, environmental and sociocultural domains.

6. Conclusions

The process analysismethod has proved useful in structuring our as-
sessment of arsenic mitigation technologies. It helped to identify im-
pacts and issues across the economic, environmental and sociocultural
domains, as required for a full sustainability assessment. Fieldwork
with stakeholders, including a survey of user households in West Ben-
gal, clarified the issues and their relative importance. This research
found that the ‘Very Important’ issues, as specified by the user are,
cost, trust, the distance from their home to the clean water source (an
indicator of convenience), and understanding the health effects of
arsenic. We have shown how the analysis enables us to define a trust–
confidence composite indicator, and that this indicator shows a good
correlationwith utilisation of particular technologies, though additional
factors will also be involved. In our stakeholder survey we encountered
little willingness to pay for arsenic-free water, consistent with earlier
studies, and lack of public awareness of the problem. This implies that
more costly arsenic reduction technologies may find little acceptance
yet amongst users. We observed that options for safe disposal of
arsenic-rich waste were very limited in the rural environment, and
that it was often discarded in an uncontrolled manner. Increased public
awareness of the levels and dangers of arsenic contamination might
change stakeholder opinion on the need for effective disposal protocols.
A transparent, holistic and systematic sustainability assessment of how
a technology is used in a particular sociocultural setting can be used to
inform decision-makers, technology designers and implementers
about improvements that need to bemade to each system to ensure sat-
isfactory long-term use.
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